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Abstract

Purpose The experimental investigation of an optical fiber
Bragg grating (FBG) sensor for biomedical application is
described. The FBG sensor can be used to measure sound
pressure and temperature rise simultaneously in biological
tissues exposed to ultrasound. The theoretical maximum
values that can be measured with the FBG sensor are
73.0 MPa and 30 °C.

Methods In this study, measurement of sound pressure up
to 5 MPa was performed at an ultrasound frequency of
2 MHz. A maximum temperature change of 6 °C was
measured in a tissue-mimicking material.

Results Values yielded by the FBG sensor agreed with
those measured using a thermocouple and a hydrophone.
Conclusion Since this sensor is used to monitor the sound
pressure and temperature simultaneously, it can also be
used for industrial applications, such as ultrasonic cleaning
of semiconductors under controlled temperatures.

Keywords FBG - Viscous heating

Introduction

In recent years, acoustic radiation force impulse (ARFI)
has attracted attention in the field of ultrasound diagnosis
[1]. With ARFI, biological tissues are exposed to long-
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duration ultrasound bursts, causing a micro-displacement
in soft tissues from the acoustic radiation force and pro-
ducing shear elastic waves [2, 3]. This technology is used
to estimate the elasticity of tissues from the speed of the
shear waves propagating through the body to differentiate
between benign and malignant liver tumors [4]. Since
ARFI has been widely studied [5-8], it is used for such
things as in vivo observations of the viscoelastic features of
cysts and chemical and thermal damage in tissues. In
addition, in vitro observations of thrombus formation has
been studied, as well [9, 10]. Ultrasonic diagnosis equip-
ment is thought to have a high level of safety, with a little
effect on the tissue. However, since ARFI uses bursts of
large amplitude waves for durations of several hundred
microseconds or more, there is concern about temperature
increases and non-thermal effects due to cavitation in the
exposed area of the body [11]. In evaluating the safety of
ultrasonic diagnosis equipment, a number of values must
be computed. They are spatial-peak temporal-average
intensity (Ispra), which is the temporal-average value of
the spatial-peak value of the intensity of the sound beam;
mechanical index (MI), which is an index for evaluating
the effect of negative sound pressure that causes cavitation;
and thermal index (TI), which is determined from the ratio
of the total acoustic power to the acoustic power required
to raise the tissue temperature by 1 °C. These parameters
have upper limitations given by the following formulas
[12-14]:

Ispras < 720 mW/cm? (1)
MI< 1.9 (2)
TI<6. (3)

Simultaneous measurement of temperature increases, neg-
ative sound pressure, and cavitation at a focus point
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receiving the highest ultrasound intensity is very important
[15].

Usually, this has been measured using hydrophones and
thermocouples. However, when ultrasound pressure and
temperature are measured in biological tissue or tissue-
mimicking material (TMM) using a hydrophone or ther-
mocouple, it is difficult to fix them at the focus point,
because the focus point is usually in a restricted, narrow
space. In this paper, we propose a system for simultaneous
measurement of temperature changes and sound pressure
using optical fiber sensors, which cause a little disturbance
to ultrasonic fields. Using ultraviolet light transmitted
along an optical fiber, bands with a different refractive
index than the main fiber can be created at equal intervals
in the fiber, which act as a diffraction grating, so that light
of specific wavelengths is reflected. Such a grating is
referred to as a fiber Bragg grating (FBG), and is often used
in sensors, since the reflected Bragg wavelength is sensitive
to both strain and temperature [16-19]. When an FBG
sensor is exposed to ultrasound, the refractive index of the
optical fiber changes due to the effects of sound pressure
and temperature, leading to fluctuations in the Bragg
wavelength. However, since the frequencies of fluctuations
caused by sound pressure and temperature variations are
very different, they can be easily separated by filtering. If
this device was applied to ARFI, the fiber would presum-
ably experience the shear wave and the corresponding
tissue displacements. These displacements, corresponding
to strain, cause changes in the optical signal being detected.
According to the guidelines of the World Federation for
Ultrasound in Medicine and Biology, adverse thermal
effects on fetuses or embryos should be considered when
the temperature in the body is raised by 4 °C or for a period
of 5 min or longer [20]. When the negative sound pressure
is calculated for a frequency of 2.0-10 MHz and an MI of
1.9, which is commonly used during ARFI imaging of
biological tissue, it is found to be 2.7-6.0 MPa. The pur-
pose of this study is to explore the simultaneous mea-
surement of temperature changes up to 6 °C and negative
ultrasound pressure of up to 6 MPa. The measurement
range of sound pressure and temperature using an FBG
sensor is theoretically up to 73.0 MPa and 30 °C,
respectively.

The range of the values in this research may also be
applicable to industrial applications, such as ultrasonic
cleaning of semiconductors under controlled temperatures.

Methods
An FBG has several advantages when used as a sensor,

including resistance to electromagnetic noise. When
broadband light enters an FBG sensor, only the Bragg

@ Springer

wavelength, Ag, is reflected, and this is given by the fol-
lowing [21]:

)LB = 2}’1/1 (4)

where n is the refractive index in the core and A is the
grating period. The Bragg wavelength is known to change
linearly with strain produced by an external force. This
change in the Bragg wavelength is due to changing the
period of the grating as the fiber physically deforms.

When an FBG is exposed to ultrasound waves, Ap
changes due to changes in n and A resulting from the strain
produced by thermal expansion of the FBG and the sound
pressure, whereas temperature changes cause a gradual
shift in Ag, fluctuations due to sound pressure occur at
ultrasound frequencies. Since the difference between these
frequencies can be in the high MHz range, when the optical
signals are converted into electrical signals, those associ-
ated with changes in temperature and sound pressure can
be separated using high- and low-pass filters, and simul-
taneous measurement of ultrasound waves and temperature
changes is possible. Hydrophones are generally used for
ultrasound wave detection and thermocouples for mea-
surement of temperature changes caused by ultrasound
irradiation. However, it is difficult to measure sound
pressure and temperature simultaneously in an exposed
area. Moreover, when thermocouples are placed in the
body and are exposed to ultrasound, viscous heating can
occur due to differences in the acoustic impedance of the
tissue and thermocouple [22]. These issues can, perhaps, be
overcome, however, with use of the FBG sensor. The
principle of ultrasound wave and temperature detection
using an FBG is as follows. The wavelength of a narrow-
band light source is adjusted, so that it is in a linear region
of the wavelength response curve for the FBG. When the
FBG is exposed to ultrasound waves, strain is introduced
due to the sound pressure and the Bragg wavelength is
changed, leading to a change in the reflected light intensity.
Consequently, ultrasound waves can be detected as elec-
trical signals from the percentage change in the light
intensity. If the temperature is uniform, thermal compo-
nents are theoretically detected as direct current compo-
nents. Since temperature changes occur slowly, they give
rise to a low-frequency electrical signal. In contrast, the
signals due to ultrasound exposure occur at a high fre-
quency, and can be easily separated from the low-fre-
quency thermal components using high- and low-pass
filters after the output signal is split.

Experiments
A. Measurements of ultrasound waves and temperature

rise in water with FBG sensor
This section describes ultrasound and temperature
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measurements using an FBG sensor (SM(B)-1550-60-
1.0-N-1-N-A-1.5-N-F/S, Shinkodensen Co., Itd.) with
a length of 1 mm (which is the size of the sensitive
region), diameter of 0.25 mm, and reflectivity ratio of
60 %.

1. Experimental setup
The ultrasound wave pressure and temperature
were measured. The experimental system is shown
in Fig. 1. In this case, a narrowband light source
(N7711A, Agilent Technologies) was used. The
input conditions were a frequency of 2 MHz and a
total of 10 cycles with a repetition cycle of 1 ms.
Signals were amplified by 50 dB with a power
amplifier (A075, Electronics & Innovation, Ltd.).
Input voltages of 8-100 V,, were applied to a
concave transducer (2.5Z251, Japan Probe Co.,
Ltd.) with a focal length of 35 mm and —6 dB
beam widths of 3.5 mm, with a diameter of
20 mm. Incident light from the light source was
passed through the FBG, then reflected light from
the FBG was split using an optical fiber coupler
(10202A-50-FC, Thorlabs Japan, Inc.), after which
it was converted to electrical signals using two
photo detectors (2053-FC-M, Japan Laser Corp.).
The signal associated with ultrasound waves was
passed through a high-pass filter, while the signal
associated with temperature was detected without
amplification after being passed through a low-
pass filter. The water temperature was changed
6 °C in 1 °C steps starting at 36 °C, and ultra-
sound waves were detected at each temperature.
The temperature was measured using an YR520-
323 resistance thermometer from Chino Corp.
Since the MI value is defined by negative sound
pressure, the absolute value of the negative sound
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[

ransducer
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Fig. 1 Experimental system for measurement of ultrasound and
temperature change in water

Sound pressure [MPa] gy

pressure was measured for each input voltage
using a hydrophone (HGL-0200, ONDA) in the
ultrasound focal site; it was measured at the center
of the waveform to avoid transducer ring-up and
ring-down. Since the temperature signal had a low
frequency, 60,000 point signals were acquired
over 1 min and the mean and standard deviation
were obtained. The input wavelength of the
narrowband light source was 0.57 nm less than
the Bragg wavelength.

Experimental results

Figures 2a, b show the ultrasound waveforms
measured using the hydrophone and the FBG
sensor, and Fig. 3 shows plots of the FBG signal
against the sound pressure measured with the
hydrophone. Since the Bragg wavelength changes
linearly with strain produced by an external force,
the output voltage measured using FBG also
changes linearly with sound pressure. The slope
of the approximately linear line is the sound
pressure sensitivity. Sound pressure can be
obtained by dividing the output voltage of ultra-
sound waves received by the FBG sensor by the
sensitivity. From the slope of the line, the sound
pressure sensitivity was determined to be
12.1 mV/MPa. Error of mean square was
2.98 mV; this accuracy is expressed in sound

i d

Output voltage [V]
=
=

(=4

11
Time [ps]

| “*—‘\f U\ Wl

0 2 10

Time [ps]

Fig. 2 Ultrasound waves when the transducer was driven by burst
waves of 10 cycles, 74 V,,, and 2 MHz. a Hydrophone and b FBG

sensor

@ Springer



J Med Ul?r%sonics

<100 // 2 s, and an input voltage of 80 Vpp. In addition, a

E Suund pressure sensitivity thermocouple was fixed at the focus of ultrasound

2 80 12:1 VP with the FBG. Table 1 shows the constituents of

:g 60 the TMM.

g 2. Experimental results

_% 401 Figure 6 shows the waveform of the ultrasound

‘é 20 pressure, and Fig. 7 shows the temperature change

g caused by ultrasound exposure in the TMM
Un 3 4 ] g measured with the FBG sensor and the thermo-

Sound pressure [MPa]

Fig. 3 Relationship between sound pressure measured with a
hydrophone and output voltage passed through a high-pass filter
measured with an FBG sensor

pressure of 0.25 MPa. Figure 4 shows the depen-
dence of the FBG signal on temperature. Theoret-
ically, when temperature is constant, the output
voltage is constant, but since noise was present;
the mean value and standard deviation of the
60,000 points acquired over 1 min were obtained.
Temperature rise can be obtained by dividing the
output voltage change received by the FBG by the
sensitivity. From the slope of the line, the
temperature detection sensitivity was calculated
to be —28.6 mV/°C.

couples. A greater temperature rise was measured
with the thermocouples than the FBG sensor. The
authors consider that it is because viscous heating
affected the thermocouples. Viscous heating is
considered in Discussion B.

Ultrasound pressure and >4 °C temperature rise
were measured simultaneously in the TMM with
the FBG sensor. Assuming that the sensitivity of
the FBG sensor does not depend on the acoustic
impedance of the medium, the FBG sensor allows
for measurement of sound pressure in the TMM. In
general, the sound pressure measured with an FBG
sensor is not dependent on the acoustic impedance
of the medium at frequencies below 0.1 MHz.
Therefore, further studies are necessary for higher
frequencies over 0.1 MHz.

B. Measurements of ultrasound waves and temperature
rise in tissue-mimicking material (TMM) with FBG Discussion
sensor
A. Resolution of FBG sensor for measuring sound pres-
1. Experimental setup sure
The experimental system is shown in Fig. 5. Figure 8 shows the sound pressure distribution along
Everything was the same as in the prior trials the lateral direction measured using an FBG sensor
except for measuring sound pressure and temper- with a length of 1 mm and a hydrophone with a
ature rise with an FBG sensor in a TMM, with a diameter of 0.6 mm at the focal distance. The half
cycle number of 2,000,000, a repetition cycle of bandwidth is 1.39 mm for the hydrophone and
900 Circulator |
Narrowband
light source
'>; 800 _TMM
I
Eﬂ Transducer
< 7004 =
-
g
5
Q600
500 T TP T T [T T TP T Ty | Gain 50dB
36 37 38 39 40 41 42 E T q
Temperature [°C] |n.~i&:1”03&:0pc| [Ustl]!uscupul l Function generator ] I Power '.l|mp ]
Trigger

Fig. 4 Relationship between temperature rise measured with a
thermometer and output voltage passed through a low-pass filter
measured with an FBG sensor (1 mm)

Fig. 5 Experimental system for measurement of ultrasound and
temperature change in a TMM
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Table 1 Contents of the TMM

Constituent Manufacture Mass fraction (%) Mass (g)
Degassed water - 85.77 857.7
Glycerin Wako Pure Chemical 11.21 112.1
Industries, Ltd.
Agar Wako Pure Chemical 3.02 30.2
Industries, Ltd.
E. 2.0q
5 ) 5
i 2
i =
a -2 e
) 5
2 ¢ 5 ¢ . 15 20 25 B L gt B e . p
Time [s] = NS
Fig. 6 Ultrasound pressure measured with an FBG sensor, with an -0.5 0 T 5' T iIU ' T ,1'5
input voltage of 80 Vpp, frequency of 2 MHz, and burst of 2,000,000 : /"
cycles in a TMM Time [s] 4

Stop the ultrasound irradiation

Fig. 9 Comparison of temperature rise caused by exposure to

'ij ultrasound. Temperatures were measured with an FBG sensor and
";' 1 thermocouples at the focal point in water

o 15

5 10-

=

g 5 B. Comparison of FBG sensor and thermocouples

é Olemad . . _ Figure 9 shows a comparison of temperature change
S 0 5 10 15 20 25 measured with an FBG sensor and a thermocouple set

Time [s] at the focal point in water. Since there is a little
attenuation in water [23], a rise in temperature caused
by ultrasound exposure should not occur. As such, the
temperature rises detected by the thermocouple are
assumed to be errors. When thermocouples are
exposed to ultrasound, they can induce an error called
viscous heating. This error is caused by relative motion
between the thermocouples and the surrounding
medium when exposed to ultrasound. However, there
is very little motion when using an FBG sensor as
compared to using thermocouples, because the differ-
ence between the density of the FBG sensor and water
(or biological tissue) is smaller than that of thermo-
-1.0 05 0.0 0.5 1.0 couples [24]. Thus, an FBG sensor is able to measure
Distance from the focus point [mm] temperature rises without the viscous heating effect
caused by ultrasound.
Range of measurable ultrasound waves and tempera-
ture change
In this case, a broadband light source (ASE-1550-25,

Fig. 7 Temperature rise caused by exposure to ultrasound measured
with an FBG sensor and a thermocouple in a TMM

Sound pressure [a.u]

Fig. 8 Sound pressure distribution along the lateral direction mea-
sured with an FBG sensor with a length of 1 mm and a hydrophone
with a diameter of 0.6 mm at the focal distance

1.51 mm for the FBG sensor. Since the actual beam FiberLabs Inc.) was used. Incident light from the
width was 0.79 mm because of the half bandwidth broadband light source passed through the Brag
value and diameter of the hydrophone, the resolution grating, then reflected light from the grating was
of the FBG sensor, which is the value obtained by observed using an optical spectrum analyzer
subtracting the actual beam width from the half (MS9780A, Anritsu Corp.). Figure 10 shows the
bandwidth value of the FBG, is 0.72 mm. wavelength response of the reflected light. In the
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Fig. 10 Wavelength response of reflective light from the FBG
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Fig. 11 Wavelength response of output voltage

wavelength range bounded by the dotted lines, the
response can be considered roughly linear, and this
region has a width of about 0.3 nm. Since the
measured static temperature property was 0.01 nm/
°C, and the pressure property of the FBG was 4.07 pm/
MPa, the measurement range of rises in temperature is
a maximum of 30 °C, and sound pressure can be
measured up to 73.0 MPa.

Figure 11 shows the wavelength property of conver-
sion from reflected light signals into electric signals
using PD. The conversion factor, which is the slope of
this property, is 2.82 mV/pm. The sound pressure
sensitivity of 11.5 mV/MPa can be determined by
multiplying the conversion factor and the pressure
property (4.07 pm/MPa) of the FBG. This calculation
sensitivity is almost coincident with the sound pressure
sensitivity measured in Experiment A.

Conclusion

In this study, simultaneous and separate measurements of
ultrasound waves and temperature were carried out using an
FBG sensor, which is a type of optical fiber sensor. The results
showed that when an FBG sensor is placed in water with a
temperature of 3642 °C, similar to human body temperature,

@ Springer

and exposed to ultrasound waves, separate measurements of the
high-frequency ultrasound signals due to ultrasound pressure
and low-frequency signals due to the water temperature could
be performed simultaneously. Furthermore, simultaneous
measurements of ultrasound waves and temperature in a TMM
were successfully carried out using an FBG sensor.
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Heart Exposed to Ultrasonic Pulse after
Administration of Contrast Agents

Authors Journal Animal | Year Arrythmia | Freq. Sound
[MHZz] Pressure

van der JASE Human 2000 1.66 MI1.5 AIP101
Wouw et (HDI3000)

al.

T. Ay etal. Circulation Rabbit 2001 PVC 1.8 MI1.6 NA PESDA**
J. Zachary JUM Rat 2002 PVC 3.1 -15.9 MPa 1.3 Optison
etal.

PLietal. UMB Rat 2002 PVvC 1.7 +3 MPa 0.01 Optison

*PVC (premature ventricular contraction)
**PESDA(perfluorocarbon-enhanced sonicated dextrose albumin)
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Premature contraction

heart contraction early from the original cycle.
» Premature atrial contraction
Sinoatrial node:

The heart's natural > Premature ventricular contraction
pacemaker is S-N,

ivﬁejieefgﬁzca' \\ Premature atrial contraction
P . Left atrium
generated. —
\\ E
Right atrium Ry
Atrioventricular §
node: The electrical Left ventricle @
signals from atrium P ~ %e

must pass through
AV-N to reach the
ventricle.

o e }

Potﬁntiﬂ

Right ventricle

Heart Exposed to Ultrasonic Pulse with
Contrast Agents

Authors Animal | Year |Arrythmia | Freq. |Sound Pulse D.
MHz] Pressure | [ms]

D.Dalecki  JASA Mice 2005 PC +3 MPa 0.01 Optison
et a.
T.Tran et UMB Rat 2007 PVC 1 -300 kPa 60s Sonovue
al.
T.Tran et UMB Rat 2009 PVC 1 -300kPa  60s Sonovue
al.
Y.Ishiguro  J.Med. Rabbit 2015 Extra- 2.5 MI14.0 10 Sonazoid
et al. Ultrason. systolic

waves
Y.Ishiguro  J.Med. Rabbit 2016 Extra- 2.5 MI1.8 0.3 Sonazoid
et al. Ultrason. systolic

waves
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Purpose

*To discuss arrhysmogenic effect of
heart exposed to ultrasound with long
pulse duration after intravenous injection
of contrast agents by animal
experiments.

Materials & Methods

Japanese white rabbit

Under general anesthesia
tracheotomy and

tracheal intubation was
carried out.

B-mode image
by 7.5MHz in

frequency before

g Diaphragm [T R the exposure.

Lung
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Experimental setup

Focused
transducer
(2.5MHz)

Exposure to ultrasound

Focused transducer

Diameter of transducer: 12.5 mm
Radius of curvature: 25mm
Resonance frequency: 2.5 MHz
(Japan Probe, 2.57212.51 SR25)

Spatial peak of sound pressure is located at

20mm apart from the transducer.

Materials & Methods

F

-

ocused Transducer

>

xposure
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Experimental conditions of exposure to ultrasound

* Heart:

* Transhepatic exposure at 120-160ms after the R wave

| vulnerable
period

Experimental conditions of exposure to ultrasound

* Heart:

* Atotal of fifty exposures were synchronized with the heart beats at one

pulse per 6 heart beats.

* The exposure timing is classified by the difference from the peak of the T-

wave (POT);
* More than 30ms before POT—Pre-vulnerable
* 0-30ms before POT—Vulnerable
» After POT—

« Ultrasonic conditions:
MDMI =1.8, 4.0, PD = 10ms
@MI =1.8, PD =0.3ms

!

ns
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Materials & Methods

* Heart:
* Arterial pressure were monitored using right femoral artery
catheter.

» Three condition of UCA administration
* None
 Single injection: 0.8uL microbubbles,
» Exposure: 10min after
* Drip infusion: 2.6uL/hr microbubbles,
» Exposure: 3min after

Results: Heart

An extra systolic wave (arrowhead) on ECG was evoked by

ultrasound with UCA. MI=4.0, PD=10ms
v

f | Extrasystolic wave

Ultrasound
200 exposure
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Results; Heart

The exposure to ultrasound (black arrow) was followed by an extra
wave (arrowhead) and a rise in arterial pressure (asterisk).

- Ultrasound ¥ Extrasystolic wave MI=4.0, PD=10ms
300 exposure

Arterial pressure
(mmHag)

50 ms

Results; Heart

The frequency of extra wave and arterial pressure change
MI=4.0, PD=10ms

_ Extra wave Arterial pressure change

+

Single injection 8 42 2

*

Drip infusion 35 15 5

* A statistically significant increase in the frequency of extra waves was
observed with the drip infusion compared with the single injection (P<0.05).
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Results: Heart

The frequency of the extrasystolic waves with the different
infusional method of UCA MI=1.8, PD=0.3ms

Infusion Extra wave

+ -
No 0 149
Single 0 147
Drip 36 109

The unit is the number of times that the extrasystolic wave is evoked
or not evoked. Each infusional condition had 150 exposures of ARFI
and ineffective exposures by incorrect sensing were excluded

* W— . ¥
P = 0.05 with Fisher’s exact test

No extra waves were found without UCA or with single injection of UCA

Results; Heart

An extrasystolic wave is observed and the RR interval
doubled because the regular QRS complex is delayed.

MI=1.8, PD=0.3ms

0.8 Extrasystoliciwave
~ 06 .
Z 0.4 i I i | |
=~ 0.2 Ll i | 1 | I I
o 0.2 2 il e S s 2 PR A i VoY e =
(&) " e T T S v
o -0.0 Y

0.2 1

|

yltrasonic exposure

Sens. (mV)
£

= 100 ms

Extrasystolic waves were observed only after drip infusion of UCA.
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Results -Heart

A wide QRS complex and a narrow complex are observed on
the same trace. MI=1.8. PD=0.3ms

0.8 ¥ Extra ystoliciwave S SO N
0.6 v Ext asystolicwave
3 04 | '. o —
= 02 A | | I |
g 02 oot el o o il e sl AL B
S 00 N 3
-0.2 [ | i
l . . )
ultrasonic expasure ultrasonic exposure
S 200
£ 100
g 0 e
8100 Mechanical sensing signat Mechanical sensing signal
-200 i ! i !
250 ms

Results -Heart

The relationship between the exposure period and the number of the
evoked extrasystolic waves with continuous infusion of UCA

MI=1.8, PD=0.3ms

Timing Extra wave
+ =
Pre-vulnerable 11 48
Vulnerahle 23 53
2 8

Post-vulnerable

The unit is the number of times that the extrasystolic wave was
evoked or not evoked

Not significant with Fisher’s exuct test

There were no differences in the extra wave frequency according to the exposure period.
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Short summary 1
Ml = 4.0, PD = 10ms

» Extrasystolic waves were observed both single injection and
drip infusion of UCA.

* Drip infusion has more frequent extrasystolic waves than
single injection.

« Sixteen percent of the extra waves were followed by arterial
pressure variation.

Ml = 1.8, PD = 10ms

* No extra waves were found after exposure to ultrasound with
a MI1.8 even with concurrent administration of UCA.

v’ Life-threatening arrhythmia was not observed.

Short summary 2
Ml =1.8, PD =0.3ms

 Extrasystolic waves were observed only after
continuous administration of UCA.

* During the drip (bolus) infusion of UCA, there
were no extra waves.

* No differences were found in the extra wave
frequency due to the exposure period.

10
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Discussion -Heart

Speculation on the mechanism

N The destruction of microbubbles
caused by ultrasound with long
pulse duration and a higher

Bundie  pressure amplitude may stimulate

ofHis  cardiac myocytes and the impulse
conduction system of the heart.

Purkinje fibers are found just beneath the
endocardium in all mammals.

..;'ri
11 Ultrasound

wty

Atrioventricular
nede 1™

Transducer

Purkinje fibers rignt bundie Left bundle
branch branch

System requirements for new experiments

* It is required to determine and confirm the exposure
spot in the heart on B-mode images.
* It switches the pulse transmission from the B-mode imaging module to
the exposure module.
* The heart is exposed to ultrasound with long pulse
duration at vulnerable period.

» Exposure period is controlled by the delayed time from R wave triggers
detected by ECG.

11
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Experimental system for heart exposure

Personal Computer
B-mode imaging module usB Control of exposure
and - system
Long pulse duration il
ultrasound exposure module Detection of R wave
ECG module

Linear Array Probe

Long pulse duration ultrasound exposure
system combined with B- mode system

Electrlc Power Source

o2

Beam former
for long
pulse
duration
i ultrasound DAl
HV-MUX l l
] |
61gh TYRX. |
64ch
B-m
: qde 192 ¢h TXRX
imaging
system ]
RSYS-0004 DL Connector 5y, Probe connection module

12
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Specifications

B-mode

Imaging

Module
Number of 64
Channels

Pulse Duration  1-10 pus
Pulse Repetition 0.1 -1 ms
Time

Driving Voltage 10 - 30 Vpp
Focal distance
MI <1.9

Long Pulse

Exposure
Module

64

Tus — 10 ms

Triggered by
ECG

10 - 100 Vpp
10 -40 mm
0.8-1.2

Ultrasonic

Probe
Number of 192
elements

Frequency range 4-15 MHz
type Linear array

Sound pressure
distributions of the pulsed -
ultrasound at 5.2 MHz and :
low MI.

Beam width inrange and
lateral direction is 5-7mm =
and 0.5 mm, respectively.

Hydrophone
Type HNR-0500 "
diameter 0.5 mm
Frequency 0.25-10
Range MHz
Piezo Element PZT
Acceptance 30 degrees

Angle

4 -3

R —
Distancs of sound axis [mm]

(a) Focal distance is 10 mm

ETE=T T
Diistance of sound axis [mem]

(c) Focal distance is 30 mm

]

EEE : 3
Distance of sound axis [mm]

= s
(b) Focal distance is 20 mm

4 = 3

3 o=+ 0 1 2
Dhstance of sound axts [mm]

(d) Focal distance is 40 mm

13
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EXpe rimental Setup . Bmoe ima of the heart

Sinoatrial « ﬁ
node '~

Atrioventricula
Vulnerable

' period  Vulnerable period

Experimental conditions The satest gftfeatia  of the ventricles

t ventricle

e &
Frequency - 5.2 MHz gevery R RRinterval R
Sound pressure : 0.8~1.2 MPa 3 ]
Pulse duration :1ms §
Number of times of exposure g
: 30 7
UCA : Sonazoid®, 0.1 ml

bolus administration (drip infusion)

27

PVC was evoked by the exposure after administration of UCA

Sinoatrial node Left ventricle

*4 IX (depth : 20 mm, Ml : 1.17) 5 (depth : 10 mm, Ml : 1.15)
'ré . ;-
2
An

. . before after befor after
before after before after . ® . .
Sonazoid® administration Sonazoid® administration

w
=

W
o

15

o

Premature contraction incidence [%]

Premature contraction incidence [%]
.
(&

Atrioventricular node

;\f (depth : 30 mm, MI : 0.84) > After Sonazoid® administration,
I— g PVC was evoked by the
e exposure.
£ 20
25 » The incidence was higher in
j% 10 the right heart system than in
g s ' the left heart system.
&0 before ‘ aft ‘ before | after 28
Sonazoid® administration

14
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PVC was evoked by the exposure at vulnerable period

Left ventricle
(depth : 10 mm, Ml : 1.15)

Sinoatrial node
b L\i (depth : 20 mm, Ml : 1.17)

g2

= g 15 =/ % 15
5 E
5 10 5 10
5 g o
® 5 s 5
: E
&0 100 ms 200 ms 100 ms 200 ms
Delay Delay
. . Absolute
Atrlovent”cular nOde refractory period

Vulnerable

ﬂ?“{ _ (depth : 30 mm, Ml : 0.84) R period
g2
W ;. 200 @ ©f the ventricles
é ; ms
£ T
© Bl 1 P
€0 100 200 Q S100
elay
ms
Conclusion

As aresult of the rabbit experiments,

PVC was evoked by exposure to
ultrasound with 1ms of PD and

= approximately 1 of Ml at vulnerable
period, after administration of contrast
agents of Sonazoid.

15
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3.2.3 BEHEBFICL DAL IR ~DEEIZHONT

Al S AR R AR E R RS - AR, MIHEd . Bl b &

[FlSAE R R A ER 2O ZER - LAl AR, PO

TER¥ T T4 TELEE X — - HFHEFA

(1) A5 O FEFHE DM 2
BERFYET—va VOERER, FFICBELHNERLZERTF, ¥ "\7H, @V

NTHRFET 2 2 &2 BRI, AXIMEHE L LeFd M7 e ba— VO E21T 5. FiE
FEETIS, AFIMERFRICEA kHz H O KA BB TR O EL BT L~V THRITL
(-8l EARFHBGATIC T MM R T — 2 2 WG T 5700 % 87 BiRHT O FZBRTF1E
D 41T > T & /2. Blue Native/SDS Rt EXKE 2 W Tl EF RS O 842 217
L8 N7 E&FE L, Western blotting VA1 XV RREES 2. F72, EENOMREH L~
NTORBEEZRHNTDH2FEL LT, ke T VES T RTWITBDE O REZ ST
TOZENTEDA ATV THENITWE A X DIZHEN L, £OHMIEIZ SN THG T
%

(2) HF7E R

4TI, 1) Blue Native/SDS “ Wt X kEI 2 W CEBEKBHNOLELZ T D
KRy B ERE L, Western blotting ¥5I2 XV HRFET 5 2 &, 2) @H I BEH O H
LRV TORBEERMNTDLDTFIEELTAA—V Y TEHEESHICHER L, A ¥ Dz x5
KRN o7 e ha— v x2ELT 52 LR EEE L.

AT 122 Tlt, Blue Native/SDS kL ERUKEIZ L Y [AE S 472 AHCY B-like &
WO KRB R RSRIZ, Western Blotting {4 M L7z, X 1 I2EEFH B (FERE
150 kPa) LIEMHEOL GO ZRT. BEERBRNO I A4 EORKHITRT AR
W, ERHNOREEOMEICHREB IV LD, BEHRBHICK > TAHCY O N
ZEAL LI Z N THER S 7. AHCY B-like 1Z[X 2 lZ/R T A F A= R#toFi %
HOWBETHIHID, SHEOMEILAHCY OHMIZE I A F A= @~ B (¥ 1
7B, DNA @ X F b)) NR@ashzfiRe LTHMTE L. $, MEDLE(IZ
LDOMBE~DEBIET T 74y a2 lCXDETHEBIEVW T RBBENATEY, 2
DREDESBEOBRFTRED —D LD,

BEIWZOWTIE, A¥H () EROMMEARAZHGRICY M) v 7 AZELV—F—i
BEA A biEE AT, MENOLEERS FOREO AL ZR AT, XM 8 1L ZfEo ayt
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(C24 trihydroxy bile acid & C27 trihydroxy bile acid) O3 A EBE O —HlTH 5. KX
WARTEIICAF I RRICBT DMEOSAMITEFICHELL TEY, FECHALE R,
EEOME I AL TND I EAHRTED.
BREWRETHL NG, BERRNORBF LNV ORBELBETLFIEL L THEFTE

5.

MS

X1 JFERRE

Z DX D ITHEDEMRSG T O fidds N Doy A &

Control || 150 kPa

(v bhma—) LEBEFHEEHOLE (Western Blotting %)

Methionine

|

>

BHMT
Al
AHCY
Homocysteine

B2 AT = R

AFILE

Adenosine

N
AFILBEHE:
DNA, RNA, Protein, %




99

7004 m

(a) C24 bile acid (b) C27 bile acid
X3 AXDEFEICBTSHEHERO RO

(3) B (400 FLLAN 398)

A @ ORRDH -7

W 7rmycs @<, ROV A 7 ANEL, ZEEVWIRFREATDIAX %
et R e L TREL, fBEELTERBFBILOXY AN ORI 72 b a2 — VOMSN % &
Fe. BEKROBEMNEELZMBENMTT 27200 DNA~A 707 LA 2 EL, BB
TS T MM T — 2 2 2 N7 EB LR LRV THRT 222 HIFL
oo SAREEX, XNV EMATIEO KL L OMEEMEO MR 21T - 7= LT, AHCY B-
like L WO 3 FICHT2BERBHOEELZHA L. RPL XAV TOEELRFTT HF
BELTARA—V U VEESWEZHEMBME L TEEL, AX D E2XRICLEFEMT 2 b
A= VO, BELO—FlE LTHEIFBROMBEN MO ik z E L. 8Bis1, #v
RV THMM SRS T E2REL, A A=Y 7HEENFICE W CTEE S T OMBEN Y
faEAHLT 22 & TRPLARXALVTOEHEZFM T EnHMFIND.

(4) pRFERRE

] B 2 o E &

[1] E. Matsumoto, K. Kawanabe, K. Yoshida, I. Akiyama, M. Hirose, M. Ikegawa, Y.
Watanabe, “Proteomic analysis of developmental effect on medaka embryo exposed by

ultrasound”, International Congress on Ultrasonics, Honolulu, Hwaii, USA December 18-

20, 2017.

] P 58 &
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[2] Oz w)llRESk, AAREZER, SHER, KiLnbE, BElEos, L
FE, BERREHICL DA X DEO T 0T F— L, BABEREZSE 9 1 [
T4, 2018.6

[3] B P b, AAARREZEIR, HRER, wlFES, kilvwib &, flfE 2, BiE P H,
WIFE, “HEEREBHT AT AL LTOALTOE I 7 ZFN” , 4 23 (A
Hindgut Club Japan ¥ > K 2 %7 & 2017.

[4] AR E L, FAE, Wb x, Bl E D AH, )R, Einlgs, “BEi
HEINEAZTAERO T 0T F— LJH" , FR29FEF 20T a—2AT 4 v 7 A
A=Y TGRS, 2017

[5] A, BROREE, MmMARESEI, HHEES, BLRL, EEESHR, Kilnd
x, EEE, “TEXYET—Va I AL IR~ ORE, 7 ARG EY
D BB RS SUE, 1-Q-28, pp. 55, 2016

[6] WIHfEA, FHER, & HEF, BLRIL, HRER, EgzE, © (KEARESE
WCEVBIEREZINTEAX TR IT D2INEEROIGHE & Hif,” 5 52 B HARAEY
MBS, p.S103, 2014

[7] - HEHS, (LEEEA, FHER, B, HAKIEE, B E, “BEERE R A

MICE 2D BOBE, 7 2014 F£5 61 B AMHE P SEF LIRS, 18p-
F5-14, 2014

(5) Z&3CHk - 51 H
[1] EHEHE, LHEEEAN, SHER, BRILEIL, HARER, s, "By RS A

Z5- 2 2 BOMRE, 7 2014 5 61 BUS AWMLY R EF LN Z, 18p-Fs-
14, 2014,
(2] EEA, EHEER, & , B ZRGL, TEAKIE 28, EiOArE, R E K
WXVl SNIEAFIIRIZE T 2N EROIGHE & Hif,” 5 52 B H ALY
MEF AL, p.S103, 2014,
[3] I HEEAN, BromiE, MmAERN, HHES, BLRL EEXOH, Kilnvbd
T, ELHGE, “FEXIYET—val A IR~ DOEE, T BATEFS -
BN ITIE & 2l SCEE, 1-Q-28, pp. 55, 2016.
[4] SHRIE, MM, BEE, ®IE%H, sl “Thibbhrd~vAANT
Fe A MY — (1) , 7 LFEFE A, pp.96-110, 2011.
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[5] Benjamine J.Cooper, et al, “Suppression and Overexpression of Adenosyl homocysteine
Hydrolase-like Protein 1 (AHCYL1) Influences Zebrafish Embryo Development”, THE
JOURNAL OF BIOLOGICAL CHEMISTRY, vol. 281, no. 32, pp.22471-22484, 2006.
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3.2.4 HE MK B L OEBAEEIC LD 7 5% X DNA O ~EHYIMT -
— TR L D E &R

[A] A5 AL R S R e A A R B AR SRR - HIE—, RIRF 54

SR EERER A Y 2 — - I+, BTl

[l R ER AR R R R - 5 &

() 783 A R 2 i 5 B 52 BF 8 B 1 AT AR AR - 2 TR

(1) AEEOHRHEOHE

INETORMIE T NV —T OFTEENS, BEERBFIZCLD7 7 5% 4 X DNA O
TORBHEIWIE, Fr T — T g VHBREOERERIC K DEBEIMIC Lo TAELD Z N
AomERoN LY, BIEETOLEZAH, Fy BT —va vOEREL EREMIZH
TOLZENNETH DD, FEMBRUIB AT =X LICHONTIE, FHARELLZ V. 20
Tow, AAEEEL, HBORIIIC & 5 DNA TR 2 7 = X AR O, BE TG
L Vortex I ¥V —% AV EBREZFEmL, BHEEF Y ET — v 3 I KD HBHERIK
EXIX VUL DAL L At S, BRI X 5 DNA “EHUI A =X
AL CHELZED . RFETIX, 7/ 5% A4 X DNA © ~EHEHYIW 2 & &I
9 57, REFFRTNV—7 CHeL Lo BB % H 72 DNA — 4 13l o ) ik
A A H L.

(2) HFEmE
TICERICHEHR LB ERETREL Vortex I XV — oA A =T, 72, KER
TlX, T4 GT7 DNA (166 kbp) & A DNA (48 kbp)Z i L 7=.

(a) Placed in the center of the aquarium (b)
N — Stand
‘ - | _130mm__  Micro tube
i C
=
S
™| ol
ultrasonic bath Vortex mixer

1. (a) B M (b) Vortex I FH# —.
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2 I AT PRI HEIC X 5 DNA — WSO EIRAE B A R, BN L
WAL, 43 kHz Th 5. BEREEBEAEDET, “HHOBOBEENELEL, 0
%, BWEEREF LTS,

e~

~= 0.2“ T I

[~

=

= 015

g

[ -9

& 010

1741

a

S 005 g Donkean|

2

g

Z 0. L ;
0 5 10

Time/ s

2. HEEREEHKIC LS DNA S UM o BRI AFE. BER)E KK - 43 kHz.
(g, BP9 O OBFIERER. RO T) .

A2, Vortex X FH— 0 I F o FHMAIHIC L5 DNA ZHBEGIB O 1 %2 X 31258
TR RS, RGBS IS, I 7 OBMEIIC & > T DNA A T # U0
2, DNAERMNELS RoTWDLZ EBghd.
0s 10 s 100 s

10pm
3. Vortex ®I %3712k 2 DNA —EHEYIW R ICTEMEEIZ LD —45F 314

(g, BF O ONFFERER. WA .

@) ; i/ (®)

® T4DMA(MOnes)
& ADHA( 30

T4-DHALTOpen) ;

T T

L ® TR-DNA(IX0pm | _|
0.15 & )-DNA{l X0yen)
T3.DNA( Mhger)

Number of DSBs per 10kbp / (1)
Number of DSBs per 10kbp / (1)

0.10
0.05
1 I
1 1 !1’1 om.-' 2 1
50 100 300 0 10

Time/ s Time/ s
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X 4. (a) Vortex X ¥ > > 72 k% DNA & UM o REFEEFHE. (b) Bi#H 10 B FE To
RERRAFE. 22T, rpm i 1 0N oblEEEZE£T. (G, B O OF7ER .
i SCE R )

X 4 (a)lZ, Vortex SFH—DIF 7255 T4 DNA LA DNA @ “EHHGIKIZ OV
TOREEEERFEEZ R L, BEERHHBS 10 E TO DNA ~HEY MO %X 4 (b)
W, EERFERS, BIEREBE TEF L DNA —EHSEOEH N AL, Z0%, R
eI, A ZEHHGWAEML T Z ERnnn5d.

B 51C, BEE#HE —FEIC L CTHRBAIMEZ 5256 S hx ICREEEY LIPS a60, =
HEUIW R ZF W LR 2 Rmd. RRFERLDS, 20 M0 I F 2712 X 5 IR
T 5 &, hxlCEEERE LI 2%6, BEMEICHFET 52 DNA DY, Bad ol
BEITE 570, 0% BENHZERB T2 LW LnERoz (W6 . 202
ED, IX TR LD ZESEEW S, EWEARICER T ARG NIC X o
ThlgEZShad Lfmftdons.

AWFRICE T, BERIFYET = a OBBIBICE 20 A= 201F, IF
VI OWBAIMIZ I Db DT R LA RL, THHETKICE L TREEAEZ b O E K
OlWr 23, fih> DNABEHRICZ2WREAE D2 & 2B L.

E#&Jﬁ'ﬁiﬁi@%ﬁﬁ-i]
ﬂv?ﬁmﬁ(-ﬁm:@ﬂ%mm EEAEBMKREVEE (BARGAIX]D

- [
o T T L

B
E-_qog z ey DNA
= . : ' ' EEQBEHDE
? ® — i‘(:nsmnl I I [ %Eﬂ(ﬁbﬁm
E.O']s_ ® — gradual acceleration + _ .__—11 i
3 0.10F .éﬂ-*"#“ 50 %2R
5 0.05 ';,,;/‘
2 0.00b L T

1] 20 40 60 80

Time /s
20fpMEISH Y 200 H Y

5.Vortex DI ¥ 72k %5 DNA _ & 6 . Vortex I 3 — I J 2 A ol 1
SOl (Bl £2 60 £ 7217 T 1300 C LB EBEI A = XA (AR

rpm (2 L72HE) - (GG, B S O WP F2se B 7~ )
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(3) BHO/HME : A+ B EORRENH - 72

IHETOMERENS, BEWEREIC X5 DNA ZHEH YK Yo BB S FE L,
TR EIE MR & oo DNABERICITZRWREREZ LI L2 6T L
TEENLY, AFRICE ST, IF VU 7ICLDBBAIMICERNT S8 E b RRD
ZENREN, BEERHICE S DNA “HEDKBOREAMI IR, I b, K
HIRICE T, IFT U 7OBBANKICE > TH, DNA B _EHHEUK 221525 2 &N
AonEny, BiREELFHETL L, —HEUHZ KB TN TED L%
R L., Zosesfix, ZAETEASR T RPN, 7/ 5% A X DNA %
BOWOBOEERMATH D .

RHFFETHF DI AFZERR L, BT IS L5 DNA “HSUIM A 7 = X A & B el 4
BT HLDOT, SBOES - ERERSHICE T 2BEREBEREL L OL2EEERIC
MO CHBERMRLERDI LD THD.

(4) pREFEFE
i LR
[1] R. Kubota, Y. Yamashita, T. Kenmotsu, Y. Yoshikawa, K. Yoshida, Y. Watanabe, T.
Imanaka, K. Yoshikawa, "Double-Strand Breaks in Genome-Sized DNA Caused by
Ultrasound", ChemPhysChem, 18, pp.959-964, 2017.

[2] M. Noda, Y. Ma, Y. Yoshikawa, T.i Imanaka, T. Mori, M. Furuta, T. Tsuruyama, K.
Yoshikawa, "A single-molecule assessment of the protective effect of DMSO against
DNA double-strand breaks induced by photo-and g-ray-irradiation, and freezing",
Scientific Reports, 7, 8557, ppl-8, 2017.

[3] T. Mori, Y. Yoshikawa, K. Yoshikawa, "M #2235 £ & Z 9577 7 & DNA AR EH U1
O A AL & E B b DNA BEfE & B SR E", BN #R A= AF %8 (Radiation Biology
Research Communications), 52, pp.239-253, 2017.

- 1##E (Plenary Lecture)
[4] *Kenichi Yoshikawa, How to Bridge the Gap between Life and Matter,

Italy meets Asia: Scientific Venue in Kyoto 2017 (Nov. 11, 2017), Kyoto, Japan.

[5] *Kenichi Yoshikawa, Playing with Crowding: Creation of Cell-Mimicking Structure &
Function, First International Symposium on Chemistry for Multimolecular Crowding

Biosystems (CMCB2017) (Dec. 12-13, 2017), Kobe, Japan.

(Invited Lecture)
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[6] *Kenichi Yoshikawa, Emergence of Cell-Like Structure & Function under Crowding
Condition, International Conference: The Origin of Life (May 29-30, 2017), Tokyo,

Japan.

(5) R
[7]1 K. Yoshida, N. Ogawa, Y. Kagawa, H. Tabata, Y. Watanabe, T. Kenmotsu, Y.

Yoshikawa, K. Yoshikawa,“Effect of low-frequency ultrasound on double-strand breaks

in giant DNA molecules, Applied Physics Letters, 103, 063705/pp. 1-3, (2013).
[8] Y. Ma, N. Ogawa, Y. Yoshikawa, T. Mori, T. Imanaka, Y. Watanabe, K. Yoshikawa,

“Protective effect of ascorbic acid against double-strand breaks in giant DNA: Marked
differences among the damage induced by photo-irradiation, gamma-rays and

ultrasound”, Chemical Physics Letters, 638, pp. 205-209, 2015.

(6) =&k
KD THRMEFIEFEAR T VAR U L) CHEALEHEEATA NEIRMAT 5.



& HERS 5 L UMRAINIZ £ 55/ AS A KONA

DB —H FEEICLBE EMEE

BERHHORLER DNAMRBOZHE Bl Ll
A Thermalindex((RE +§)
BEECLLIMOEADETSME Fr—— el AT
ERET S ey b ! \ y
] \ J y
¥ Mechanicalindex (F+EF—ax)| A 4 g
BEEICLIEBOEROR S -, =y ;
M@ 21518 , ‘ NN,
DNAZ EfHYIM %58 LT, S %’" f 5
- eEe e
pRERIzEioNA - L= T | T | BT e ] S
jh:zbmﬁgaﬂ E. Clare ot al. BBA - Moloriis BasiSgfD

YHEHFEAEBOERVATIESER SO
EEEEEMELI-WI-CEMBEIMRZONR S —cHNSRSUL S

FAEKY scHERES 8 #h. 5N F—ma
Doshisha Univarsity
20185 3A48 () ®: AEHXFSHI

7/ LA ADNA 1

- 7o

B — —

1 um(BFOIE R kbp)) L FOEWL T F{E
Shi-DNADSFAL.

v RULDNAZHIRENSHIE 2oL HEHE,

v DNAZE# U ERICEC258ED
WmEMBL,

ﬁﬁibéhfsnwa

ErO#ERAA
"DNAFI R ~BtF

(B+{BiE 2> - #Gbp) ;
462 A—PLIREE Y Yoshikawa, K. Voshikawa, et al,, JCP(2011). 1 pm

Dashisha Univarsty
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PEE D DNA — 5 §H U By 54l & 2
B oAy TytqE

BRABZRALIRTRAAZE, 7HO—AT)ILICONAZH AL, BRABZETL,
DNARBZERIT 5 H . BEROEXDRQAVMT ML) ZRRT 5.

A
*100 kbpZFH A 5EL\DNADEHRIA EHEE,
-EREO_ESMUINOE RN EmHIEL,

W. Liao et al., Methods 48, 46-53 (2009).

B HEXRERBE

—ESUIROBEARETHERYT S BMIEERN £
RETSHE

CUTE
DNAMEOBEARE R T BT LIZTE T, - 3
DNAZERMUIREDLDEMMLTIVEL, joaoe-A MG S LT

C. E. Redon ef al, Radiat Meas, 46(9), B77-BE1 (2011)

HAEBEMERIC L SDNA— G FHRE 3

10 um

-

HABRWREN o, RSZTAE

Dashisha Univarsity



DNAZ H $H U1 B B 24 5¥ (i 5 7% : DNAR A TE 4
10 um - . (Lu):ﬁ‘ﬁ,g“fﬁ‘lf@j?fﬂﬁ:‘
2O000L
- o
§ nEIbIm
0 W/em? ———e e e
REEREMAEL) L & B i b Bea
10 um
(L) = (U +1 +;1“++]-.1w i) i il'iz
{L)=(zy ¢ VIwEn
T et BENMOTHE
0.28 W /em? <L>: BREOFEHER
( HBARERE)
Dashisha Universiy
HBEREREE &G H 5
W DNAYY T L W EER
-T4 DNA: 166 kbp, 57mm IR B % : 30 kHz

* Tris-HCI (3£ @7, pH=7.6, 10 mM)

AR STEFR 60 s
+ &£ :90 kPa (380 mW/cm?)

| IS A FEREE S
$YOYoH mEEYAX
i = 11E : 80 mm
I—p Oscilloscope B47:80mm
x>, \,Y y Samp? 7K 40 mm

Degassed water
Transducer

Power amplifier ~ Function gerator

B E R E NS E OREEE (£ EH T - B ERPHRED

Dashisha Univarsity
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BENEREE &N

TooamEn| ©

Br
TH ;
VM FRANEVEITEFHEROEREFIDHFT 5. 6f [< Control ».J N
- MEfERIZED - EATEE 5 g it A
4t ¢
[ExmRERE § 3 4
=t i‘;k_l’ﬂ.,s';
1 } .27
D?—-o-—o-—o"
. 0 20 40 60 80 100 120
Sound Pressure (kPa)
14.9 kPa
T [ Eh-DNAK |
PRI BB N
Fm(.omv) %
kA
»
P-:\

™

0.2+-[-»- Contral ")"--u_
—— o Aseorbic Acid (1.0 mM »

0 20 4lﬂ E‘ll au
Sound Pressure (kPa)

100 120

Y. Ma, K. Yothikawa et al., Chem. Phys. Len,, 638, 205-20% (20185).

BERICEHONAZEHYEAN=—X L(2) ;

DNAZEREMOEELREE  [FrEF—La ERBOBEEAEN |
2_0 R T T T T 1 3
. ' T T T T T T 7
f'r ,d
2.5 ~ fr .
7] |5 B f, .r’
a ’J B 21 I” =
= 6 /
= 1.0+ " 2 z st 'r' A
= ‘ 2 Fd
2 / g 1t 7 )
305+t / { = s, e
R L Y. 1 05} 7 !
®, J %
0._“ f L r i i (]._.. ’ i 1 i 1
0 20 40 60 80 100120140 0 20 40 60 80 100 120 140

Sound pressure [kPa] Sound pressure / P[kPa]

K. Yoshida, K. Yoshikawa et al,, Appl, Phys. Lett,, vol. 103, 063705 (2013) Dashisha University
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BEIRICKHADNAZE Y AH=X L (1) 8
. EHOUETE S 1ERBEIC L HDNAZ ESH U
-
71
6}
5L
4t
s .
al
1k
Oy —e : g . : .
0 20 40 60 80 100 120
Sound Pressure (kPa)
Y. Ma, K. Yoshikawa et al., Chem. Phys. Lett,, 638, 205-20% [2015). Dashisha University

B EHERE BRHICEIONAZEKHEYROTRAOLEE 9
T ICELREERDOLE -

(@ PRANEVBEEMSMEOLAENNT D = MIEERICLI-SHEIFEDH |

% L Ultrasound
R et :
'E N b B T " —
~ T~ .
7 u-a = - _— o]
3 N s B y-ray
H I ~ T —.
o6t N,
z ~
s - .
s 04t ~, Photo-induced
g v \+ ________ Re ?c:h'e Oxygen
5 — =i
02
s |
£
3 0.0 L i 1
0.0 0.5 1.0
- Ascorbic Acid Concentration (mM) Dl it

Y. Ma, K. Yoshikawe et el, Chem. Phys. Len,, 638, 205-20% (2015) .
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DNAZ— FESHYI M D BB 5 Kk F 14 10
W RS AE—E (60F0) ITL - BR &

. o 10 kbp & 1= D T i E1 3%
oN  Topp N ToFF
g L | ® P=90 kP:
s Ui
r
D=08 3 1
t

Number of DSBs / <a> |10 kbhp™'|
[

D=10 . { *
(&Y !
W Tos=tis(oomenn) = & |77 N G {{*
L *
°
BHEDOER -
0 i .
D 0 0.2 0.4 0.6 0.8 1
- T EPp— Duty ratio /D ﬁ
Ton + Torr
(¢ Pulse repetition period)
R. Kubota, T. Kenmotsu, K. Yothikawa et al., ChemPhysChem, 18, 959 — 964, (2017). Dashisha University

DNAZ EFEYIET D/ N )L AE#KF TS 11

B ASTHRLE—E—RILI-Bs
=t Tory) 10 kbp 24 7=Y D YT E
rl=t+Topp

T Pulse repetition period / r_[s]
(D =0.4) = i : ) i
7;- fr- -
=028 ) : o i

(D =104)

(=)
—
un

"o
=

T oo = 60 T Aot ’

v R
oW ; % » e
=04 — : 7 [ ]
04T, = ;
et Soosf = @
5
" = =
MILAEBN,OESE REEDOEE = '@ P=00 kPa, D=04 |
z
a'm i i
Np- Tlu(d D — %ﬂr- 1 10 100 1000
¥ e ﬁ Number of pulses / N

R. Kubota, T. Kenmeotuw, K. Yothikawa et al,, ChemPhysChem, 18, 959 — 944, (2017). Dashisha Univarsity
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12

log N
T
{0 0.5 1 1.5 2 2

T

B =50 kPa, D=0.4

® /=90 kPa, D=0.8
o

3 '\,._/-
5 D.lw

4-13

0.01 "
10 Tiio
.h Number of pulses / N’
Tox Tox
D=04
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1. Introduction

The safety criteria of ultrasound for live bodies are one of
the important factors in the development of ultrasound
imaging and therapeutic techniques using high-intensity
ultrasound such as shear-wave elastography [1] and high-
intensity focused ultrasound therapeutic techniques [2]. These
functional techniques enable the visualization of additional
information and expected treatment effects. However, the
local temperature rise and high stress caused by high-intensity
ultrasound will induce biological effects. Several researchers
have reported the effects on blood under high stress or high-
intensity ultrasound [3,4]. The effect on blood can be
evaluated quantitatively by the amount of hemolysis, in
which the cell membrane of red blood cells is ruptured by
physical, chemical and biological factors, and hemoglobin
included in the red blood cells flows out plasma [5]. Our
group has developed an ultrasonic bubble filter for extrac-
orporeal circulation and investigated its effect on blood [6,7],
and it was found that ultrasound exposure at lower frequencies
induced greater damage to blood at the same sound pressure
level. These experimental results imply that the hemolysis
is related to acoustic cavitation since the sound pressure
threshold for cavitation generation increases with the ultra-
sound frequency. Acoustic cavitation increases the dose
efficiency in ultrasound-triggered gene and drug delivery
techniques [8], and the ultrasound pulse length is one of the
important factors in cavitation generation and in determining
the efficiency [9].

In this paper, we focused on hemolysis caused by pulsed
ultrasound and performed in vitro experiments using bovine
blood. Temporal changes in the generation of cavitation were
measured while changing the pulse repetition frequency (PRF)
and pulse length, and the relationship between the hemolysis
and the acoustic cavitation was evaluated quantitatively.

2. Evaluation of cavitation generation

The cavitation noise power indicator (CNP) [10] was used
for an evaluation index of cavitation generation. The CNP can
be estimated from the frequency spectrum of an observed
ultrasound waveform p(#) and is expressed as

*e-mail: dkoyama@mail.doshisha.ac.jp
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fa—Af/2 2fa—Af/2
CNP=/ P(f)df+/ P(f)df + - --
0

fatAf/2

/2
+ / P(f)df, M
(=1)fatAf/2

where P(f) is a frequency component of p(f), fy is the
fundamental frequency of the ultrasound, f; is the sampling
frequency, n is a natural number and Af is the frequency
range. Equation (1) indicates that the CNP is determined as
the summation of the frequency components except the
fundamental and harmonic components nfy with the frequen-
cy range Af. This means that the effects of the fundamental
and harmonic components generated by the wave distortion
through acoustic nonlinearity can be excluded and that only
the acoustic signal generated by the cavitation microbubbles
is taken into account since the microbubbles regenerate not
only the fundamental and harmonic components but also
distinctive subharmonic and superharmonic components [11].
In addition, the chaotic behavior and the shock wave
generated by bubble collapse will increase the white-noise
level. Therefore, a larger CNP means that a larger acoustic
signal generated by the cavitation will be observed. In this
paper, cavitation generation was evaluated by the relative
CNP (ReCNP) [10], expressed as
CNP — CNP,
ReCNP = ——, 2)
CNP,

where CNP, is the CNP in the case without ultrasound
exposure; the cavitation generation can be evaluated accu-
rately by subtracting the electric and acoustic background
noises.

3. Methods
3.1. Ultrasound exposure

Figure 1 shows the experimental setup used for ultrasound
exposure. An aluminum cylindrical container (inner diameter:
50mm; height: 80mm) filled with degassed water was
prepared as the ultrasonic reactor for hemolysis evaluation,
and pulsed ultrasound was radiated from a circular piezo-
electric lead zirconate titanate (PZT) transducer (diameter:
50 mm; thickness: 2 mm; resonance frequency: 1 MHz; C-213,
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Fig.1 Experimental setup used for ultrasound exposure.

Fuji Ceramics, Fujinomiya, Japan) attached on the bottom of
the reactor. Bovine blood was employed in the experiments
because the size of the red blood cells and the volume density
are almost the same as those of human blood. The bovine
blood was purchased from Nippon Bio-Test Laboratories Inc.
(Tokyo, Japan) and employed as blood samples. The ratio of
blood to Alsever’s solution was 1:1. A small container with an
inner diameter of 10 mm, in which a 1.0 ml blood sample was
placed, was arranged 55 mm above the PZT transducer on the
center axis of the reactor. The heights of the blood and water
surfaces were equal, and the bottom of the small container
was sealed with a thin paraffin film. The water level was
controlled so that an acoustic standing-wave field could be
generated efficiently in the blood sample. Pulsed ultrasound at
1 MHz with a maximum sound pressure amplitude of 200 kPa
(sound intensity of 2.4 W/cm?) in the container was irradiated
for 1 min, and the number of cycles (50 or 100 cycles) and
the PRF were changed. These experimental conditions were
determined by considering the clinical applications using a
long pulse duration such as shear-wave elastography and
sonoporation. The sound pressure threshold for cavitation
generation at | MHz in bovine blood is approximately 200 kPa
[7]. For comparison, a continuous wave was also applied.
The room temperature was 25°C, and the maximum rise in
temperature due to ultrasound exposure was approximately
6°C, which will not induce the denaturation of proteins [12].
After ultrasound exposure, the blood samples were centri-
fuged and divided into two layers: blood cells and plasma
components including ghost red blood cells, which are
ruptured red blood cells [13]. Only the plasma component
was sampled and observed optically. The sample without
ultrasound exposure was the control.

The acoustic signal in the blood sample was measured to
evaluate the CNP. A wide-band needle-type polyvinylidene
fluoride hydrophone with a diameter of 1 mm was installed at
the center of the sample, 6 mm below the blood surface. The
sampling frequency was 10 MHz and the total data length was
20,000 points, so that 100 cycles of pulsed ultrasound at
1 MHz could be recorded. The pulse signals were sequentially
recorded 500 times for 1min, and the average CNP was
calculated from each CNP. The frequency range Af in Eq. (1)
was S50kHz, which is four times the full width at half
maximum of the fundamental component, to exclude the
fundamental and harmonic components.
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10 um™

) ghost red blood cells in the plasma components
after ultrasound exposure.

3.2.  Optical observations

The effects of ultrasound exposure on red blood cells were
investigated from microscopic observation and the optical
transparency. The hemolysis was evaluated by the number of
ghost red blood cells [13] in the plasma component sampled
after ultrasound exposure. The number of ghost red blood
cells in 1ul of plasma components was counted using an
optical microscope. The optical transparency of the plasma
component was also measured. The plasma component was
poured into a disposable acrylic cell (10 x 10 x 4.5mm?). A
laser beam with a wavelength of 540 nm and a power of 2 mW
penetrated through the sample and the transmitted light was
received by a photodiode. The absorbance through the sample
A (= —1og(V/Vy)) was measured by comparison with the
control (V and V| are the output voltages of the photodiode
for each sample and the control, respectively). The free
hemoglobin was estimated from the absorbance [14].

4. Results

Figure 2 shows typical microscopic images of intact
red blood cells and ghost red blood cells in the plasma
after ultrasound exposure. Compared with the intact cells
(Fig. 2(a)), the ghost red blood cells are more transparent
since the cell membranes were ruptured and the backlight was
not refracted at the edge of the cells (Fig. 2(b)). Figure 3
shows the representative frequency spectra in the cases with
a continuous wave and high and low PRFs. A higher PRF
increased the harmonic components and the noise level
between these harmonic components, resulting in a higher
CNP. Figures 4(a)-4(c) show the relationships between the
ultrasound non-exposure time and the number of ghost red
blood cells, the absorbance and the ReCNP, respectively. The
horizontal axes indicate the ratio of ultrasound non-exposure
time in 1 min; 0 and 100% mean the cases with continuous
wave exposure and without ultrasound exposure, respectively.
This is because the total acoustic energy for 1 min changes
with the number of cycles for the same PRF. The plots and
error bars in Figs. 4(a) and 4(c) express the average value and
the standard deviations for five and three trials, respectively.
The results in Figs. 4(a) and 4(b) were obtained from the same
blood sample. The number of ghost cells was counted five
times by repeatedly sampling 1l of the plasma components
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Fig.3 Frequency spectra in the cases with (a) a
continuous wave, (b) high (non-exposure time of
20%) and (c) low PRFs (non-exposure time of 80%)
for pulsed ultrasound of 50 cycles.

from the blood sample. The ReCNP was measured three times
using intact blood samples, and CNPy in Eq. (2) was 0.018. In
Fig. 4(a), the number of ghost red blood cells increased
gradually with decreasing non-exposure time and decreased
again at 0% (continuous wave); the hemolysis was maximized
at around 5 to 10%. Compared with the control (100%), the
results between 5 to 40% showed a significant difference
according to the results of a t-test. The same tendencies
were observed for the absorbance (Fig. 4(b)) and ReCNP
(Fig. 4(c)). It should be noted that sharp spectral peaks appear
upon the Fourier transform of a continuous periodic signal,
and this fact means that the continuous wave essentially gives
a small ReCNP. These results imply that cavitation generation
mainly induces hemolysis and that the ultrasound non-
exposure time is one of the important factors affecting
hemolysis in a low-intensity ultrasound field. An unstable
transient cavitation bubble with a short lifetime generates a
shock wave by collapsing [11]. As the non-exposure time
is reduced, transient cavitation bubbles can grow sufficiently
to generate broadband shock waves by collapsing [9,15]. On
the other hand, stable cavitation bubbles under continuous
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Fig.4 Relationships between the non-exposure time
and (a) the number of ghost red blood cells, (b) the
absorbance and (c) the ReCNP. The plots and error
bars respectively indicate the average values and the
standard deviations.

excitation will maintain a periodic oscillation without col-
lapsing and this behavior will suppress hemolysis. Figure 5
shows the temporal changes in the ReCNP for several
ultrasound non-exposure times. Each average value between
0 and 60 s corresponds to the ReCNP in Fig. 4(c). The ReCNP
increased gradually with time and then attained a steady state
since the number of transient cavitation bubbles increased. It
is noteworthy that the ReCNP decreased rapidly at approx-
imately # = 3 s in the case of a non-exposure time of 5% with
pulsed ultrasound of 50 cycles (Fig. 5(a)). Comparing this
result with the result for a non-exposure time of 5% and
pulsed ultrasound of 100 cycles (Fig. 5(b)), this result can
be attributed to the transient cavitation changing to stable
cavitation over time since a larger number of cycles gives
a lower PRF for the same non-exposure time. Although the
average values of the ReCNP for the non-exposure times of
10 and 40% are almost the same, as shown in Fig. 4(c),
significant differences can be seen in the number of ghost cells
(Fig. 4(a)) and the absorbance (Fig. 4(b)). The instantaneous
increases in the ReCNP generated by the transient cavitation
shown in Fig. 5(a) will induce hemolysis.
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Fig.5 Temporal changes in the ReCNP for several
ultrasound non-exposure times with pulsed ultrasound
of (a) 50 and (b) 100 cycles.

5. Conclusions

The effects of pulsed ultrasound on bovine blood were
discussed. The relationship between the changes in red blood
cells and the acoustic cavitation was investigated acoustically
and optically. The experimental results implied that the
shockwave generated by acoustic cavitation bubbles induced
hemolysis and that the non-exposure time of ultrasound is one
of the important factors in hemolysis.
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