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ABSTRACT 

A novel technique of lithotripsy was investigated with a mid-infrared tunable pulsed laser using difference-frequency 
generation (DFG). Human gallstone samples obtained from 24 patients were analyzed with their infrared absorption 
spectra. It was found that the principal components of the gallstones were different for the different patients and that the 
gallstone samples used in this research could be classified into four groups, i.e., mixed stones, calcium bilirubinate 
stones, cholesterol stones, and calcium carbonate stones. In addition, some gallstone samples had different compositions 
within the single stone. The mid-infrared laser tunable within a wavelength range of 5.5 - 10 µm was irradiated to the 
cholesterol stones at two different wavelengths of 6.83 and 6.03 µm, where the cholesterol stones had relatively strong 
and weak absorption peaks, respectively. As the result, the cholesterol stones were more efficiently ablated at the wave- 
length of 6.83 µm with the strong absorption peak. Therefore, it is suggested that the gallstones could be efficiently ab- 
lated by tuning the wavelength of the laser to the strong absorption peak of the gallstones. The higher efficiency of the 
ablation using the characteristic absorption peaks should lead to the safer treatment without damage to the surrounding 
normal tissues. In order to identify the composition of the gallstones in the patients, endoscopic and spectroscopic di- 
agnosis using the DFG laser and an optical fiber probe made with two hollow optical fibers and a diamond attenuation 
total reflection prism should be useful. The absorption spectrum of the gallstones in the patients could be measured by 
measuring the energy of the DFG laser transmitted through the optical fiber probe and by scanning the wavelength of 
the DFG laser. 
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1. Introduction 

Recently, the cholelithiasis has been the most popular in 
the diseases of a bile duct or a gallbladder, and it has 
been said that one of ten people has gallstones [1]. They 
basically have no symptom, and about 80% of them have 
no problem in their lives. These stones are called “silent 
stones”. If the stone is small, it is discharged to small 
intestine through the bile duct in safety or stayed in the 
bile duct without feeling pain. However, when a gall- 
stone gets larger, it clogs up the duct and starts to feel a 
lot of pain involved with nausea and vomit. In addition, 
there is no denying that bacteria are growing and the in- 
fection of bile duct or sometimes hepatic abscess devel- 
ops. As the symptom progresses, the patient also gets 
fever, chill, and jaundice. If the worst happens, the pa- 
tient develops the infection disease which has a risk of  

death called “bacterial cholangitis”. The bacterial cho- 
langitis gives the patient a risk of death because bacteria 
infect various parts of whole body through the blood 
flow. The risk factors of gallstone formation are age, fat- 
ness, western diet, overstress, and so on. The number of 
the patients of gallstones has increased, so it is important 
to establish the more effective and less invasive treat- 
ment as soon as possible. 

Gallstones can be roughly classified into cholesterol 
stone, dye stone, and other stones by their components. 
Cholesterol stone can be more classified into pure cho- 
lesterol stone, mixed stone, and combined stone. On the 
other hand, dye stone can be also more classified into 
calcium bilirubinate stone, and black stone. Other stones 
contain calcium carbonate stone and aliphatic acid cal- 
cium stone. 
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In addition, gallstones can be categorized into gall- 
bladder stones, stones in the bile duct, and intrahepatic 
bile duct stones by location of developing gallstones. 
Gallbladder stones are developed in gallbladder, and 
most of them are cholesterol stones and black stones. 
Stone in the bile duct is developed in the bile duct, and 
greater parts of them are swept away by bile released 
from gallbladder. Intrahepatic bile stones are developed 
in hepatic bile duct, and they are rarely developed. 

The treatment of gallbladder stones is generally per- 
formed with laparoscopical cholecystectomy. This is the 
operation that a doctor inserts a tube from a small incised 
hole of abdominal area and extracts the gallbladder filled 
with gallstones through the hole. This treatment is used 
all over the world because the cholelithiasis is completely 
cured with a relatively easy procedure. 

On the other hand, stones in the bile duct and intra- 
hepatic bile duct stones had been treated with surgical 
procedures before. Then, endoscopic retrograde cholan- 
gio pancreatography (ERCP) has been developed in 1969, 
and other medical managements such as endoscopic sph- 
incterotomy (EST), electrohydraulic lithotripsy (EHL), 
and extracorporeal shock wave lithotripsy (ESWL) have 
been developed. These therapies enabled doctors to eli- 
minate gallstones without incising abdominal areas and 
its success rate is just over or below 90%, so the quality 
of life (QOL) of patients is greatly improved. However, 
the therapies also had problems of an antidromic infec- 
tion, recurrence of gallstones, and so on. In addition, 
some stones called “difficult-to-treat-stones” cannot be 
eliminated because of their hardness, hugeness, place of 
emergence, and the rest. Besides, the difficulty of the us- 
age prevents these therapies from being popular, so it is 
necessary for us to develop more effective treatment. 

Since the initial introduction of the continuous wave 
CO2 laser (wavelength λ = 10.6 µm) for fragmentation of 
human gallstones, several laser lithotriptors, including 
Ho:YAG (λ = 2.08 µm), Q-switched Nd:YAG (λ = 1.06 
µm), and pulsed dye (λ = 504 nm) lasers have been in- 
vestigated and clinically used [2]. Especially, the Ho: 
YAG laser is an attractive alternative to other conven- 
tional laser lithotriptors because it offers high power 
pulses (~kW, up to several joules at 250 µs pulse dura- 
tion) with higher transmittance than pulsed-dye laser sys- 
tems [3]. However, the accidental irradiation to surround- 
ing normal tissues can lead to the damage to the normal 
tissue, and the recurrence rate of the stones are not negli- 
gible. Therefore, these laser lithotriptors have not widely 
been used in the clinical treatment [4]. 

In this paper, we discuss the feasibility of mid-infrared 
laser lithotripsy with a goal of elimination of gallstones 
in the bile duct. We investigated the gallstone fragmenta- 
tion with a mid-infrared tunable pulsed laser using dif-  
ference-frequency generation as their alternative light 

source. The irradiation of the mid-infrared laser induces 
vibration in the unique intramolecular bond of a gallstone, 
and the low-power lithotripsy is expected to be possible. 
Therefore, we can minimize the risk of damage to the 
normal tissue surrounding the gallstones, and the proce- 
dure could easily be completed in a shorter time. 

2. Materials and Methods 

2.1. Gallstone Samples and Measurement of  
Their Infrared Absorption Spectra 

Human gallstone samples were obtained from 24 patients 
of the Kobe University Hospital in Japan. Figure 1 shows 
photographs of the gallstone samples used in this re- 
search. Their chemical compositions were analyzed with 
a Fourier transform infrared spectrometer (FT-IR) using 
potassium bromide (KBr) pellet method [5]. To make the 
sample pellets, KBr and each gallstone sample were 
ground together in a mortar. Then the powder of the mix- 
ture of KBr and the gallstone sample was pressed in a 
cell. The pellet was formed by application of adequate 
pressure for several seconds. The concentration of the 
gallstone sample in KBr was optimized to obtain suffi- 
cient signal-to-noise ratio in the absorption spectrum 
measured with the FT-IR. Some gallstone samples (sam- 
ple number 2, 3, 4, 7, 17, 18, 19, and 20) showed differ- 
ent color for inner and outer parts within the single stone. 
Therefore, the absorption spectra were separately meas- 
ured for inner and outer parts of these gallstone samples. 

2.2. Irradiation of the Mid-Infrared Laser to the  
Gallstone Samples 

The gallstones were polished with a polishing machine to 
obtain a flat surface and stored in distilled water for an 
hour. 

A mid-infrared tunable pulsed laser developed by Ka- 
wasaki Heavy Industries, Ltd. (Hyogo, Japan) and 
RIKEN (Saitama, Japan) was used [6,7]. Figure 2 shows 
the schematic of the mid-infrared tunable laser using 
difference-frequency generation (DFG) between a Q- 
switched Nd:YAG laser (Tempest 10, New Wave Re- 
search, Inc., CA, USA) with a wavelength of 1064 nm 
and a Cr:forsterite laser tunable within a wavelength 
range of 1180 - 1350 nm pumped by another Q-switched 
Nd:YAG laser (INDI-40-10, Spectra Physics Inc., CA, 
USA). The DFG output was obtained using two silver 
gallium sulfide (AgGaS2) crystals. The mid-infrared la- 
ser was tunable within a wavelength range of 5.5 - 10.0 
µm with a step of 0.01 µm, and the wavelength tuning 
procedure was automatically controlled with a software 
running on a personal computer. The maximum pulse 
energy of the mid-infrared laser was about 1.4 mJ at the 
wavelength of 5.5 µm. The mid-infrared laser had a pulse 
width of 5 ns and a pulse repetition rate of 10 Hz. 
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Figure 1. Photographs of the human gallstone samples used in this research. 
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Figure 2. Schematic of the mid-infrared tunable laser using 
difference-frequency generation. 
 

The mid-infrared laser beam was delivered to the gall- 
stone sample using gold coated flat mirrors and focused 
onto the surface of the gallstone using a zinc selenide 
(ZnSe) lens with a focal length of 51 mm. The spatial 
beam profile of the focus on the sample surface was mea- 
sured using knife-edge method. A knife-edge was scan- 
ned across the laser beam at the focal point with a con- 
stant pitch of 20 µm. The transmitted laser energy past 
the knife-edge was measured using an energy meter 
equipped with a pyroelectric sensor (PE10, OPHIR Op- 
tronics, Israel). As the result, the focus diameter (full 
width at the half maximum) was estimated as 140 µm. 

The surface of the gallstone during laser irradiation 
was observed with a charge-coupled device (CCD) cam- 
era equipped with an optical microscope (129406, KEY- 
ENCE Corp., Japan). After the laser irradiation, the gall- 
stone samples were dried and the area and depth of the 
ablated crater were measured using a confocal laser scan- 
ning microscope (VK7510, KEYENCE Corp.). 

3. Results and Discussion 

3.1. Infrared Absorption Spectra of the  
Gallstone Samples 

Figure 3 shows typical infrared absorption spectra of the  
human gallstone samples shown in Figure 1. It was found 

that the absorption spectra of the gallstone samples were 
different for the different patients and that the gallstone 
samples with different colors for inner and outer parts 
(sample number 2, 3, 4, 7, 17, 18, 19, and 20) had dif- 
ferent absorption spectra within the single stone. It was 
also found that the absorption spectra of the gallstone 
samples used in this research could be classified into four 
types as shown in Figure 3. From the characteristic peaks 
in these absorption spectra, it was supposed that the four 
absorption spectra shown in Figure 3 were correspond- 
ing to the mixed stones, calcium bilirubinate stones, cho- 
lesterol stones, and calcium carbonate stones, respectively 
[8]. The results of the classification of the gallstone sam- 
ples are summarized in Table 1. 

3.2. Dependence of the Irradiation Effects on the  
Laser Wavelength 

In the laser irradiation experiments, cholesterol stones 
(sample number 13) were used. To evaluate the effect of 
the laser wavelength, the DFG laser was irradiated at two 
different wavelengths, i.e., 6.03 µm with relatively weak 
absorption peak and 6.83 µm with relatively high absorp- 
tion peak as shown in Figure 3(c). The average power 
density was varied within a range of 2 - 52 W/cm2. The 
photomicrographs of the ablated craters in Figure 4 il- 
lustrate a visual comparison of the difference for each 
wavelength and each power density of the DFG laser ir- 
radiation. Figures 4(a)-(e) show the craters with the 
wavelength of 6.83 µm, and Figures 4(f)-(j) show them 
with the wavelength of 6.03 µm. As the power density 
was increased, the size of the crater became larger for 
both wavelengths. However, the photomicrographs show 
the craters were produced with lower power density for 
the wavelength of 6.83 µm with the strong absorption 
peak. On the other hand, Figure 5 shows the area and 
depth of the ablated crater, respectively, as a function of 
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(a)                           (b)                     (c)                         (d) 

Figure 3. Typical infrared absorption spectra of the human gallstone samples. 
 

Table 1. Classification results of the human gallstone samples using infrared absorption spectra. A: mixed stone; B: calcium 
bilirubinate stone; C: cholesterol stone; and D: calcium carbonate stone. 

Sample number 1 2 3 4 5 6 7 8 9 10 11 12 

Inner part C A A B 

Outer part 
B 

B C C 
C B 

D 
B B D D B 

Sample number 13 14 15 16 17 18 19 20 21 22 23 24 

Inner part D C A D 

Outer part 
C B B B 

C A B B 
C A C B 

 

 

Figure 4. Photomicrographs of the human gallstones after the irradiation of the DFG laser, where λ and P denote the 
wavelength and average power density of the laser, respectively. 

 
the average power density at the laser wavelengths of 
6.83 and 6.03 µm. It was found that the threshold power 
density of the ablation was lower for the wavelength of 
6.83 µm and that both the area and depth of the crater 
produced by the laser irradiation at the wavelength of 
6.83 µm were larger and deeper than those produced at 
the wavelength of 6.03 µm within the average power 
density of 0 - 20 W/cm2. On the other hand, with the 
power density higher than 20 W/cm2, the area and depth 
of the craters produced with the wavelength of 6.83 µm 
were similar to them produced with the wavelength of 
6.03 µm. These results at the average power density 
higher than 20 W/cm2 should be caused by our experi- 
mental setup with the fixed focal point during the laser 
irradiation. The higher efficiency of the ablation with the 
wavelength of 6.83 µm is due to the higher absorption 
coefficient of the cholesterol stones. The higher effi- 
ciency of the ablation using the characteristic absorption  
peaks should lead to the safer treatment without damage 

to the surrounding normal tissues. In order to identify the 
composition of the gallstones in the patients, endoscopic 
and spectroscopic diagnosis using the DFG laser and an 
optical fiber probe made with two hollow optical fibers 
[9-11] and a diamond attenuation total reflection (ATR) 
prism should be useful [7]. The absorption spectrum of 
the gallstones in the patients could be measured by mea- 
suring the energy of the DFG laser transmitted through 
the optical fiber probe and by scanning the wavelength of 
the DFG laser. 

4. Conclusion 

A novel technique of lithotripsy was investigated using a 
mid-infrared pulsed laser tunable within a wavelength 
range of 5.5 - 10 µm. Human gallstone samples obtained 
from 24 patients were analyzed with their infrared ab- 
sorption spectra. It was found that the principal compo- 
nents of the gallstones wer  different for the different e 
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Figure 5. Ablated crater area and depth produced by the irradiation of the DFG laser at the wavelengths of 6.83 and 6.03 µm. 
 

patients and that the gallstone samples used in this re- 
search could be classified into four groups, i.e., mixed 
stones, calcium bilirubinate stones, cholesterol stones, 
and calcium carbonate stones. In addition, some gallstone 
samples had different compositions within the single 
stone. The mid-infrared laser using DFG was irradiated 
to the cholesterol stones at two different wavelengths of 
6.83 and 6.03 µm, where the cholesterol stones had rela- 
tively strong and weak absorption peaks, respectively. As 
the result, the cholesterol stones were more efficiently 
ablated at the wavelength of 6.83 µm with the strong ab- 
sorption peak. Therefore, it is suggested that the gall- 
stones could be efficiently ablated by tuning the wave- 
length of the laser to the strong absorption peak of the 
gallstones. The higher efficiency of the ablation using the 
characteristic absorption peaks should lead to the safer 
treatment without damage to the surrounding normal tis- 
sues. The endoscopic and spectroscopic diagnosis using 
the DFG laser and the optical fiber probe made with the 
hollow optical fibers and the diamond ATR prism should 
be useful for the endoscopic analysis of the composition 
of the gallstones in the patients. 
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