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Description
BACKGROUND

[0001] Embodiments ofthe presentinvention generally
relate to surgical laser systems, laser pulse trains pro-
duced by such systems for performing laser lithotripsy
using the systems and laser pulse trains.

[0002] Medical lasers have been used in various prac-
tice areas, such as, for example, urology, neurology,
otorhinolaryngology, general anesthetic ophthalmology,
dentistry, gastroenterology, cardiology, gynecology, and
thoracic and orthopedic procedures. Generally, these
procedures require precisely controlled delivery of laser
energy as part of the treatment protocol.

[0003] The treatment of kidney or bladder calculi or
stones, Lithotripsy, is currently achieved through either
ESWL (extra-corporal sound wave lithotripsy), surgery,
oruse of alaser (laser lithotripsy). In the laser application,
a holmium doped yttrium aluminium garnet (Ho:YAG) la-
ser rod, or a thulium doped yttrium aluminium garnet
(Tm:YAG) laser rod are used to produce laser energy
having a wavelength of around 2000-2100 nm to break
up stones of all types. The laser energy is typically in the
form of a train of laser pulses, each having long pulse
widths, such as approximately a few hundred microsec-
onds. ltis believed that a thermo-mechanical mechanism
of action is in play for breaking up the stones, namely the
laser energy superheats water in the vicinity of the stone,
and creates a vaporization bubble. The vaporization bub-
ble then expands and destabilizes the stone, causing it
to fragment.

[0004] There is a continuous demand for improve-
ments to laser lithotripsy procedures including improved
fragmentation of the stones, for example.

US 5,387,211 A discloses a laser device for the co-axial
positioning of plural laser beams of same or different
wavelengths along a single axis. At least two laser oscil-
lators are provided, each producing a laser beam. A ro-
tary reflector is positioned for intercepting at least one of
the produced laser beams and directing the intercepted
laser beam separately from, but along a single axis de-
fined by another laser beam.

WO 93/07806 A1 relates to a system for distinguishing
among a plurality of materials. The system comprises a
laser for producing substantially monochromatic electro-
magnetic energy, which impacts a substance. The sub-
stance generates a pressure wave characteristic of the
identity of the substance in response to the impact. An
analyzer is operatively oriented to receive the pressure
wave and identifies the substance in response to the
pressure wave.

WO 90/14797 A1 discloses a method for treating a sub-
stance with a laser, with identification of the substance
to be treated. The laser light is directed onto the laser via
laser optics, and the light re- emitted by the substance
is guided on a detector measuring its intensity. An eval-
uation circuit being connected downstream to modulate
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the power or the laser energy.
BRIEF DESCRIPTION OF THE DRAWINGS
[0005]

FIG. 1 is a schematic diagram of an exemplary sur-
gical laser system in accordance with embodiments
of the invention.

FIG. 2is a simplified illustration of an exemplary laser
lithotripsy procedure in accordance with embodi-
ments of the invention.

FIG. 3is achartillustrating an exemplary laser pulse
train in accordance with embodiments of the inven-
tion.

FIG. 4 is a schematic diagram of a laser generator
in accordance with embodiments of the invention.
FIGS. 5 and 6 are charts illustrating exemplary laser
pulse trains in accordance with embodiments of the
invention.

FIGS. 7-9 are flowcharts illustrating methods of frag-
menting akidney or bladder stone in accordance with
embodiments of the invention.

SUMMARY

[0006] The invention is defined by the features of in-
dependent claim 1. Embodiments of the inveniton are
recited in the dependent claims.

[0007] Embodiments of the invention generally relate
to surgical laser systems, laser pulse trains produced by
such systems, and methods of performing laser lithotrip-
sy procedures using the systems and the laser pulse
trains. In some embodiments, a surgical laser system
(100) includes a first laser source (140A), a second laser
source (140B), a beam combiner (142) and a laser probe
(108). The first laser source is configured to output a first
laser pulse train (144, 104A) comprising first laser pulses
(146). The second laser source is configured to output a
second laser pulse train (148, 104B) comprising second
laser pulses (150). The beam combiner is configured to
combine thefirstand second laser pulse trains and output
a combined laser pulse train (152, 104) comprising the
first and second laser pulses. The laser probe is optically
coupled to an output of the beam combiner and is con-
figured to discharge the combined laser pulse train.
[0008] Insome embodiments, the first laser pulses are
temporally offset from the second laser pulses in the com-
bined laser pulse train. In some embodiments, the first
laser pulses alternate with the second laser pulses in the
combined laser pulse train. In some embodiments, a
pulse width (134) of the first laser pulses and the second
laser pulses is in the range of 0.1-10,000 ns, 1 ns-500
1S, or 1 ps - 10 ms. In some embodiments, the combined
laser pulse train has a pulse repetition rate in the range
of 1 Hz - 2 GHz, or 0.1 Hz - 10 GHz. In some embodi-
ments, the first laser pulses each have a first wavelength,
the second laser pulses each have a second wavelength,
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and the first and second wavelengths are different. In
some embodiments, the system includes a delay gener-
ator (154) configured to delay discharge of the second
laser pulse train (148) from the second laser source
(140B) relative to the discharge of the first laser pulse
train (144) from the first laser source (140A).

[0009] In some embodiments, a surgical laser system
includes a laser generator (102), a laser probe (108), a
stone analyzer (170), and a controller (122). The laser
generator is configured to generate laser energy (104)
based on laser energy settings (126). The laser probe is
configured to discharge the laser energy. The stone an-
alyzer has an output relating to a characteristic of a tar-
geted stone (120). The controller comprises at least one
processor configured to determine the laser energy set-
tings based on the output.

[0010] In some embodiments, the laser energy com-
prises a train (130) of laser pulses (132), and the laser
energy settings include settings for a pulse width of the
laser pulses, a pulse repetition rate of the laser pulses,
a power of the laser pulses, a wavelength of the laser
pulses, and/or a duration of the train of the laser pulses.
In some embodiments, the system includes memory
(124) comprising a mapping (172) of laser energy set-
tings to values of the output, wherein the controller con-
trols the laser generator based on the laser energy set-
tings of the mapping corresponding to the output. In some
embodiments, the characteristic is an estimated size of
the stone, an estimated length of the stone, an estimated
composition of the stone and/or a vibration frequency of
the stone. In some embodiments, the output from the
stone analyzer is an image of the stone, a laser induced
vibration measurement of the stone, and/or a spectrom-
eter reading of the stone. In some embodiments, the
stone analyzer comprises an imager (174) configured to
output an image of the targeted stone, and the controller
is configured to estimate a length of at least one dimen-
sion of the stone based on the image, and control the
laser generator based on the laser energy settings cor-
responding to the length estimate in the mapping. In
some embodiments, the stone analyzer comprises a La-
ser Doppler Vibrometer (182) configured to measure a
vibration frequency of the targeted stone, and the con-
troller is configured to control the laser generator based
on the laser energy settings corresponding to the meas-
ured vibration frequency in the mapping. In some em-
bodiments, the stone analyzer comprises a laserinduced
breakdown spectrometer (184) configured to output a
spectrometer reading indicative of a composition of the
targeted stone, and the controller is configured to control
the laser generator based on the laser energy settings
corresponding to the spectrometer reading in the map-
ping.

[0011] Insome embodiments of a method of fragment-
ing a targeted kidney or bladder stone, a first laser pulse
train (144) comprising first laser pulses (146) is generat-
ed using afirstlaser source (140A). A second laser pulse
train (148) comprising second laser pulses (150) is gen-
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erated using a second laser source (140B). The first and
second laser pulse trains are combined into a combined
laser pulse train (152) comprising the first and second
laser pulses. The stone is exposed to the combined laser
pulse train using a laser probe (108). The stone is frag-
mented in response to exposing the stone to the com-
bined laser pulse train.

[0012] In some embodiments of the method, the first
and second laser pulse trains are combined such that
thefirstlaser pulses are temporally offset from the second
laser pulses. In some embodiments, the first laser pulses
are temporally offset from the second laser pulses by
delaying the generation of the second laser pulse train
relative to the generation of the first laser pulse train.
[0013] Insome embodiments of amethod of fragment-
ing a targeted kidney or bladder stone, an output relating
toacharacteristic ofthe targeted stone (120) is generated
using a stone analyzer (170). Embodiments of the char-
acteristic include an estimated size of the stone, an es-
timated length of the stone, an estimated composition of
the stone, and a vibration frequency measurement of the
stone. Laser energy settings (126) are generated based
on the output. Laser energy (104) is generated using a
laser generator in accordance with the laser energy set-
tings. The stone is exposed to the laser energy using a
laser probe (108). The stone is fragmented in response
to exposing the stone to the laser energy.

[0014] In some embodiments, the laser energy com-
prises a train (130) of laser pulses (132). In some em-
bodiments, the laser energy settings include settings of
a pulse width of the laser pulses, a pulse repetition rate
of the laser pulses, a power of the laser pulses, a wave-
length of the laser pulses, and/or a duration of the train
of the laser pulses.

[0015] Insome embodiments of amethod of fragment-
ing a targeted kidney or bladder stone (120), the stone
is exposed to first laser energy (130) having a first power
level using a laser probe (108). The stone is exposed to
second laser energy (164) having a second power level
using the laser probe, wherein the second power level is
higher than the first power level. The stone is fragmented
in response to exposing the stone to the second laser
energy.

[0016] In some embodiments, the stone is exposed to
the second laser energy after exposing the stone to the
first laser energy. In some embodiments, the stone is
exposed to the second laser energy after the exposure
of the stone to the first laser energy begins. In some em-
bodiments, the first laser energy comprises a laser pulse
train (130) having a pulse repetition rate in the range of
approximately 1 kHz-2 GHz. In some embodiments, the
second laser energy comprises a single laser pulse
(164). In some embodiments, the second laser energy
comprises a laser pulse train.

[0017] This Summary is provided to introduce a selec-
tion of concepts in a simplified form that are further de-
scribed below in the Detailed Description. This Summary
is not indented to identify key features or essential fea-
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tures of the claimed subject matter, nor is it intended to
be used as an aid in determining the scope of the claimed
subject matter. The claimed subject matter is not limited
to implementations that solve any or all disadvantages
noted in the Background.

DETAILED DESCRIPTION OF ILLUSTRATIVE EM-
BODIMENTS

[0018] Embodiments ofthe presentinventiongenerally
relate to surgical laser systems, laser pulse trains pro-
duced by such systems, and methods of performing laser
lithotripsy procedures using the systems and the laser
pulse trains. Embodiments of the invention are described
more fully hereinafter with reference to the accompany-
ing drawings. The various embodiments of the invention
may, however, be embodied in many different forms and
should not be construed as limited to the embodiments
setforth herein. Rather, these embodiments are provided
so that this disclosure will be thorough and complete, and
will fully convey the scope of the invention to those skilled
in the art. Elements that are identified using the same or
similar reference characters refer to the same or similar
elements.

[0019] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of the invention. As used herein, the
singular forms "a", "an" and "the" are intended to include
the plural forms as well, unless the context clearly indi-
cates otherwise. It will be further understood that the
terms "comprises" and/or "comprising,"” when used in this
specification, specify the presence of stated features, in-
tegers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or
more other features, integers, steps, operations, ele-
ments, components, and/or groups thereof.

[0020] It will be understood that when an element is
referred to as being "connected" or "coupled" to another
element, it can be directly connected or coupled to the
other element or intervening elements may be present.
In contrast, if an element is referred to as being "directly
connected" or "directly coupled" to another element,
there are no intervening elements present.

[0021] It will be understood that, although the terms
first, second, etc. may be used herein to describe various
elements, these elements should not be limited by these
terms. These terms are only used to distinguish one el-
ement from another. Thus, a first element could be
termed a second element without departing from the
teachings of the present invention.

[0022] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary
skill in the art to which this invention belongs. It will be
further understood that terms, such as those defined in
commonly used dictionaries, should be interpreted as
having a meaning that is consistent with their meaning
in the context of the relevant art and will not be interpreted
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in an idealized or overly formal sense unless expressly
so defined herein.

[0023] As will further be appreciated by one of skill in
the art, the present invention may be embodied as sys-
tems which may include computer program products. Ac-
cordingly, the present invention may take the form of an
entirely hardware embodiment, an entirely software em-
bodiment or an embodiment combining software and
hardware aspects. Furthermore, the present invention
may take the form of a computer program product on a
computer-usable storage medium having computer-us-
able program code embodied in the medium. Any suita-
ble computer readable medium may be utilized including
hard disks, CD-ROMs, optical storage devices, or mag-
netic storage dcviccs.

[0024] The computer-usable or computer-readable
medium referred to herein as "memory" may be, for ex-
ample but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, ap-
paratus, device, or propagation medium. More specific
examples (a non-exhaustive list) of the computer-read-
able medium would include the following: an electrical
connection having one or more wires, a portable compu-
ter diskette, a random access memory (RAM), a read-
only memory (ROM), an erasable programmable read-
only memory (EPROM or Flash memory), an optical fiber,
and a portable compact disc read-only memory (CD-
ROM). Note that the computer-usable or computer-read-
able medium could even be paper or another suitable
medium upon which the program is printed, as the pro-
gram can be electronically captured, via, for instance,
optical scanning of the paper or other medium, then com-
piled, interpreted, or otherwise processed in a suitable
manner, if necessary, and then stored in a computer
memory.

[0025] The invention is also described using flowchart
illustrations and block diagrams. It will be understood that
each block (of the flowcharts and block diagrams), and
combinations of blocks, can be implemented by compu-
ter program instructions. These program instructions
may be provided to a processor circuit, such as a micro-
processor, microcontroller or other processor, such that
theinstructions which execute on the processor(s) create
means for implementing the functions specified in the
block or blocks. The computer program instructions may
be executed by the processor(s) to cause a series of
operational steps to be performed by the processor(s) to
produce a computer implemented process such that the
instructions which execute on the processor(s) provide
steps for implementing the functions specified in the
block or blocks.

[0026] Accordingly, the blocks support combinations
of means for performing the specified functions, combi-
nations of steps for performing the specified functions
and program instruction means for performing the spec-
ified functions. It will also be understood that each block,
and combinations of blocks, can be implemented by spe-
cial purpose hardware-based systems which perform the
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specified functions or steps, or combinations of special
purpose hardware and computer instructions.

[0027] FIG. 1 is a schematic diagram of an exemplary
surgical laser system 100, and FIG. 2 is a simplified il-
lustration of an exemplary laser lithotripsy procedure on
a stone using the system 100, in accordance with em-
bodiments of the invention. In some embodiments, the
system 100 comprises a laser generator 102 that gener-
ates laser energy 104. In some embodiments, the laser
energy 104 is optically coupled to a waveguide 106, such
as an optical fiber, and discharged from a laser probe
108 to perform a desired procedure, such as tissue ab-
lation or urinary or kidney stone fragmentation.

[0028] In some embodiments, the laser generator 102
comprises one or more conventional laser sources, such
as laser resonators, that produce the laser energy 104
having desired properties. In some embodiments, the
system 100 produces the laser energy 104 in the form
of apulse train comprising pulses having arelatively short
pulse width and at a relatively high pulse repetition rate,
as compared to laser systems of the prior art, particularly
those used in laser lithotripsy procedures. In some em-
bodiments, the laser generator 102 includes Q-switched
laser rods to produce the laser energy 104, such as, for
example, a holmium doped yttrium aluminium garnet
(Ho:YAG) laser rod, a thulium doped yttrium aluminium
garnet (Tm:YAG) laser rod, or other conventional laser
rod suitable for producing the desired laser energy 104.
[0029] The laser probe 108 may be configured to dis-
charge the laser energy 104 along a longitudinal axis 110
of the probe through a distal end 112, as shown in FIG.
2, laterally relative to the longitudinal axis of the probe
108 (side-fire laser probe), as indicated by the arrow 114,
ordischarge the laserenergy 104 in another conventional
manner. The laser probe 108 may be supported in a cys-
toscope or endoscope 116, a distal end of which is illus-
trated in FIG. 2.

[0030] Insomeembodiments, the system 100 includes
a secondary probe 118, adistal end of which s illustrated
in FIG. 2. The secondary probe 118 may be used, for
example, to capture images of a targeted stone 120, or
perform other functions. In some embodiments, the
probe 118 may be used to obtain one or more charac-
teristics of the targeted stone 120, as discussed below.
[0031] In one embodiment, the system 100 includes a
controller 122 that includes one or more processors that
are configured to execute program instructions stored in
memory 124, or other location, to carry out various func-
tions described herein. In some embodiments, the con-
troller 122 controls the laser generator 102 in accordance
with laser energy settings 126 stored in the memory 124,
or other location.

[0032] In some embodiments, the controller 122 con-
trols the discharge of the laser energy 104 through the
laser probe 108 using conventional techniques. For in-
stance, the controller 122 may control one or more shutter
mechanisms 128 (FIG. 1), which may control the dis-
charge of the laser energy 104 to the waveguide 106, or
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the discharge of laser energy from individual laser sourc-
es of the laser generator 102.

[0033] In some embodiments, the system 100 is con-
figured to generate laser energy 104 in the form of a laser
pulse train 130, such as the exemplary laser pulse train
illustrated in FIG. 3. The laser pulse train 130 comprises
individual laser pulses 132. In some embodiments, the
laser pulses 132 each have a short pulse width 134 rel-
ative tothe laser energy used for conventional laser lithot-
ripsy procedures, which typically has a pulse width on
the order of hundreds of microseconds. In some embod-
iments, the pulse width 134 of each of the pulses 132 in
the train 130 is less than 1pus, or less than 1 ms, for ex-
ample. In some embodiments, the pulse width 134 is in
the range of 1 - 10,000 ns, 0.1 - 500 ps, or 1 ps - 10 ms,
for example. Such pulse widths may be obtained using
conventional Q-switched laser rods, such as those men-
tioned above, or other suitable technique.

[0034] Insome embodiments, the laser pulses 132 are
repeated at a high rate relative to conventional laser sys-
tems. In some embodiments, the pulse repetition rate is
in the range of 0.001 to 1000 kHz, 1 kHz-2 GHz, greater
than 1 GHz, 0.1 Hz - 10 GHz. The high pulse repetition
rate (GHz range) covers the life span of plasma clouds,
which can enhance the laser plasma effect to achieve
efficient tissue ablation or stone fragmentation.

[0035] Insome embodiments, the laser generator 102
utilizes multiple laser sources to generate the high pulse
repetition rate of the pulse train 130. In some embodi-
ments, each of the laser sources is capable of producing
laser energy that can cause thermal-confined or stress-
confined interaction on tissue or a kidney or bladder
stone. The laser energy or laser pulse trains generated
by each of the two or more laser sources are combined
toformthe laserenergy 104 having the desired high pulse
repetition rate. The laser energy 104 is then discharged
to the targeted object or tissue, such as a kidney or blad-
der stone 120 through the probe 104.

[0036] FIG. 4 is a schematic diagram of an exemplary
configuration of the laser generator 102 that is configured
to generate the laser energy 104 having a high pulse
repetition rate. In some embodiments, the laser genera-
tor comprises a laser source 140A configured to output
laser energy 104A, and a laser source 140B configured
to output laser energy 104B. In some embodiments, the
laser sources may be Q-switched laser sources or other
conventional devices capable of generating the laser en-
ergies 104A and 104B each having a pulse width and a
pulse repetition rate that is set in accordance with the
laser energy settings 126.

[0037] In some embodiments, a beam combiner 142
combines the laser energies 104A and 104B, such that
they overlap into a single laser beam as the laser energy
104. In some embodiments, the beam combiner 142
comprises conventional mirrors, lenses and/or other op-
tical components to combine the laser pulse energies
104A and 104B. More than two laser sources may also
be combined in this manner to produce pulse trains hav-
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ing high pulse repetition rates. The output laser energy
104 from the beam combiner 142 is optically coupled to
the laser probe 108 for discharge, as shown in FIG. 1.
[0038] Inoneembodiment,thelaserenergy 104A com-
prises a laser pulse train 144 of laser pulses 146, and
the laser energy 104B comprises a laser pulse train 148
of laser pulses 150, as illustrated in the chart of FIG. 5.
In some embodiments, the pulses 146 and 150 may be
of the same or different wavelength, the same or different
pulse width, and the same or different pulse shape. In
some embodiments the laser pulse trains 144 and 148
may have a pulse repetition rate or frequency that is the
same or different. In accordance with some embodi-
ments, the pulses 146 and 150 have a wavelength in the
range of 400 - 11000 nm, 300 - 20000 nm. In some em-
bodiments, the pulses 146 and 150 have a pulse width
in the range of, less than 1us, 0.1 - 10000 ns, or 1 ps -
10 ms, for example. In some embodiments, the pulse
trains 144 and 148 have a pulse repetition rate in the
range of 0.1z - 10 GHz.

[0039] In some embodiments, the pulses 146 of the
pulse train 144 are temporally offset from the pulses 150
of the pulse train 148 to generate the pulse train 152 that
forms the laser energy 104, as illustrated in FIG. 5. In
some embodiments, the pulses 146 and 150 of the pulse
train 152 do not overlap, as shown in FIG. 5. In some
embodiments, the pulses 146 alternate with the pulses
150, as shown in FIG. 5.

[0040] The laser pulse trains produced by the two or
more laser sources of the laser generator 102 may be
temporally offset in any suitable manner. In one exem-
plary embodiment, an adjustable delay generator 154
delays the discharge of the laser pulse train 148 from the
laser source 140B in response to a trigger 156 received
from, for example, the controller 122 (FIG. 1). The delay
of the triggering of the pulses 150 can be as small as a
few nanoseconds. The trigger signal and the delayed sig-
nal may be used to control shutter mechanisms corre-
sponding to the laser sources 140A and 140B, for exam-
ple.

[0041] The resultant pulse repetition rate of the pulse
train 152 of the laser energy 104 that can be achieved
using the multiple laser sources is substantially higher
than what would be possible using a single laser source.
That is, the laser generator 102 effectively multiplies the
pulse repetition rate of a conventional laser source by
combining the output laser energies of two or more laser
sources. Accordingly, this technique may be used to pro-
duce very high frequency pulse trains 152 for the laser
energy 104, such as pulse trains having a pulse repetition
rate in the range of up to 2 GHz or more, depending on
the width of the pulses (e.g., 146 and 148). As discussed
below, this frequency range enables the system 100 to
match the high estimated natural or resonance frequen-
cies of urinary or kidney stones to enable more thorough
fragmentation of the stones during laser lithotripsy pro-
cedures.

[0042] Insomeembodiments, thelaser pulses 146 and

10

15

20

25

30

35

40

45

50

55

150 of the laser trains 144 and 146 are not temporally
offset, butdirectly overlap (i.e., pulses are synchronized).
This allows for the generation of laser energy 104 having
a higher power than would otherwise be possible using
a single laser source. In some embodiments, the gener-
ator 102 is configured as described with reference to FIG.
5, but without the delay generator 154.

[0043] Inaccordance with another embodiment, the la-
ser generator generates laser energy 104 in the form of
a pulse train 160 shown in FIG. 6, which is discharged
to a targeted stone 120 through, for example, the laser
probe 108. In some embodiments, the pulse train 160
comprises a series of pulses 162 at afirst power orenergy
level followed by one or more pulses 164 at a second
energy level that is higher than the first energy level. In
some embodiments, the pulses 162 comprise the pulses
146 and 150 and form the pulse train 130 in accordance
with one or more embodiments described above. Thus,
in some embodiments, the laser pulses 162 may be gen-
erated using two or more laser sources of the generator
102. Exposure of the targeted stone 120 to the pulses
162 heats the targeted stone 120 and/or produces cracks
in the targeted stone 120, while the high energy pulse or
pulses 164 pulverize the stone 120.

[0044] The pulses 162 and 164 may have the same or
different wavelength, pulse width or pulse shape. Insome
embodiments, the pulses 162 have a pulse width 134 of
approximately less than 1us, 1-10000 ns, 1 ps - 10 ms.
In some embodiments, the pulses 162 have an energy
level of approximately 0.01-1000 mJ, 1 nJ - 10 J. The
pulses 162 are preferably delivered at a pulse repetition
rate or frequency in the range of 1-20000 kHz, 1 kHz-2
GHz, or 0.1 Hz - 10 GHz.

[0045] In some embodiments, the one or more pulses
164 have an energy level in the range of 1-10000 mJ, 1
nd - 10 J. In some embodiments, the one or more pulses
164 have a pulse width in the range of less than 1 ps, 1
ns-500 ps, 1 ps - 10 ms. In some embodiments, the one
or more laser pulses 164 are generated by a laser source
of the laser generator 102 that is not used to generate
the laser pulses 162.

[0046] Insome embodiments, when a train of the laser
pulses 164 is used, the train of pulses 164 has a lower
frequency or pulse repetition rate than the train of pulse
162, such as 0.1 Hz - 10 GHz. In some embodiments,
the laser pulses 164 have a pulse repetition rate that is
tuned to the stone 120 targeted for fragmentation, as
described below. In some embodiments, the train of puls-
es 164 has a pulse repetition rate in the range of 1 kHz-
2 GHz, 0.1 Hz - 10 GH. In some embodiments, the train
of pulses 164 is formed using a multiple laser source
technique in accordance with one or more embodiments
described above with regard to the laser pulse train 130.
[0047] In some embodiments, the one or more high
energy laser pulses 164 occur immediately after the
pulse train of lower energy laser pulses 162. In some
embodiments, the generation of the one or more high
energy laser pulses 164 by the generator 102 begins
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afterthe targeted stone 120is exposed to the laser pulses
162, allowing for the one or more laser pulses 164 to
overlap the laser pulses 162.

[0048] Some embodiments of the invention are direct-
ed to methods of producing the laser energy 104 using
the system 100 described above, and laser lithotripsy
methods for fragmenting a kidney or bladder stone using
embodiments of the system. In some embodiments, the
laser generator 102 is configured to output laser energy
104 in accordance with one or more embodiments de-
scribed above to fragment a targeted stone 120, such as
that illustrated in FIG. 2.

[0049] In some embodiments, the laser energy 104
output from the laser generator 102 is defined by laser
energy settings 126 stored, for example, in the memory
124 (FIG. 1) or other location. The laser energy settings
126 may determine the wavelength of the laser energy
104, the pulse width 134 of the pulses that form the laser
energy 104, the pulse repetition rate of the laser energy
104, the energy level of the pulses of the laser energy
104, the duration that the laser energy 104 is output (i.e.,
the duration of the laser treatment), and/or other proper-
ties of the laser energy 104 output from the laser gener-
ator 102. In some embodiments, the controller 122 uses
the laser energy settings 126 to control the laser gener-
ator 102 and its one or more laser sources (e.g., laser
sources 140A and 140B) to generate the laser energy
104.

[0050] In some embodiments, the laser generator 102
is configured to output laser energy 104 that is tuned to
fragment the targeted stone 120. In some embodiments,
this tuning of the laser energy 104 matches the frequency
or the pulse repetition rate of the laser energy 104 to a
natural or resonant frequency of the targeted stone 120.
In some embodiments, this tuning of the laser energy
104 to the targeted stone 120 enables the laser energy
104 to more efficiently fragment the stone 120, and frag-
ment the stone into smaller particles, than is possible
using prior art laser lithotripsy techniques.

[0051] In some embodiments, the natural frequency of
the targeted stone 120 can be estimated based on char-
acteristics of the targeted stone 120. In some embodi-
ments, the system 100 includes a stone analyzer 170
that is configured to determine, or assist in determining,
one or more characteristics of the stone 120, from which
a natural frequency of the stone 120 can be estimated
and used to determine the laser energy settings 126.
Exemplary stone characteristics include one or more di-
mensions of the stone, a geometry of the stone, a vibra-
tion frequency of the stone, a composition of the stone,
a type of the stone, color or tensile strength, and other
characteristics.

[0052] Insome embodiments, the system 100 includes
a mapping or look-up table 172 stored in the memory 124
(FIG. 1), or other location that is accessible by the con-
troller 122. The mapping 172 identifies laser energy set-
tings for various measured or estimated characteristics
of the stone 120. After the controller 122 determines one
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or more characteristics of the targeted stone 120 using
the stone analyzer 170, the controller 122 obtains the
laser energy settings corresponding to the one or more
determined characteristics using the mapping 172. The
controller 122 then sets the laser generator 102, or the
individual laser sources, to generate the laser energy 104
tuned to the stone 120 based on the settings. In some
embodiments, the laser settings obtained from the map-
ping 172 are stored as the laser settings 126. The system
100 may then perform a laser lithotripsy procedure on
the targeted stone 120 using tuned laser energy 104 to
fragment the stone, as illustrated in FIG. 2.

[0053] In some embodiments, the stone analyzer 170
comprises an imager 174 configured to capture images
of the targeted stone 120, as shown in FIG. 1. The imager
174 may be a conventional imaging component that com-
prises the secondary probe 118 (FIG. 2) in the form of
an imaging fiber 176, and an imaging sensor or chip 178,
such as a CCD sensor. In some embodiments, the con-
troller 122 processes images from the imager 174 to de-
termine characteristics of a targeted stone 120, such as
a measurement or estimate of the one or more dimen-
sions of the stone 120 (i.e., a length such as diameter,
area, etc.), the stone’s geometry, or other characteristic
of the targeted stone 120, for example. In some embod-
iments, the system 100 includes a display 180 (FIG. 1)
on which the images captured by the imaging sensor 178
may be displayed. In some embodiments, the one or
more image-determined characteristics of the stone 120
are mapped in the mapping 172 to laser energy settings
(e.g., a pulse repetition rate, pulse width, etc.) for gener-
ating laser energy 104 tuned to fragment the targeted
stone 120.

[0054] In some embodiments, the stone analyzer 170
comprises a Laser Doppler Vibrometer (LDV) 182, which
is an instrument used to make non-contact vibration
measurements of a surface. In some embodiments, the
LDV 182 exposes the stone 120 to a laser beam, such
as the laser energy 104 from the laser probe 108, or a
laser beam from the secondary probe 118 (FIG. 2). A
vibration amplitude and frequency of the stone 120 are
extracted from the Doppler shift of the frequency of the
laser beam reflected from the surface of the stone 120
in response to the motion of the stone surface caused
by the laser beam. This may be obtained, for example,
through the imager 174, or other conventional compo-
nent. The output of the LDV 182 may be a continuous
analog voltage that is directly proportional to the velocity
component of the stone surface along the direction of the
laser beam. In some embodiments, the controller 122
determines the one or more stone characteristics, such
as a vibration frequency of the stone 120, based on the
output from the LDV 182. In some embodiments, one or
more of these characteristics are mapped in the mapping
172 to laser energy settings, such as a pulse repetition
rate, for generating laser energy 104 tuned to fragment
the stone 120.

[0055] In some embodiments, the stone analyzer 170
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comprises a Laser Induced Breakdown Spectrometer
(LIBS) 184 configured to perform laser induced break-
down spectroscopy on a targeted stone 120 through, for
example, the secondary probe 118, and output a spec-
trometer reading indicative of a composition of the tar-
geted stone 120. In some embodiments, a strong plasma
effect is generated using the laser energy 104, such as
the high frequency pulse train 130 described above. This
plasma effect is used by the LIBS 184 to obtain the com-
position of the stone 120. In some embodiments, the out-
put composition of the targeted stone 120 is used to iden-
tify a type of the targeted stone 120, a natural frequency
(i.e., vibration frequency) for the stone 120, and/or other
characteristics of the stone 120. In some embodiments,
the controller 122 determines the laser treatment to be
performed to fragment the stone 120 based on the iden-
tified type of stone. In some embodiments, one or more
of these characteristics are mapped in the mapping 172
to laser energy settings, such as a pulse repetition rate,
for generating laser energy 104 tuned to fragment the
stone 120. In some embodiments, the results of the laser
induced breakdown spectroscopy on the targeted stone
120 are also used for diagnosis, treatment and recur-
rence prevention.

[0056] Additional embodiments are directed to the use
of the system 100 formed in accordance with one or more
embodiments described herein to perform a laser lithot-
ripsy treatment to fragment a kidney or bladder stone.
FIG. 7 is a flowchart illustrating a method of fragmenting
a targeted kidney or bladder stone in accordance with
embodiments of the invention. At 200, a first laser pulse
train, such as pulse train 144 (i.e. laser energy 104A),
comprising first laser pulses 146 is generated using a
first laser source 140A, as shown in FIGS. 4 and 5. At
202, a second laser pulse train 148 (i.e., laser energy
104B) comprising second laser pulses 150 is generated
using a second laser source 140B. The first and second
laser pulse trains 144 and 148 are combined into a com-
bined laser pulse train 152 (i.e., laser energy 104) at 204.
The combined laser pulse train 152 includes the first and
second laser pulses 146 and 150. At 206, the stone 120
is exposed to the combined laser pulse train 152 using
a laser probe 108, such as illustrated in FIG. 2. At 208,
the stone 120 is fragmented in response to the exposure
of the stone 120 to the combined laser pulse train 152.

[0057] In some embodiments, step 204 involves tem-
porally offsetting the first laser pulses 146 from the sec-
ond laser pulses 150 to form the combined laser pulse
train 152 (FIG. 5) or pulse train 130 (FIGS. 3 and 6). In
some embodiments, the first laser pulse train 144, the
second laser pulse train 148, and the combined laser
pulse train 152 are formed using the laser generator 102
described above with reference to FIG. 4. In some em-
bodiments, the laser generator 102 comprises a delay
generator 154 that delays the generation of the second
laser pulse train 148 relative to the generation of the first
laser pulse train 144 to temporally offset the first laser
pulses 146 from the second laser pulses 150.
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[0058] In some embodiments, the pulse width 134 of
the first and second laser pulses 146 and 150 is in ac-
cordance with one or more embodiments described
above. In some embodiments, the combined laser pulse
train 152 has a pulse repetition rate in accordance with
one or more embodiments described above. In some em-
bodiments, the first and second laser pulses 146 and 150
have the same wavelength. In some embodiments, the
wavelength of the first laser pulses 146 is different from
the wavelength of the second laser pulses 150. In some
embodiments, the wavelengths of the first and second
laser pulses 146 and 150 are in accordance with one or
more embodiments described above.

[0059] Inaccordance with another embodiment, the la-
ser energy 104 is in the form of a pulse train, such as
pulse train 152 (FIG. 5) or the pulse train 130 (FIGS. 3
and 6), having pulses (e.g., 132, 162) that are at a first
power or energy level and at a high repetition rate. In
some embodiments, these laser pulses are configured
to heat and potentially crack the targeted stone 120. In
some embodiments, the series of laser pulses of the com-
bined laser pulse train 152 or 130 are followed by one or
more high energy pulses 164 (FIG. 6) having a higher
energy level than the first and second laser pulses, as
shown in FIG. 6. In some embodiments of the method,
the targeted stone 120 is exposed to the one or more
high energy pulses 164 to pulverize the stone 120. The
energy levels of the first and second laser pulses 146
and 150, or pulses 162, and the high energy pulses 164
may be in accordance with one or more of the embodi-
ments described above.

[0060] FIG.8isaflowchartillustratingamethod of frag-
menting a targeted kidney or bladder stone 120 using
laser energy 104 that is tuned to the targeted stone 120.
At 210, an output relating to a characteristic of the tar-
geted stone 120 is generated. In some embodiments,
the output is generated using a stone analyzer 170 in
accordance with one or more embodiments described
above. Exemplary embodiments of the characteristic in-
clude an estimated size of the stone, an estimated length
of a dimension of the stone (i.e.. a diameter of the stone),
an estimated composition of the stone, a vibration fre-
quency of the stone, and type of the stone. In some em-
bodiments, the output relating to a characteristic of the
targeted stone 120 is processed by the controller 122 to
determine the characteristic of the stone 120.

[0061] At 212, laser energy settings are determined
based on the output. In some embodiments, values of
the output or the corresponding characteristics are
mapped to laser energy settings in a mapping 172 stored
in the memory of the system (FIG. 1), or other location.
In some embodiments, the controller 122 uses the map-
ping 172 to determine the laser energy settings based
on the output.

[0062] At 214, laser energy 104 is generated using a
laser generator 102 in accordance with the laser energy
settings. Embodiments of the laser generator 102 and
the laser energy 104 include one or more embodiments
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described above. At 216, the targeted stone 120 is ex-
posed to the laser energy 104 and the stone 120 is frag-
mented at 218 in response to the exposure.

[0063] FIG.9is aflowchartillustratinga method of frag-
menting atargeted kidney or bladder stone in accordance
with an application of the system of the invention. At 220,
the targeted stone 120 is exposed to first laser energy
(laser pulses 162 or pulse train 130) having a first power
orenergy level. At 222, the targeted stone 120 is exposed
to second laser energy (one or more pulses 164) having
asecond power level. At 224, the stone 120 is fragmented
in response to the exposure to the first and second laser
energy. In some embodiments, the second power level
is greater than the first power level, as shown in FIG. 6.
For instance, the first laser energy may comprise a laser
pulse train 130 comprising pulses 162 having a pulse
width and a pulse repetition rate in accordance with em-
bodiments described above with reference to FIG. 6. For
instance, in some embodiments, the first laser energy
comprises a laser pulse train 130 having a pulse repeti-
tion rate in the range of 1 kHz-2 GHz. In some embodi-
ments, the firstlaser energy heats the targeted stone 120
and/or facilitates the generation of cracks in the targeted
stone 120. In some embodiments, the second laser en-
ergy comprises one or more laser pulses 164 in accord-
ance with one or more of the embodiments described
above. The second laser energy is generally used to pul-
verize the targeted stone 120 after the targeted stone
120 has been weakened due to its exposure to the first
laser energy.

[0064] In some embodiments, step 222 occurs after
step 220, as shown in FIG. 6. In some embodiments,
step 222 begins after step 220 begins. Here, there may
be some overlap between steps 222 and 220.

[0065] Although the present invention has been de-
scribed with reference to preferred embodiments, work-
ers skilled in the art will recognize that changes may be
made in form and detail without departing from the scope
of the invention.

Claims
1. A surgical laser system (100) comprising:

a laser generator (102) comprising a first laser
source (140 A) configured to output a first laser
pulse train (144, 104A) comprising first laser
pulses (146), and a second laser source (140B)
configured to output a second laser pulse train
(148, 104B) comprising second laser pulses
(150), each laser pulse train including laser puls-
es (146, 150) at a pulse repetition rate;

a beam combiner (142) configured to combine
the atleasttwolaser pulse trains into acombined
laser pulse train (152, 104) including laser puls-
es at a resultant pulse repetition rate;

a stone analyzer (170) having an output relating
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10.

1.

12.

toanatural orresonance frequency of a targeted
stone (120); and

a controller (122) comprising at least one proc-
essor configured to determine the natural orres-
onance frequency of the stone based on the out-
put from the stone analyzer 170), and match the
resultant pulse repetition rate with the natural or
resonance frequency.

The system of claim 1, further comprising a laser
probe (108) configured to discharge the combined
laser pulse train towards the targeted stone.

The system of claim 1 or 2, wherein each of the at
least two laser pulse trains includes laser energy at
a different wavelength.

The system of any one of claims 1 to 3, wherein each
of the at least two laser pulse trains includes laser
energy at a different power level.

The system of any one of claims 1 to 4, wherein the
pulse repetition rate of each of the at least two laser
pulse trains is different.

The system of any one of claims 1 to 5, wherein each
laser pulse in the combined laser pulse train is tem-
porally offset from another laser pulse in the com-
bined laser pulse train.

The system of any one of claims 1 to 6, wherein each
laser pulse in each of the at least two laser pulse
trains includes a pulse width less than approximately
1 millisecond.

The system of claim 7, wherein the pulse repetition
rate of each of the at least two laser pulse trains
covers the lifespan of a plasma cloud.

The system of claim 7, wherein the pulse repetition
rate of each of the at least two laser pulse trains is
greater than approximately 1 Gigahertz.

The system of any one of claims 1 to 9, wherein the
stone analyzer is configured to receive a portion of
the combined laser pulse train reflected from the
stone, and generate an updated output from the re-
ceived portion.

The system of any one of claims 1 to 10, wherein
the output includes at least a size of the stone, a
length of the stone, a composition of the stone, or a
vibration frequency of the stone.

The system of any one of claims 1 to 11, wherein
each ofthe atleasttwo laser pulse trains has a wave-
length in the range of 300 nanometers to 20,000 na-
nometers.
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The system of claim 12, wherein each of the at least
two laser pulse trains has a power level in the range
of 1 millijoule to 10,000 millijoules.

The system of claim 13, wherein each laser pulse in
each of the atleast two laser pulse trains has a pulse
width in the range of 1 picosecond to 10 milliseconds.

The system of claim 14, wherein the pulse repetition
rate of each of the at least two laser pulse trains is
in the range of 0.1 Hertz to 10 Gigahertz.

Patentanspriiche

1.

Chirurgisches Lasersystem (100), aufweisend:

einen Lasergenerator (102), der eine erste La-
serquelle (140A) aufweist, die zum Ausgeben
eines ersten Laserimpulszuges (144, 104A), der
erste Laserimpulse (146) aufweist, ausgebildet
ist, und eine zweite Laserquelle (140B) aufweist,
die zum Ausgeben eines zweiten Laserimpuls-
zuges (148, 104B), der zweite Laserimpulse
(150) aufweist, ausgebildet ist, wobei jeder La-
serimpulszug Laserimpulse (146, 150) mit einer
Pulswiederholrate aufweist;

einen Strahlkombinierer (142), der zum Kombi-
nieren der mindestens zwei Laserimpulszlge zu
einem kombinierten Laserimpulszug (152, 104),
der Laserimpulse mit der resultierenden Puls-
wiederholrate aufweist, ausgebildet ist;

einen Steinanalysator (170), der eine Ausgabe-
gréRe aufweist, die mit einer Eigen- oder Reso-
nanzfrequenz eines Zielsteins (120) in Bezie-
hung steht; und

eine Steuerung (122), die mindestens einen
Prozessor aufweist, der zum Bestimmen der Ei-
gen-oder Resonanzfrequenz des Steins auf der
Grundlage der Ausgabe des Steinanalysators
(170) und zum Anpassen der resultierenden
Pulswiederholrate an die Eigen- oder Reso-
nanzfrequenz ausgebildet ist.

System nach Anspruch 1, ferner aufweisend eine
Lasersonde (108), die zum Aussenden des kombi-
nierten Laserimpulszuges zum Zielstein ausgebildet
ist.

System nach Anspruch 1 oder 2, wobei jeder der
mindestens zwei Laserimpulsziige Laserenergie
von einer unterschiedlichen Wellenldnge aufweist.

System nach einem der Anspriiche 1 bis 3, wobei
jeder der mindestens zwei Laserimpulszlge Laser-
energie mit einem unterschiedlichen Leistungspegel
aufweist.
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System nach einem der Anspriiche 1 bis 4, wobei
die Pulswiederholrate jedes der mindestens zwei La-
serimpulsziige verschieden ist.

System nach einem der Anspriiche 1 bis 5, wobei
jeder Laserimpuls im kombinierten Laserimpulszug
zu einem anderen Laserimpuls im kombinierten La-
serimpulszug zeitlich versetzt ist.

System nach Anspruch 1 bis 6, wobei jeder Laser-
impuls in jedem der mindestens zwei Laserimpuls-
zlige eine Impulsdauer von weniger als etwa 1 Mil-
lisekunde aufweist.

System nach Anspruch 7, wobei die Pulswiederhol-
rate jedes der mindestens zwei Laserimpulsziige die
Lebensdauer einer Plasmawolke aufweist.

System nach Anspruch 7, wobei die Pulswiederhol-
rate jedes der mindestens zwei Laserimpulsziige
gréRer als etwa 1 Gigahertz ist.

System nach einem der Anspriiche 1 bis 9, wobei
der Steinanalysator zum Empfangen eines Teils des
von dem Stein reflektierten kombinierten Laserim-
pulszuges und zum Erzeugen einer aktualisierten
Ausgabe anhand des empfangenen Teils ausgebil-
det ist.

System nach einem der Anspriiche 1 bis 10, wobei
die Ausgabe mindestens eine Groflie des Steins, ei-
ne Lange des Steins, eine Zusammensetzung des
Steins oder eine Schwingungsfrequenz des Steins
aufweist.

System nach einem der Anspriiche 1 bis 11, wobei
jeder der mindestens zwei Laserimpulsziige eine
Wellenlange im Bereich von 300 Nanometer bis
20.000 Nanometer aufweist.

System nach Anspruch 12, wobei jeder der mindes-
tens zwei Laserimpulsziige einen Leistungspegelim
Bereichvon 1 Millijoule bis 10.000 Millijoule aufweist.

System nach Anspruch 13, wobei jeder der Laser-
impulse in jedem der mindestens zwei Laserimpuls-
zlige eine Impulsdauer im Bereich von 1 Pikosekun-
de bis 10 Millisekunden aufweist.

System nach Anspruch 14, wobei die Pulswieder-
holrate jedes der mindestens zwei Laserimpulsziige
im Bereich von 0,1 Hertz bis 10 Gigahertz liegt.

Revendications

1.

Systéme de laser chirurgical (100) comprenant :
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un générateur de laser (102) comprenant une
premiére source de laser (140 A) configurée
pour émettre un premier train d'impulsions laser
(144, 104A) comprenant des premieres impul-
sions laser (146), et une seconde source de la-
ser (140B) configurée pour émettre un second
train d’impulsions laser (148, 104B) comprenant
des secondes impulsions laser (150), chaque
train d'impulsions laser incluant des impulsions
laser (146, 150) a une cadence de répétition
d’impulsions ;

un combineur de faisceaux (142) configuré pour
combiner les au moins deux trains d’impulsions
laser en un train d’impulsions laser combiné
(152, 104) incluant des impulsions laser a une
cadence de répétition d’impulsions résultante ;
un analyseur de calcul (170) ayantune grandeur
de sortie en relation avec une fréquence natu-
relle ou de résonance d’'un calcul ciblé (120) ; et
un dispositif de commande (122) comprenant
au moins un processeur configuré pour déter-
miner la fréquence naturelle ou de résonance
du calcul sur la base de la grandeur de sortie
provenant de I'analyseur de calcul (170), et faire
coincider la cadence de répétition d’impulsions
résultante avec la fréquence naturelle ou de ré-
sonance.

Systeme selon la revendication 1, comprenant en
outre une sonde laser (108) configurée pour émettre
le train d’impulsions laser combiné en direction du
calcul ciblé.

Systeme selon la revendication 1 ou 2, ou chacun
des au moins deux trains d’'impulsions laser inclut
de I'énergie laser a une longueur d’onde différente.

Systeme selon I'une quelconque des revendications
1 a 3, ou chacun des au moins deux trains d'impul-
sions laser inclut de I'énergie laser a un niveau
d’énergie différent.

Systeme selon I'une quelconque des revendications
1 a 4, ou la cadence de répétition d'impulsions de
chacun des au moins deux trains d’'impulsions laser
est différente.

Systeme selon I'une quelconque des revendications
1 a5, ou chaque impulsion laser dans le train d’im-
pulsions laser combiné est décalée temporellement
d’'une autre impulsion laser dans le train d’'impulsions
laser combiné.

Systeme selon I'une quelconque des revendications
1 a 6, ou chaque impulsion laser dans chacun des
au moins deux trains d’impulsions laser inclut une
largeur d’impulsion inférieure a approximativement
1 milliseconde.
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Systéme selon la revendication 7, ou la cadence de
répétition d'impulsions de chacun des au moins deux
trains d'impulsions laser couvre la durée de vie d’un
nuage de plasma.

Systéme selon la revendication 7, ou la cadence de
répétition d'impulsions de chacun des au moins deux
trains d’impulsions laser est supérieure a approxi-
mativement 1 Gigahertz.

Systéme selon I'une quelconque des revendications
1 a 9, ou l'analyseur de calcul est configuré pour
recevoir une partie du train d’'impulsions laser com-
biné réfléchie par le calcul, et générer une grandeur
de sortie actualisée depuis la partie regue.

Systéme selon I'une quelconque des revendications
1 a 10, ou la grandeur de sortie inclut au moins une
taille du calcul, une longueur du calcul, une compo-
sition du calcul ou une fréquence de vibration du
calcul.

Systéme selon I'une quelconque des revendications
1 a 11, ou chacun des au moins deux trains d'impul-
sions laser a une longueur d’'onde dans la plage de
300 nanometres a 20000 nanometres.

Systéme selon la revendication 12, ou chacun des
au moins deux trains d'impulsions laser a un niveau
d’énergie dans la plage de 1 millijoule a 10000 mil-
lijoules.

Systéme selon la revendication 13, ou chaque im-
pulsion laser dans chacun des au moins deux trains
d’'impulsions laser a une largeur d’'impulsion dans la
plage de 1 picoseconde a 10 millisecondes.

Systéme selon la revendication 14, ou la cadence
de répétition d’'impulsions de chacun des au moins
deux trains d’'impulsions laser est dans la plage de
0,1 Hertz a 10 Gigahertz.
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