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Abstract

Transurethral ureteral lithotripsy (TUL) is a treatment that breaks stones by
irradiating a pulsed laser through an optical fiber. Heat and impulsive force of
the laser may affect nearby tissues during treatment. A bubble induced by the
pulsed laser plays an important role in laser lithotripsy. It is important to un-
derstand effects of the bubble on the surroundings by simulating treatment in
a narrow space such as in a ureter. In this study, we observe behaviors of the
bubble in the narrow space inside a soft material simulating under in vivo
condition. The bubble formed under various laser irradiation conditions ex-
hibits characteristic behavior, and the surrounding elastic wall is compressed
and bulged when the bubble grows and collapses. In the case of bubble
formed near the elastic wall, the bubble contacts with the elastic wall during
growth, and severe large deformation of the elastic wall is observed at bubble
collapse. According to the temperature measurement, a temperature rise of
25°C - 30°C occurs in the area where the bubbles are in contact. From the
above, by presenting the deformation of the elastic wall and temperature in-
crease, we can show useful information to improve the safety for treatment at
narrow space.

Keywords

Ho:YAG Laser, Laser Induced Bubble, Lithotripsy, Bubble Behavior in Elastic
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1. Introduction

Extracorporeal shock waves, focused ultrasound, and transurethral ureteral lith-
otripsy (TUL) have been used effectively for treatment of calculi in the human

body [1]-[10]. TUL is a treatment that uses a laser to crush stones while check-
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ing them with an endoscope. The pulsed laser is repeatedly irradiated on the af-
fected part through an optical fiber, and calculus crushing is performed. Calculi
are broken by the thermal effects of direct laser irradiation and the effects of
bubbles formed. In this study, we focus on the behavior of bubbles formed dur-
ing laser irradiation. There are many studies on the generation and collapse of
laser-induced bubbles near rigid walls and their impact. For example,
Lauterborn [11] and Vogel et al [12] have reported many results on bubbles
generated by laser focusing. Tomita et a/ [13] and Lauterborn [11] have collated
the erosion mark with the collapse behavior of a single bubble. Recently, Brujan
et al. [14] [15] and Kobayashi et al [16] have shown the effect on the elasticity of
a wall in the vicinity of an elastic wall other than a rigid wall. Kodama et a/ [17]
demonstrated bubble collapse near the elastic wall and jet rush into gelatin. Fur-
thermore, Blake et al [18], Chahine [19], and Ogasawara et a/ [20] have shown
characteristic bubble collapse behaviors near rigid or elastic walls under various
conditions, including bubble behavior near free surfaces.

Examples associated with impact seem to be less than bubbles produced by
focused lasers though some observations have been performed on the la-
ser-induced bubbles through the fiber studied in this study (e.g., Refs. [9] [10]).
The actual treatment is performed in a narrow space inside the body, and studies
on the behavior in a narrow space and near an elastic wall [14] [15] [16] [21] do
not seem to be much.

The authors investigated the relationship between the bubble behavior near
the rigid wall and the impact on the laser-induced bubble through the fiber, pre-
sented the conditions for the formation of the bubble that gives the optimal im-
pact on the rigid wall, and behavior of bubble formed in a narrow space with the
two flat plates [22] [23] [24]. Such growth and collapse of bubbles formed by
evaporation of water at the irradiation point occur near the elastic wall even for
a short time. The bubble formation/collapse is repeated at several tens to 100 Hz
in clinical treatment, which may lead to mechanical and thermal damage to in-
ternal tissues. It is necessary to understand the behavior and bubble temperature.
In particular, when hot vapor bubbles come into direct contact with living tissue,
they can have a thermal effect. In this study, we observed the behavior of bubbles
formed under the laser irradiation conditions used in actual treatment in a nar-
row cylindrical tube made by elastic walls, and investigated the behavior of bub-
bles and surrounding elastic walls. In addition, in order to investigate the tem-
perature rise on the elastic wall caused by the contact of the bubble, the temper-
ature field around the bubble in a large free space filled with water was measured

using a thermocouple, albeit time-averaged.

2. Experimental Apparatus and Procedure

The laser device used was a laser treatment device (Lumenis, VeasaPulse
80/100W) used in medical treatment [22]. The pulse laser (Ho:YAG laser, wave-
length: 2100 nm) was irradiated through using a quartz glass fiber (Boston Sci-
entific Japan, Ho:YAG & Nd:YAG, 50 W, fiber core diameter: 242 pm). In addi-
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tion, the end surface of the fiber is arranged perpendicularly and smoothly to its
axis. The laser energy £'is 1.0 ] and the pulse duration is about 0.3 ms. Figure 1
shows an example of a laser pulse waveform at a laser energy of 1.0 J and a repe-
tition frequency of 40 Hz measured by a photodetector (Thorlabs, DET10D/M).

Figure 2 shows the details of the test section. The fibers were placed at x,, =
0.3, 1.0, and 2.5 mm from the elastic wall of a cylinder (diameter 5 mm) made of
soft material (gelatin) in the tube center direction. Here, the diameter of the cir-
cular tube was selected from the actual ureter (4 to 7 mm in diameter) and the
scale of the endoscope used for the treatment. The test section was submerged in
an acrylic resin water vessel filled with tap water (water temperature: Tw). In
order to observe bubble behaviors, two high-speed video cameras (Camera A:
NAC, GX-1 PLUS and Camera B: Photron, FASTCAM SA5) were synchronized
with the sound pressure that generated by bubble is acquired by a hydrophone
(B & K, 8103) placed outside the tube. Here, the behaviors were photographed
by a backlight method using a metal halide lamp (NPI, PCS-UMX350) and a
plane light guide (NPI, PLG-B100X). The images were taken at 50,000 fps using
camera A from the side of the tube and at 100,000 fps using camera B from the
side of the tube axis. The dissolved oxygen content  was measured using a dis-
solved oxygen meter (HORIBA, OM-51).

Figure 3 shows the test section used for measuring the temperature of the
water around the bubbles. A thermocouple (Okazaki, T801-1) with an outer
diameter of 0.06 mm was used for the measurement. In order to prevent the
thermocouple from moving along with the bubble movement, the thermocouple
and a ¢1.0 mm piano wire were fixed with adhesive. Here, the laser energy was
set to 1.0 J. As shown in Figure 3, the fiber tip and the thermocouple tip were
placed so that they coincided, and the distance x; from the fiber center to the
thermocouple surface was set to 1.0, 1.5, 2.0, 3.0, or 4.0 mm. The thermocouple
was connected to a data logger (KEYENCE, NR-500 and NR-THO08) and the data
was recorded on a PC. Here, the sampling frequency of the data logger is 10 Hz,
which is slower than the bubble life. For this reason, the effect of laser irradiation
on water temperature rise was acquired in a time-averaged manner by measur-
ing the temperature change during a 10-second pulse laser irradiation at a fre-
quency of 40 Hz with a 1.0 J pulse laser. At the same time as the temperature
measurement, the behavior of bubbles was observed using camera A.

The test section is composed of gelatin (Sigma-Aldrich, G2500 Type A) made
with a mass ratio of 20 mass% to water. A uniaxial compression test based on JIS
K6254 was performed on a test piece prepared from a gelatin solution, and the
compression modulus was measured. Here, in order to examine the change in
elastic modulus due to water absorption and temperature change of the soft ma-
terial during the experiment, test pieces were used immediately after cooling was
completed and left standing in water (water temperature 18°C - 19°C) for 30
minutes. The elastic modulus immediately after cooling is about 94 kPa, and the

value after standing in water for 30 minutes is about 53 kPa.
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Figure 1. Temporal change of laser pulse strength.
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Figure 2. Details of test section.
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Figure 3. Test section for temperature measurement.

3. Behavior of Bubbles and Elastic Walls in a Cylindrical
Tube

Figure 4 shows the bubble behavior (distance from the elastic wall x,, = 0.3, 1.0,
and 2.5 mm) at each fiber position in the cylindrical tube observed from two di-
rections, the tube side direction and the tube axis direction. Here, the behavior
of a single bubble formed by single laser irradiation will be described. From the
obtained image, the bubble formation position was estimated as the ratio p,
(xu/ Rinax) of the distance x,, from the elastic wall to the center of the fiber and the
distance R, from the elastic wall of the largest expanding bubble. Note that the
measured values of x,, and R..r each include an uncertainty of about 0.05 mm

DOI: 10.4236/jfcmv.2020.83008

137 Journal of Flow Control, Measurement & Visualization


https://doi.org/10.4236/jfcmv.2020.83008

Y. Sugimoto, M. Hamamoto

due to the lens effect because the refractive index of the soft material is slightly
different from that of water. The time of one frame before the formation of bub-
bles is defined as ¢ = 0.00 ms. Bubbles are formed in part A at = 0.02 ms in
Figure 4(a), and grow long in the laser irradiation direction (cylinder axis direc-
tion). After reaching the maximum diameter near the part B at = 0.32 ms (the
time when the laser pulse duration is almost finished), the bubbles begin to
shrink by being deprived of heat by the surrounding water and condensed. The
bubble is greatly deformed from the long axis direction and collapses near the
fiber tip at £= 0.62 ms (it became the smallest diameter). Here, no large bubble
splitting occurs between the parallel plates [23] [24]. Subsequently, the
non-condensable gas such as air contained in the bubbles is not completely dis-
solved in water in a short time, and the bubbles are expanded again (#= 0.64 ms)
using the remaining fine bubbles as nuclei, and then the bubbles collapses again
(t = 0.82 ms). The deformation of the elastic wall is observed with the growth
and shrinkage of the bubbles.

0.64 0.74 0.80 0.82 0.86 0.94

(a) pw=1.3, x=2.5mm

_ Wall

(b) yw=0.5, xv=1.0 mm

_Wall

0.64 0.68

(c) pw=0.1, x = 0.3 mm

Figure 4. Behaviors of a laser-induced bubble and an elastic wall. 7., =16°C - 20°C, =
7.3 mg/L.
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When the fiber position is close to the elastic wall (Figure 4(b), x, = 1.0 mm),
bubble formation is confirmed in section A when ¢ = 0.02 ms. Bubbles contact
the elastic wall around 0.10 ms and grow while pushing the elastic wall. After the
bubble reaches its maximum diameter at B at # = 0.30 ms, it begins to shrink
with large deformation of the elastic wall, and collapses on the elastic wall at C at
t = 0.58 ms. After that, the bubble rebounds, and when it collapses again, it is
confirmed that the elastic wall deforms intricately (around 0.72 ms). As shown
in Figure 4(c), when the fiber position becomes closer the elastic wall, the bub-
ble grows in contact with the elastic wall from the bubble formation in section A
at £= 0.02 ms. While the elastic wall returns to its original position, the bubble
reaches its maximum diameter near B at #= 0.30 ms. When the bubble shrinks,
it deforms so as to be constricted from the longitudinal direction near the elastic
wall (around 0.52 ms), and collapses at the part C near ¢ = 0.62 ms. Complex
elastic wall deformation behavior is observed by subsequent rebound and col-
lapse behavior (0.80 ms).

Figure 5 shows the deformation of the bubble interface and the elastic wall.
The vertical 1-pixel-wide images (about 0.06 mm) at the position where the
bubble width becomes maximum at the time of maximum bubble expansion
(arrow P in Figure 4) are arranged in chronological order. When the fiber posi-
tion x, = 2.5 mm, the elastic wall deforms in the direction of compression from
the time of #= 0.0 ms during bubble growth. After the bubble reaches its maxi-
mum diameter at £= 0.32 ms, the elastic wall deforms to be pulled by the bubble
as the bubble contracts. The gap between the bubble surface and the elastic wall
decreases with the growth of the bubble, but the bubble does not touch the elas-
tic wall because the elastic wall is deformed correspondingly.

In Figure 5(b), the elastic wall shows the maximum deformation around ¢ =
0.15 ms before the bubble reaches the maximum expansion, and then the elastic
wall begins to deform in the direction to return to the original position. After the
bubble collapse (part C at = 0.58 ms in Figure 4), the elastic wall deforms again
in the direction of compression (around ¢ = 0.60 - 0.70 ms) as the bubble re-
bounds. Under the condition that the fiber position is closer to the elastic wall,
as shown in Figure 5(c), the deformation of the elastic wall due to bubble
growth is larger than in Figure 5(a) as shown in Figure 5(b) (around ¢ = 0.15
ms). However, the bubble diameter becomes smaller due to the effect of the elas-
tic wall compared to the condition where the fiber is farthest from the elastic
wall (Figure 5(a)). It is also confirmed that the elastic wall far from the fiber is
slightly deformed.

4. Temperature Rise around Bubble

The previous section showed the bubble behavior and its effect on the elastic
wall. In this section, we investigate how bubbles and laser heat transmits through
the surrounding fluid affect the surroundings. As shown in Figure 3, a thermo-
couple was placed near the tip of the fiber in a wide space, and the temperature

was measured during 10 seconds of laser irradiation. From the images taken at
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the same time, the bubble formation position was measured as the ratio y;
(X4 Rmax) of the distance from the center of the fiber to the thermocouple surface,
X5, and the maximum bubble radius, R .

In the Case of y:= 0.5 shown in Figure 6(a), after laser irradiation, the formed
bubble grows, contacts the thermocouple at A at £ = 0.10 ms, and reaches the
maximum diameter at = 0.30 ms. Thereafter, the bubble contracts while main-
taining the state attached to the thermocouple, and collapses at = 0.60 ms. After
the collapse, the rebounded bubbles are still attached to the thermocouple, and
detaches from the thermocouple at section B at = 0.74 ms. In the case of y, =
0.9 shown in Figure 6(b), after laser irradiation, the growing bubble reaches its
maximum diameter at the point A at £= 0.30 ms and contacts with the thermo-
couple. After that, the bubble begins to shrink, detaches from the thermocouple
at part B at £= 0.54 ms, and collapses at £ = 0.60 ms. The rebounded bubbles do
not come into contact with the thermocouple.

Bubble

r [mm]

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Lapsed time t [ms]

(a) w=1.3, x=2.5mm

A Maximum expansion

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Lapsed time t [ms]

(b) pw=0.5, xy = 1.0 mm

-0.2 00 02 0.4 06 08 1.0
Lapsed time t [ms]

(c) pw=0.1, x = 0.3 mm

Figure 5. Temporal change of a laser-induced bubble
and an elastic wall. 7., = 16°C - 20°C, = 7.3 mg/L.

Fiber Thermocouple 3 Maximum expansion 3 Collapse 3mm

Lapsed g i IS ) : 4 5 i 3
Time t=0.00ms 0.04 0.10  0.30 0.40 0.50 0.56 0.58  0.60 0.70 0.74  0.80

(a) #=0.5, xt=1.0 mm

Fiber Thermocouple

3 Maximum expansion 3 Collapse 3 mm

Lapsed R | ! 4 il B E H i |
Time t=0.00ms 0.04 0.10 0.30 0.40 050 0.54 0.58 0.60 0.70 0.78 0.80

(b) 1=0.9, xt = 2.0 mm

Figure 6. Behaviors of a laser-induced bubble near a thermocouple. 7i, = 20°C - 21°C,
£=77-7.6mg/L.
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Figure 7 shows the measurement results of the temperature change around
the bubble formed at the fiber tip when the laser pulse is irradiated for 10 se-
conds at a repetition frequency of 40 Hz (total laser heat load is estimated to be
400 W) under the same conditions as in Figure 6. Figure 7(a) shows the tem-
perature waveform measured with a thermocouple in the case of y,= 0.5 (x,= 1.0
mm). The temperature reaches a maximum of 46.3°C in about 1 second after the
start of laser irradiation. After that, the laser is irradiated in a pulsed manner,
but the temperature continues to be maintained at about 42°C - 45°C, indicating
that the time-average temperature rise is captured. After laser irradiation, the
temperature drops rapidly and returns to the original water temperature in
about 1 second.

Figure 7(b) shows the distribution of the temperature rise A7 with respect to
y. Here, y; < 1.0 indicates that the thermocouple enters the bubble during max-
imum expansion, and y, = 1.0 indicates that the bubble contacts the thermocou-
ple at maximum expansion. The ratio £/¢; of the time #. during which the bubble
is in contact with the thermocouple during the laser irradiation time ¢ is also
shown in the figure. From Figure 7(b), the temperature around the bubble and
the contact time of the bubble increased with decreasing y. In the case of y,= 1.8
- 0.9 (when the bubble is separated from or almost in contact with the thermo-
couple), the temperature rise is about 5°C - 10°C. On the other hand, around y;
= 0.5 - 0.7 (when the thermocouple enters the inside of the bubble), the temper-
ature increases up to 35°C even if the contact time of the bubble is as short as
several %.

Temperature T [°C]

1012 3 456 7 8 91011121314
Lapsed time [s]

(a) Temporal change of temperature (y:= 0.5).

/ Thermocouple

w
v

L (t./t;=2.53 %) Fiber
o

w
o

Piano wire

Bubble (1.0 mm)

N
%1
o

@
>

o

(2A45 %) Sensing part

B
o n

Temperature increase AT [°C]
o S

8 o
(1.20 %) 8 8

0.5 1.0 1.5 2.0
yt = xt/Rmax

o

o

(b) Spatial distribution of temperature increase. # duration of
pulsed laser irradiation (10 sec), £: total bubble contact time.

Figure 7. Temperature measurement near a laser-induced
bubble. 7 =20°C - 21°C, f=7.7 - 7.6 mg/L.
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5. Discussion

In this study, some simplifications are made in simulating the situation of TUL
treatment. In actual treatment, physiological saline is used as a perfusate for
cooling and stone discharge, and it is assumed that the liquid quality is almost
the same as the tap water used in this study. Furthermore, the elastic wall uses
gelatin as a phantom of tissue, and simulates by focusing only on the softness
and spatial scale of the elastic wall in this study. And further studies are needed
on other parameters of biomaterials.

On the other hand, Brujan et al [14] showed leaving a jet manner ejection of
large deformation and the elastic wall material of the cell strain and elastic wall
with the flow from the peripheral direction of the bubble through detail observa-
tions of bubbles formed near the flat elastic wall. Therefore, it can be pointed out
the possibility of the damage of the elastic wall even in this study conducted un-
der similar conditions, such as the bubble collapse caused by the bubbles formed
near the elastic wall shown in Chapter 3.

In addition, Chan ef al. [25] measured the temperature inside the bubble and
confirmed that it rises from room temperature to about 65°C. In this experiment
shown in Chapter 4, it is predicted that the temperature can reach even higher
instantaneously, considering the response speed of the thermocouple, short-time
laser irradiation, and irradiation in a narrow space. The elastic wall deforms
away from the bubble interface as shown previously, but it is also predicted that
the temperature is high on the elastic wall when the bubble contacts the elastic
wall. Therefore, when treatment is performed at the fiber position at y; < 1.0, not
only damage due to rapid deformation of living tissue due to bubble behavior
but also exposure to high temperature for a short time due to contact between

tissue and bubbles.

6. Conclusions

Observation of the behavior of bubbles and surrounding elastic walls in a narrow
cylindrical space surrounded by soft material simulating the treatment environ-
ment at TUL, and measurement of the temperature around the bubbles were
examined, and the following findings were obtained.

1) Bubbles formed in the narrow cylindrical space grow long in the axial di-
rection of the cylindrical tube and collapse without showing a large splitting be-
havior.

2) As the bubble formation position moves from the center of the tube to the
elastic wall side, the deformation of the elastic wall during bubble expansion in-
creases. Bubbles formed near the elastic wall adhere to the elastic wall and col-
lapse on the elastic wall.

3) The temperature around the bubble depends on the ratio of the bubble
width to the fiber position, y. The temperature rises about 5°C - 10°C when y;is
about 1 or more, and rises about 35°C when y,is less than 1.

Based on the above, we present the risk of mechanical and thermal damage
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caused by laser irradiation in the vicinity of body tissue in TUL, and could show
useful findings for safe treatment under various proposed laser irradiation con-

ditions.
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