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SOFT TISSUE SELECTIVE ABLATION SURGICAL SYSTEMS

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Well controlled tissue-type selective removal of tissue can be an important aspect of
surgery. In at least some instances the ability of a surgeon to perform an incision preserving
adjacent tissues of a different type, such as nerves and vessels, in the sense that the additional

tissues are kept safe from serious injury or harm, can be clinically helpful.

Description of Related Art

[0002] For many surgical procedures, it would be beneficial to avoid, or at least decrease,
injury to the adjacent tissue. Furthermore, it can be beneficial for a surgeon to use a resection
tool that is capable of reaching a remote surgical site, such as a treatment site accessed
endoscopically, and to have a tool that provides for tissue-type selective removal of tissues.
[0003] A variety of tools have been developed to remove vascular soft tissue, cartilage and
bone during surgical procedures, and many of these prior tools can be less than ideal for tissue
cutting, for example of an internal surgical site. Mechanical instruments such as scalpels, biters
and curettes, along with powered mechanical instruments such as microdebriders and drills, have
been employed. Mechanical devices may cut tissue with varying degrees of localization and in at
least some instances can induce mechanical trauma to the tissue. Although energy delivery based
devices such as radio frequency, ultrasonic, and lasers have been used for tissue removal, these
devices can have disadvantages, in at least some instances. For example, when tissue is
inadvertently removed or damaged by mechanical or thermal injury, the clinical outcome and
patient recovery can be adversely affected, in at least some instances. Also, in prior art
approaches, care must be taken to avoid ablation of tissue types that are not target of the
operation.

[0004] Flash Vaporization is a class of laser surgery technology which addresses some of
the problems discussed above. See, U.S. Patent No. 9,844,410 entitled Flash Vaporization
Surgical Systems, issued 19 December 2017, which is incorporated by reference as if fully set

forth herein.
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[0005] Therefore, it would be helpful to provide improved methods and apparatuses for
cutting tissue that overcome at least some of the above limitations of the prior systems. Ideally,
such methods and apparatuses would provide surgeons a fast and effective, tissue-selective
cutting tool with flexibility to perform many sizes of tissue resections with precise localization,
including cutting tissue without substantial thermal or mechanical damage to the tissue adjacent
to the cut, for example. It would also be helpful if such methods and apparatuses could allow for
ablating tissue of a first type without ablating tissue of a second type. Additionally, methods and
apparatuses for tissue cutting that are selectively applicable to a broad variety of tissue types may

be important to surgeons and/or necessary to effectively perform certain procedures.

BRIEF SUMMARY
[0006] Methods and apparatuses are described to quickly and efficiently remove and resect
a target tissue having a target tissue type without substantial thermal or mechanical damage to
the adjacent tissue of the same or similar tissue type; and which in addition, are selective for
removing the target tissue type over other tissue types. As a result, structures that comprise a
different tissue soft type adjacent to the target tissue can be preserved in surgery removing the
target tissue. These technologies address the problems discussed above, improving the safety of
laser surgery, and enable new classes of laser surgery.
[0007] A laser surgery system is described which produces a pulsed laser beam configured
to cause removal of certain tissue types while simultaneously not causing removal of other tissue
types in the target field of the surgery. A new method is provided that includes moving a pulsed
laser beam along a boundary between first and second soft tissue types within a surgical field to
selectively remove the first soft tissue type relative to tissue of the second soft tissue type.
[0008] In many surgical applications it is desirable to remove target tissues without
removing other tissue types in the vicinity of the target tissue. For example, removing diseased
tissue located immediately adjacent to, or surrounding, a nerve. In this instance it is desirable to
remove the diseased tissue without removing or damaging the nerve itself. Certain vessels can
also be preserved, with no appreciable tissue removal, while simultaneously removing adjacent
tissues. Another example involves selective removal of tissue layers in an anatomical structure.
In Gastroenterology for example, it may be advantageous to remove diseased mucosal tissues
while not removing muscularis tissue. In this instance, the diseased target tissue can be removed
while preserving the non-diseased structural tissues. Furthermore, the selective tissue removal
can even be applied to the same tissue type when disease or other factors have altered the tissue

properties. for example, a brain tumor where the removal of tissue can selectively discriminate
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between healthy and malignant brain tissues. Selective tissue removal offers numerous
advantages for surgeons and benefits for patients. Selective tissue removal can be applied in
many ways, including to preserve key structures like nerves and vessels, to safely remove tissue
layers, like mucosal tissues and to remove tumors with optimal margins. This selective removal
of tissue improves the safety margin in laser-based surgical systems.

[0009] As described in detail below, a laser surgery system which produces pulse
sequences that are configured to cause removal of certain tissue, while simultaneously not
causing removal of other tissue types in the target field of the surgery, is based on utilizing Flash
Vaporization, including inducing spinodal decomposition, as described herein.

[0010] As described herein, both the differences between ablation thresholds to induce
flash vaporization for different soft tissue types are substantial, allowing tuning of laser
parameters for target soft tissues. Also, the effects of the laser pulses set above threshold for a
target soft tissue, but below threshold for different a soft tissue type, are minor in some cases. As
a result of these differences, laser ablation along a boundary between different types of soft
tissue can be self-aligned, stopping at the boundary between different soft tissue types by setting
the laser parameters above the flash vaporization threshold of one soft tissue type (the type to be
removed), and below the flash vaporization threshold of another soft tissue type (the type
forming the boundary). In some cases, the soft tissue forming the boundary is not harmed, or not
significantly harmed so that it heals without substantial loss of tissue volume. In some cases, the
soft tissue forming the boundary can protect underlying, more vulnerable or more functionally
critical soft tissues from harm during removal of the target soft tissue. Soft tissue types include
tissue types that connect, support, or surround other structures and organs of the body. Soft tissue
includes muscles, tendons, ligaments, fascia, nerves, fibrous tissues, fat, blood vessels, and
synovial membranes, and excludes bones, tooth enamel, dentin and cementum. As a result,
setting laser parameters above a threshold for a first tissue type, but below a threshold for a
second tissue type, where the second tissue type can include soft tissue types, a new surgical
technique is provided, by which the second tissue type behaves as an ablation stop, defining a
boundary of the ablation along the boundary between the tissue types. The second tissue type is
not destroyed, and in at least some cases not seriously harmed, by laser pulses set at the threshold
for the first tissue type, while the first tissue type is ablated by flash vaporization without

substantial thermal damage to adjacent tissues of either the first or second tissue types.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] Figures 1 A—1B show the absorption coefficient and optical penetration depth
(hereinafter “OPD”) in water as a function of wavelength.
[0012] Figures 2A, 2B, 2C show a representative interaction volume depth-to-width ratio,
in accordance with embodiments.
[0013] Figure 3 shows a laser system utilizing Flash Vaporization for tissue removal
during laparoscopic surgery, in accordance with embodiments.
[0014] Figure 4 shows a laser system for implementing a Flash Vaporization based surgical
device, in accordance with embodiments.
[0015] Figure 5 shows a laser resonator for implementing Flash Vaporization, in
accordance with embodiments.
[0016] Figure 6 shows a bar chart comparing cutting rates for various forms of resection, in
accordance with embodiments.
[0017] Figures 7A and 7B are images showing histology obtained from tissue resection
performed with a laser system, in accordance with embodiments as described herein.
[0018] Figure 8 shows tissue removal for a single fiber Flash Vaporization system versus a
4-fiber Flash Vaporization system.
[0019] Figure 9 shows a multi-fiber delivery system where the individual fiber outputs are
overlapped at the treatment site.
[0020] Figure 10 shows an alternative multi-fiber delivery system where the individual

fiber outputs are overlapped at the treatment site.

[0021] Figures 11A and 11B show a multi-fiber delivery device tip with the outputs
arranged linearly and adjacent to one another and an exemplary direction of motion.

[0022] Figure 12 shows an exemplary multi-fiber device configured to mimic a scalpel.
[0023] FIGURE 13 shows an alternative direction of motion for a linear fiber tip
arrangement.

[0024] Figures 14A, 14B, 14C show exemplary multi-fiber device tip configurations for
rapid tissue ablation.

[0025] Figures 15A-15B show directions of motion and exemplary multi-fiber device
configurations.

[0026] Figure 16 shows an exemplary multi-fiber device tip configuration for generally

spherical tumors.
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[0027] Figure 17 shows an exemplary multi-fiber device tip configuration for generally
cylindrical tumors.
[0028] Figurel8 shows an exemplary multi-fiber device tip configuration for pace maker
lead removal.
[0029] Figurel9 shows an exemplary multi-fiber device tip configuration for using a
painting motion to rapidly ablate tissue.
[0030] Figure20 shows an exemplary means to couple laser energy into multiple delivery
fibers.
[0031] Figure21 illustrates tissue selective ablation surrounding a nerve or vessel.
[0032] Figure22 illustrates tissue selective ablation of tonsillar tissue relative to a tonsillar
capsule.
[0033] Figure23 illustrates tissue selective ablation of layered tissues.
[0034] Figure24 illustrates tissue selective ablation surrounding a tumor.
[0035] Figure25 is an image showing histology obtained from delivering below threshold
flash vaporization pulses to a nerve sheath, without substantial damage.
[0036] Figure26 is a flow chart for a method of tissue selective ablation.
[0037] Figure 27 shows a laser surgery system with an endoscopic probe inserted into a

nasal cavity of a patient, according to embodiments of the present invention.

[0038] Figure 28 shows the laser system of Figure 27 for implementing a versatile and
effective surgical tool with enhanced clinical capabilities, according to embodiments of the
present invention.

[0039] Figure 29 shows an exemplary simple slide bar user interface with dynamic pulsing,
in accordance with embodiments of the present invention.

[0040] Figure 30 shows an exemplary touch screen user interface for customizing dynamic
pulse parameters without transitions during exposures, in accordance with embodiments of the present
invention.

[0041] Figure 31 shows a flow diagram of an exemplary control system for dynamic pulsing
with a user interface as depicted in Figure 30, including an exemplary flow diagram for interpreting
the user settings and establishing the dynamic pulsing scheme without transitions during exposures, in
accordance with embodiments of the present invention.

[0042] Figure 32 shows an exemplary touch screen user interface for customizing dynamic
pulse parameters with transitions during the exposure, in accordance with embodiments of the present

invention.



10

15

20

25

30

WO 2018/175322 PCT/US2018/023144

[0043] Figure 33 shows a flow diagram of an exemplary control system for transitional
dynamic pulses and a user interface as depicted in Figure 32, including an exemplary flow diagram
for interpreting the user settings and establishing the pulsing scheme with dynamic pulse transitions
during an exposure, in accordance with embodiments of the present invention.

[0044] Figure 34 shows a laser system using an end-pumping scheme to pump the gain
medium, in accordance with embodiments of the present invention.

[0045] Figure 35 shows representative tissue effects and their corresponding dynamic pulse

schemes, in accordance with embodiments of the present invention.

DETAILED DESCRIPTION
[0046] Embodiments of the present invention as described herein provide fast and efficient
laser based cutting. The laser based cutting modality as described herein is applicable to a variety
of tissue types and surgeries, such that there is no substantial thermal or mechanical damage or
effect on the tissue adjacent to the cut. The spinodal decomposition process generates pressure
within the target tissue volume. The pressure is generated, in part, when the chromophore, for
example water, in the target volume reaches or exceeds the spinodal threshold, thus initiating
spinodal decomposition, on a time scale sufficient to substantially prevent propagation of
thermal or mechanical energy beyond the target volume. The pressure generated ejects material
from the target site. The amount of pressure to adequately or optimally eject substantially all of
the target volume is, in part, dependent upon the mechanical properties of the tissue itself.
Various tissue types have different mechanical properties, in part, due to the collagen structure of
each tissue type.
[0047] In embodiments of the tissue selective ablation method and apparatus described
herein, for a given tissue, there is a threshold pressure required to remove that tissue. When a
pressure greater than the threshold is achieved the tissue will be removed. When the pressure
generated is below the threshold, no appreciable tissue will be removed. The pressure achieved
within the tissue is dependent on certain characteristics of the target tissue and the system
parameters.
[0048] The system parameters are adjustable to accommodate the types of tissue to achieve
the desired result. Assume tissue type A and tissue type B, where tissue type A is the target
tissue to be removed and tissue type B is adjacent tissue that is desirable to preserve. If
parameters are chosen such that the pressure generated in both tissue type A and type B is below

their respective thresholds then both tissue type A and type B will not be removed. If parameters
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are chosen such that the pressure generated in both tissue type A and type B is above their
respective thresholds then both tissue types will be removed. If the parameters are chosen such
that the pressure generated within tissue type A is above tissue type A’s threshold and the same
parameters generate a pressure in tissue type B that is below tissue type B’s threshold then tissue
A will be removed while tissue B will not be removed.

[0049] Achieving sufficient pressure within the tissue to cut the tissue is dependent upon
various system parameters, including in part; pulse energy, wavelength, spot size, and pulse
duration. Each parameter must comply with one or more required conditions that, in
combination, lead to tissue cutting of a target tissue type via high peak pressure. If one parameter
is not compliant for the target tissue type, then tissue cutting via high peak pressure will not
occur. Directly measuring the pressure generated by a parameter set in a given tissue is very
difficult. Therefore, comparing a calculated pressure threshold value for a target tissue type to
the actual pressure generated is not practical. Threshold values for a target tissue type are
primarily determined experimentally. Initial calculations are made to provide a set of parameters
where changing one parameter, such as pulse energy or spot size, allows the system to meet or
not meet the threshold pressure for cutting a target tissue.

[0050] In the examples cited below, all but one parameter was fixed. Pulse energy was
chosen to be the variable parameter, primarily because it is convenient to change for these
experiments, as compared to say wavelength or even spot size. It is also acceptable to have fixed
the pulse energy and varied a different parameter to achieve the same result.

[0051] Nerve mobilization - In a porcine model, parameters were set to generate pressures
above threshold for the muscle, gland, fat and connective tissue types, representing the tissues
immediately adjacent to and in the general area of the laryngeal nerve. These same parameters
produced only sub-threshold pressures in the perineural nerve sheath material of the nerve
bundle, such as the endoneurium and perineurium, that include a significant amount of fibrous
connective tissue. In this case, the parameters were set to remove tissues surrounding the nerve
bundle without removing the nerve tissue. The surgeon ran the probe immediately adjacent to
and along the laryngeal nerve for several inches on each side of the nerve bundle to remove the
connective tissues holding the nerve to the tissue bed. Once the connective tissues along the
sides of the nerve bundle were removed, the surgeon reoriented the probe and removed
connective tissue immediately under the nerve bundle, thus completely freeing the nerve bundle

from the tissue bed, i.e. nerve mobilization. The entire mobilization was performed without any
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detectable injury to the nerve sheath. Injury was evaluated by intraoperative nerve monitoring
and acute histologic evaluation.

[0052] To further clinically evaluate the ability to selectively preserve nerves, a potentially
harmful surgical scenario was replicated in a porcine model. In this scenario, the surgeon
activated the system in a single location on the nerve for 1 second. This simulates the surgeon
inadvertently positioning the device tip on the actual nerve while attempting to mobilize the
nerve. After a 1 second exposure, there was no injury to the nerve sheath. To assess further this
process was repeated for 2 seconds, 3 seconds and 5 seconds. In each case no injury to the nerve
sheath was detected.

[0053] In the nerve mobilization and nerve preserving examples, each parameter except
pulse energy was fixed. The wavelength was approximately 1.9 um, the spot size was about

80 um. With the full parameter set, the pulse energy to exceed the nerve tissue threshold was
found to be above 4.5mj. For the surrounding connective tissues the pulse energy to exceed
threshold was about 3.2mj. For the experiment, pulse energies of 3.5-3.7mj were used to cut the
connective tissues while not cutting the nerve tissue. As a result, self-alignment of ablation to
remove tissue surrounding the nerve bundle is achieved by setting the laser parameters to be
tissue type selective for the surrounding tissue type relative to the nerve sheath.

[0054] There are many instances where the ability to remove tissues adjacent to nerve
bundles without injuring the nerve is critical. It is also highly advantageous to have a tissue
removal tool that will not injure the nerve in the event it is activated directly on the nerve bundle.
Other technologies cannot preserve the nerves in this way. Other energy devices are rarely used
immediately adjacent to nerves due to severe and often permanent damage to the nerve caused
by heat and/or non-selective removal of the nerve tissue. A blade is commonly used to separate
the nerve bundle from connective tissues. Hhowever, if the blade is inadvertently run across the
nerve, the nerve will be cut and severely injured; there is no room for error. With selective tissue
removal, surgeons can more safely and efficiently remove undesired tissue near nerves, even
when the nerves they wish to preserve are embedded within the undesired tissue.

[0055] There are many procedures where tissue removal is performed near nerves and
where it is highly desirable to maintain the function of those nerves. For example: thyroid and
parathyroid, prostatectomy, face lifts and facial plastic, neuro and spine to name a few.

[0056] Tissue selective removal may significantly reduce intraoperative bleeding, even in
highly vascular tissues, such as kidney tissue during a partial nephrectomy. With current

resection tools, all of the kidney’s vessels are resected as the cutting instrument is maneuvered
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through the kidney. The vast majority of vessels within the kidney are capillary with a few larger
feeder and branch vessels. When all the vessels are severed, the majority of the volume of blood
comes from the larger vessels, the feeder and branches. By utilizing tissue selective removal the
diseased tissue and capillary vessels can be removed while not perforating or severing the larger
feeder or branch vessels. In this instance, the large volume of blood that typically would have
poured into the surgical field does not, because the feeder and branch vessels are not being
severed or perforated. Specifically, the parameters are selected to exceed the threshold pressures
required to remove the bulk kidney tissue, including capillary vessels, while those same
parameters, when used on feeder or branch vessels do not produce enough pressure to exceed the
threshold for feeder or branch vessels. In this example the kidney tissue would be removed
except for the feeder and branch vessels. Then these larger vessels that would previously have
created significant bleeding can be occluded, with a variety of methods, without any blood loss
from that vessel.

[0057] In the experiments for vessel preservation, each parameter except pulse energy was
fixed. The wavelength was approximately 1.9 um, the spot size was about 95 um. With the full
parameter set for the pulse energy to exceed a roughly 2 mm vessel’s threshold, the vessel
embedded in liver tissue was found to be above 4.8 mj. For the surrounding liver tissues, the
pulse energy to exceed threshold was about 4 mj. For the experiment, pulse energies of 4.2-

4.5 mj were used to cut the liver tissues while not cutting the vessel tissue.

[0058] Selective tissue removal can be used to discriminate between healthy and diseased
tissues of the same type, for example brain tumors. In lab experiments, surrogate tissues, one
representing healthy human brain tissue and one representing malignant human brain tissue,
were used. In this instance, parameters were selected to exceed the threshold pressures required
to remove the healthy brain tissue while those same parameters, when used on the malignant
brain tissue, did not produce enough pressure to exceed the threshold for malignant brain tissue.
The use of selective tissue removal creates a resection boundary at the interface of the healthy
and malignant tissue and may be used to efficiently determine margins during tumor removal.
[0059] In the example of differentiating between healthy and malignant brain tissues, each
parameter except pulse energy was fixed. The wavelength was approximately 1.9 um, the spot
size was about 125 um. With the full parameter set, the pulse energy to exceed the malignant
tissue threshold was found to be above 3.8 mj. For the surrounding healthy brain tissues, the
pulse energy to exceed threshold was about 3.5 mj. For the experiment, pulse energies of about

3.6mj were used to cut the healthy brain tissues while not cutting the malignant brain tissues.
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[0060] Mucosal and sub-mucosal tissue resections in the GI tract are examples of how
selective tissue removal can improve safety and efficiency for procedures where it is important
to preserve underlying layers of tissue. In this example, the surgical objective is to remove
mucosa and/or sub-mucosa tissue while being very careful not to damage the underlying
muscularis tissues. The muscularis is a structural component of the lumen and, if the muscularis
is damaged to the point of acute or potentially worse, delayed, failure, the patient may be at great
risk. In a porcine model, mucosal and sub-mucosal tissues were removed from sections of the
esophagus, stomach and colon. Parameters were selected to exceed the threshold pressures
required to remove the mucosal and sub-mucosal tissues while those same parameters, when
used on muscularis tissue, did not produce enough pressure to exceed the threshold for
muscularis. The use of selective tissue removal enabled the target tissues to be removed while
substantially not removing the underlying structural tissues.

[0061] In the GI example, each parameter except pulse energy was fixed. The wavelength
was approximately 1.9 um, and the spot size was about 65 um. With the full parameter set, the
pulse energy to exceed the muscularis tissue threshold was found to be above 1.9 mj. For the
overlying mucosal tissues, the pulse energy to exceed threshold was about 1.4 mj. For the
experiment, pulse energies of 1.5-1.7 mj were used to cut the mucosal tissues while not cutting
the muscularis tissue.

[0062] A controller is provided in a laser system by which parameters for a surgery are set
that fall below an ejection pressure threshold for a selected protected tissue, and above a pressure
threshold for a selected target tissue. In this manner, during surgery the laser is used for
removing the target tissue, while mistaken contact of the protected tissue does not cause
appreciable damage to the tissue.

[0063] Tissue selectivity can be clinically useful when the rate of tissue removal of the
target tissue is > 4x the rate of tissue removal of the tissue to be to preserved.

[0064] Flash vaporization as described herein can be used for tissue selective ablation.
Flash vaporization methods for removing tissue can include producing laser pulses having a
wavelength between 1880 and 2080 nm or between 2340 and 2500 nm, having between 1 and 10
milliJoules per pulse, and having a pulse length less than 100 nsec; and delivering the pulses to a
spot on the tissue; whereby an interaction volume defined by the area of the spot and the
penetration depth (1/e) for the pulse in water has a ratio of depth to width from 2:1 to 1:6. The
method can include delivering the laser pulses to the target tissue using a fiber optic having a

core diameter in the range of 10 to 300, preferably 50 to 200 um. The waveguide used to deliver
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the pulses can comprise a silica optical fiber. The method can include utilizing pulse repetition
rates from single shot to 2000Hz.

[0065] Utilizing this method, the applied energy heats the interaction volume of the tissue
above a spinodal decomposition threshold for water within the pulse duration, translating laser
energy into kinetic energy, via spinodal decomposition, leading to highly efficient gjection of
tissue within the interaction volume. Furthermore, the laser pulses have a pulse duration
sufficiently short to prevent stress waves and heat from propagating beyond the interaction
volume relative to a shortest dimension of the interaction volume. The volumetric power density
delivered to each spot can be greater than 10’ W/cm® for each pulse. As a result, most, if not
essentially all, of the energy of the laser pulse is dissipated in the tissue that is removed by the
pulse. It is found that using this method as applied to tissue including sufficient water to produce
pressure for ejection of the tissue infrastructure, and unlike any known prior art, significant
volumes of tissue can be removed with no apparent thermal injury to the tissue adjacent the
cavity left by the ablation.

[0066] Another more general method includes producing laser pulses having a wavelength
between 1400 and 1520 nm or between 1860 and 2500 nm, having between 0.5 and 40
milliJoules per pulse, and having a pulse length less than 200 nsec, preferably less than 100 ns;
and delivering the pulses to a spot on the tissue using a waveguide such as a silica optical fiber
having a core diameter in a range of 50 um to 200 um. Using this technology, an interaction
volume defined by the area of the spot and the penetration depth (1/e) for the pulse in water has a
ratio of depth to width from 2:1 to 1:6. The energy per pulse and wavelengths can be adjusted for
interaction with other chromophores, and to produce pressures needed for various tissue types
within this range.

[0067] According to a more general embodiment, a method for tissue removal comprises
producing laser pulses having a wavelength between 1400 and 1520 nm or between 1860 and
2500 nm, and having a pulse duration; and delivering the laser pulses to a spot on the tissue, the
laser pulses having an energy per pulse (E;) to heat an interaction volume of the tissue above a
spinodal decomposition threshold for water within the pulse duration, and cause sufficient
pressure for ejection of the target tissue, and having a pulse duration sufficiently short to prevent
stress waves or heat from propagating beyond the interaction volume relative to a shortest
dimension of the interaction volume. The method can be characterized more generally by the
steps of producing laser pulses having a wavelength (1) and pulse duration (i,); and delivering a

sequence of the laser pulses to respective spots having impact areas (A, e.g. ar’) on the tissue and
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having a penetration depth in the tissue, the pulses having a nominal interaction volume in the
tissue that is a function of the impact areas and the penetration depth; whereby an interaction
volume defined by the area of the spot and the penetration depth (1/e) for the pulse in water, the
interaction volume having a ratio of depth to width from 2:1 to 1:6.

[0068] The pulse duration in a more general genus of the method is less than 200 nsec and
the pulse has a peak power density E/(t,A) below the threshold for inducing significant plasma
formation. This method can comprise delivering the sequence laser pulse using a silica optical
fiber, with energy and pulse duration combinations that are below the damage threshold for the
silica optical fiber. The method can be further characterized by an impact area having a
dimension equal to a smallest distance across the impact area, and the pulse duration is within 3
times of a stress confinement duration of the time for propagation of an acoustic wave a lesser of
one-half said dimension (e.g. r) and the penetration depth. The method can include laser pulses
interacting with the interaction volume with a volumetric power density greater than 10" W/cm’.
[0069] According to a species of the more general method described herein, a laser
including a Tm:Y AP gain medium is arranged to produce an output wavelength near 1940 nm.
The laser is used to deliver a sequence of pulses to a tissue site, with an energy per pulse in the
range of 1 to 10 mJ per pulse in pulse widths less than 100 nsec, with a beam delivery tool, such
as a fiber optic or other waveguide. The method includes delivering the pulses to the treatment
site with a spot size of 50 to 200 microns. A wavelength near 1940 nm has an optical penetration
depth in water of about 80 microns. Because water is a primary component of most tissues, the
penetration depth in tissue can be approximately the same. Using a spot size and an 80 micron
penetration depth, one can determine the dimensions of an interaction volume within the tissue at
the treatment site for a laser pulse. Using a pulse width less than 100 nsec, such as between 10
nsec and 50 nsec for a representative procedure, results in a condition of thermal and mechanical
confinement of the energy dissipation from the laser pulse, within that interaction volume. Using
an energy per pulse on the order of 0.5 to 40 mJ is sufficient in this example to generate greater
than 5x10'° W/cm® within the interaction volume and raise the temperature of the water in the
interaction volume above the spinodal limit, can cause confined spinodal decomposition of the
water. The spinodal decomposition results in an instantaneous phase change that creates
substantial pressure in a range of about 200 bars to 10kBars within the interaction volume at the
treatment site. Energy in a pulse sufficient to induce the spinodal decomposition is translated via
this confined pressure into kinetic energy that can eject the tissue without visible thermal damage

to tissue adjacent to the ejected volume, such as would otherwise be caused by thermal or
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acoustic waves induced by the ejection or the laser pulse. This effect is termed herein Flash
Vaporization. The laser system according to this species can be operated with repetition rates
from single shot to 2000Hz, and because of the substantial volume of tissue ejected with each
pulse, cutting rates can be achieved using Flash Vaporization that have not been possible using
known prior art techniques.

[0070] Other species of the method within this more generic class can utilize lasers
operating in wavelengths that have similar optical penetration depths in tissue having water as a
primary component, including wavelengths between 1400 and 1520 nm or between 1860 and
2500 nm. Wavelengths in this range are also characterized by the fact that they are readily
deliverable using silica waveguides on the order of 10 to 300 microns, preferably 50 to 200
microns in core diameter within the energy per pulse in the range of 0.5 to 40 mJ per pulse and
pulse widths between about 10 nsec and 200 nsec. In some embodiments, the energy per pulse
can range from about 100 uJ to about 100 mJ. Furthermore, many embodiments for flash tissue
vaporization using water as the chromophore utilize pulse energies from 500 uJ to 30 mJ.
Specific embodiments for Flash Vaporization can use water as the chromophore and a
wavelength near 1.94 um, pulse widths between 10 ns and 100 ns, and pulse energies from 1 mJ
to 10 mJ. Because of the availability and biocompatibility of silica waveguides, these species of
laser systems can be readily utilized in a wide variety of endoscopic laser surgeries.

[0071] As spot size increases, the energy per pulse needed to achieve ejection by spinodal
decomposition increases significantly. This limits the size of a laser spot that can be practically
used in laser surgery applications. Other species described herein are configured to remove
larger volumes of tissue per unit time. Such species utilize lasers capable of producing outputs
that are a multiple of the energy per pulse to be applied by each pulse. In such species, a delivery
tool including multiple waveguides can be coupled to the laser system for delivery of multiple
spots, preferably adjacent, of laser energy to the treatment site in parallel or in rapid sequence.
As there is essentially no residual energy in the tissue after ejection, the multiple spots are treated
essentially independently. Multiple spots can be used to achieve very high tissue removal rates
with no apparent residual injury to the tissue adjacent the cavity left by the ejected tissue.

[0072] It is recognized that different tissue types may require different parameters to
achieve flash vaporization and eject substantially all of the material within the interaction
volume. Thus, a more generic class of laser systems as described herein can be characterized by
including a laser to generate a pulsed beam of light energy, each pulse of the beam to irradiate a

volume of tissue and having a duration and an amount of energy to inhibit mechanical energy, or
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stress, and thermal energy propagation from the volume such that the volume of the tissue is
gjected with spinodal decomposition; and a controller coupled to the laser to generate the pulsed
light beam in response to commands from the controller that set the laser parameters for tissue-
type selective ablation. The system can be combined with an endoscopic delivery tool, including
one or more optical fibers. Laser surgery based on flash vaporization can be performed within a
complex parameter space described in more detail below. The discovery of commercially
feasible operating conditions for lasers and delivery tools as described herein enables for the first
time, a new variety of “cold ablation” surgical techniques.

[0073] Flash Vaporization as described herein can use pulsed laser energy to efficiently
ablate tissue such that the incident laser energy absorbed by tissue is substantially converted
from thermal to kinetic energy that is ejected from the treatment site to remove tissue. As a
majority of the energy deposited with each pulse can be translated into kinetic energy confined
within the tissue volume, any thermal or mechanical energy imparted into the adjacent tissue is
substantially decreased, and in some instances essentially eliminated.

[0074] The lower overall power requirements provide an advantage in the size and power
consumption of the laser itself. A non-limiting example of laser energy characteristics as
delivered to tissue to achieve Flash Vaporization, ablation with negligible thermal or mechanical
injury to the adjacent tissue, include energy per pulse, pulse width, target volume, target shape,
wavelength and repetition rate.

[0075] A means to deliver the laser energy to the treatment site can include silica
waveguides, doped silica waveguides, non silica based solid core waveguides, hollow core
waveguides and free space beam delivery, including articulating arms. Laser based cutting tools
can be used with many surgical approaches, including endoscopic surgery. For many surgical
procedures, including endoscopic surgery, it is desirable to deliver the laser energy through a low
cost, biocompatible, small and flexible waveguide, such as a silica optical fiber waveguide,
having an energy transmission efficiency of at least about 80%.

[0076] Flash Vaporization can be used for surgical applications. Flash Vaporization
provides surgeons the ability to cut tissue, even in endoscopic applications, for example, without
substantial thermal or mechanical residual effects to the adjacent tissue. The cutting tip can be
very small, sub-millimeter, and flexible. The laser based flash vaporization cutting tool can be
easily positioned and maneuvered at a surgical treatment site. Additionally flash vaporization
may not apply mechanical pressure, such as a scalpel would, on the tissue to create a cut. Flash

vaporization is well suited for surgical applications where thermal or mechanical injury to the
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adjacent tissue is undesirable. For example, removal of diseased tissue that has grown around a
nerve bundle is an advantageous application of flash vaporization. Precisely controlling the
location of the cut along with negligible thermal or mechanical injury to the nerve bundle itself is
useful in this application. Pulse-by-pulse operation with microscopic imaging allows for very
precise cutting. Flash vaporization can provide surgeons with capability to safely remove tissue
with high precision and without impacting the surrounding tissue. Surgeons can achieve better
outcomes, efficiently, and with less risk to the patient. However, precise control of the location
of the cut can be difficult in some settings. In this case, tissue-type selective operation of the
system as described herein can be used to prevent destruction of tissue of one type, such as a
nerve bundle, while ablating tissue of another type surrounding the nerve bundle.

[0077] Flash vaporization, including tissue-type selective flash vaporization, may be
combined simultaneously or serially with other thermal based treatment modalities so as to
provide heat induced hemostatic capability surrounding the cut, for certain surgical applications
when hemostasis is desirable.

[0078] The flash vaporization ablation mechanism can ablate tissue with negligible thermal
effects adjacent to the ejected tissue. Flash vaporization can achieve cutting rates with negligible
residual damage to the adjacent tissue. Flash vaporization can cut tissue with fast cutting rates.
Flash vaporization can be achieved with wavelengths of light energy delivered through standard
silica fibers, for example. Clinically, a flash vaporization based laser system offers very fast
cutting rates when delivered through a commercially available optical fiber waveguide. Flash
vaporization may comprise a high efficiency rate so as to cut tissue with a low average power
laser generator which allows the system to be sized to fit in a physician’s office with portability
and reliability. Flash vaporization based resection systems allow surgeons to readily access many
surgical sites of the patient, for example endoscopically, and can cut many types of tissue while
preserving adjacent tissue to produce better surgical outcomes with less risk and a faster
recovery period for patients.

[0079] Flash vaporization can include the incident laser energy being absorbed by a
chromophore in the target tissue. Non-limiting examples of typical chromophores for laser
energy interaction with tissue may include water, blood, collagen and melanin. It can be
desirable to select a chromophore that is present in a wide range of tissue types with sufficient

quantity to be effectively targeted. Water is the target chromophore for many embodiments.
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[0080] The rapid cutting rates achieved with flash tissue vaporization can be achieved with
a deep optical penetration depth OPD. Many embodiments use OPDs of at least 70 um to achieve
significantly faster cutting rates.

[0081] Spinodal decomposition may comprise a phase change of water from liquid to gas
that may occur substantially uniformly within a target volume by elevating the water temperature
within the volume to approximately 300°C or greater, for example, within a time frame sufficient
to initiate spinodal decomposition. The water in the volume can undergo a spatially and
temporally uniform phase change, resulting in pressure-induced kinetic energy such that the
tissue can be ejected with inhibited damage to tissue adjacent to the target volume after each
pulse. The energy released as a result of the uniform phase change can create stresses that are
used to eject the volume.

[0082] Flash vaporization can occur with a laser beam pulse by elevating a target volume
to a temperature at or in excess of the spinodal threshold for water, in which the target volume
can be determined by the incident energy laser beam spot size and the OPD. Also, the spinodal
decomposition temperature threshold can be met or exceeded within a time frame that
substantially inhibits stress waves from propagating beyond the target volume, such that the
ablation is substantially stress-confined to the target volume. The stress confinement conditions
can be determined by the propagation speed of the stress waves and the geometry of the target
volume. The resulting temporally and spatially uniform phase transition that occurs via spinodal
decomposition within a substantial majority of the target volume creates a substantially confined
recoil stress so as to efficiently eject the volume, for example, without depositing substantial
energy into the tissue adjacent to the target volume after the pulse.

[0083] Additional conditions that can be related to weakening the structural integrity of the
target volume by liquefaction, for example liquefaction of collagen, optimized volume
geometries, and incident energy parameters, ensure a highly efficient removal process with
substantially no effect on the surrounding region.

[0084] Silica based fiber optic waveguides are suitable for transmitting wavelengths with
strong water absorption characteristics for flash tissue vaporization as described herein.
Wavelengths greater than about 2.3 um can exhibit strong bulk absorption in silica based fibers
and wavelengths greater than 2.5 um can be impractical to use with silica based fiber for ablation
processes as described herein.

[0085] Many embodiments use light energy having wavelengths within a range from about

1.4 um to about 1.52 um and from about 1.86 um to about 2.5 um, and 2.5 microns may
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comprise a silica fiber limit. The wavelengths of these embodiments are strongly absorbed by
water, are transmissible for use through a silica based optical fiber waveguide and provide an
interaction depth of between approximately 70 um and approximately 700 um, for example.
[0086] Figure 1A shows the absorption characteristics of water and corresponding OPD
across a broad range of wavelengths. The preferred wavelength ranges of 1.4 umto 1.52 um and
1.86 um to 2.5 um correspond to an OPD <700 um. Additional embodiments include interaction
depths between 70 um and 300 um. Preferred systems have a penetration depth greater than
about 50 um, to support interaction volumes and geometries sufficient for flash vaporization at
reasonable rates.

[0087] Figure 1B shows the absorption characteristics of water and corresponding OPD
across a broad range of wavelengths. Wavelength ranges with OPD between 70 um and 300 um
are from about 1.88 um to about 2.08 um and from about 2.34 um to about 2.5 um. As tissue may
comprise substantial amounts of water, the water penetration depth can be used to determine
tissue penetration and corresponding tissue gjection volume. A person of ordinary skill in the art
can conduct experiments to determine tissue penetration depths based on the teachings described
herein. Non-limiting exemplary wavelengths are 1.92 um, 1.94 um, 1.99 um and 2.01 um.
Additional embodiments utilize a wavelength of approximately 1.94 um. The laser beams of
embodiments with a wavelength of approximately 1.94 um are strongly absorbed in water, are
transmissible through a silica based fiber, and provide an interaction depth in the range of 80 um.
[0088] Flash vaporization can include delivering laser energy to tissue such that a
substantial majority of the target volume of tissue reaches a temperature of approximately 300°C
or higher. By elevating the target tissue volume to at least 300°C, for example, the liquefaction
threshold of collagen can be reached as well as the threshold for spinodal decomposition of the
target water chromophore. Various forms of collagen are present is many target tissues. By
elevating the temperature to the liquefaction threshold the structural integrity of the collagen can
be at least significantly weakened. The weakened collagen structure reduces the energy used to
gject the material, thereby significantly enhancing the efficiency of tissue removal. By raising the
preferred target chromophore, for example water (H>O), within the tissue volume at least to its
spinodal limit about 300°C, a relatively uniform phase change can occur within a substantial
majority of the target volume. The spinodal phase change is distinctly different from nucleation
and bubble growth mechanisms. At the spinodal threshold limit water becomes mechanically
unstable and an ensuing rapid phase change to vapor occurs with relative uniformity in the tissue

volume creating significant kinetic energy within the target volume.
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[0089] A further aspect of flash tissue vaporization can include, for example, achieving at
least an approximate temperature within the target volume of 300°C in a time sufficiently short
such that the tissue adjacent to the target volume has insufficient time to react substantially.
Thus, a substantial majority of the energy is deposited in the target tissue volume before any
substantial absorption induced stress propagates from, and before substantial heat diffuses away
from, the target volume such that the stress propagation and heat diffusion are inhibited
substantially. This inhibition of the dissipation of stress propagation energy and the inhibition of
diffusion of heat energy can inhibit damage to tissue adjacent to the target volume after the target
volume is ejected.

[0090] The parametric constraints that can be used to describe laser beam parameters for
the flash tissue vaporization are described by the following equations, which establish a very

complex parameter space.

: 1
Equation 1: T, <

P = u,v,

where 1, is the pulse width (sec),
11, = absorption coefficient (cm™) or 1/fiber radius (cm) whichever is shortest,

vs = velocity of sound (cm/sec)

[0091] Equation 1 corresponds to a condition where the pulse duration is sufficiently short
to prevent stress waves from propagating beyond the target volume relative to the shortest
dimension of the target volume. For the purposes of flash vaporization, substantial stress
confinement, enabling tissue ablation via spinodal decomposition with negligible adjacent tissue
damage, may be achieved with pulse durations up to approximately 3 times the pulse duration

indicated by equation 1.
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Equation 2: Ty

2 gn
HolK
where 7, is the pulse width (sec),
11, = absorption coefficient (cm™),
5 K is thermal diffusivity (cm”/sec)
[0092] Equation 2 corresponds to a condition where the pulse duration is sufficiently short
to prevent heat from propagating beyond the target volume.
KT P

Equation 3: 1> =2

where 7, is the pulse width (sec),

10 K is thermal diffusivity (cm”/sec),

§ is the chromophore size (cm®). For pure H,0, eq3 is equivalent to eq2 as & =
1/u,

[0093] Equation 3 corresponds to a condition where the pulse duration is sufficiently short
to prevent thermal propagation beyond the target chromophore, where for example, the target

15  chromophore represents small volumes of interstitial water dispersed within the collagen mesh
work of the target tissue.
[0094] Equations 1-3 identify the upper limit of pulse durations related to the tissue laser
interaction, suitable for flash tissue vaporization.
[0095] The temperature attained as a result of a laser pulse in tissue can be calculated from

20  the following equation for pulses shorter than 1 usec.
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Equation 4: T = ﬁ:_f e HaZ
1

where T =temperature (°C),

®=Energy (J/cm?),

C, = Where C, is the isochoric specific heat (saturated liquid heat capacity at
constant volume) of the chromophore (H,O) (J/g°C),

p = density(g/cm’)

and z = depth (cm)

[0096] Equation 4 indicates the required fluence to achieve a desired temperature at a

depth in the target volume.

CoTp

Equation 5: b =

Ha
where T =temperature (°C),
® =Energy (J/cm?),
C, = specific heat (J/g°C),
p = density(g/cm’)
[0097] Equation 5 indicates the appropriate fluence to reach the threshold temperature for

spinodal decomposition of the target chromophore (H,0).
[0100] Equations 1-5 may be used to determine, for a given wavelength and target tissue, the
fluence required to reach 300°C with substantially the entire target volume and to determine the
maximum pulse duration suitable for flash vaporization. For flash tissue vaporization the lower
pulse duration limit can, in part, be determined to prevent substantial plasma generation and to
prevent damage to a waveguide delivering the pulse, like a silica based optical fiber.

[0101] Volumetric power density (VPD) can be re-cast to Equation 6;
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HaE  Hgf

Equation 6: VPD = where:

Aty mwlty

E =energy (J),

1, = absorption coefficient (cm™),
A, = area (cm?),

t,= pulse width (sec) and

w = radius of incident spot (cm)

[0102] Spinodal decomposition has a minimum VPD to substantially eliminate energy loss
due to bubble formation and/or cavitation. Experimentation suggests a VPD of roughly
10"°W/cm® or higher is sufficient to induce spinodal decomposition, in some instances typically
with pulse durations < 200 ns. For stress confinement, shorter pulse lengths can be required.
[0103] Flash Vaporization may include a pulse width short enough for a given target tissue
volume to inhibit substantial thermal or mechanical energy within the interaction volume from
propagating into the adjacent volume during the deposition of the light energy into the target
tissue. It may be advantageous for the pulse width to be long enough for a given peak irradiance
and target tissue to substantially inhibit plasma formation. Propagation of thermal energy,
mechanical energy and substantial plasma formation may each introduce tissue removal
inefficiencies that can lead to damage of the adjacent tissue. Pulse widths in the range of about
100 ps to 1 us may be suitable for flash tissue vaporization. For example, pulse widths between
0.5 ns and 100 ns can be preferable for wavelengths targeting water as a chromophore.

[0104] The parameters of Flash Vaporization are related to the size of the targeted tissue
interaction volume. Larger interaction volumes may require more laser energy to reach the
spinodal and liquefaction limits while satisfying the above conditions so as to substantially
prevent thermal and/or kinetic energy from propagating into the tissue adjacent to the ablation
site. As the above described pulse energy increases, the pulse duration may also increase in order
to inhibit exceeding peak power damage thresholds of the laser generator and/or the delivery
system. The interaction volume range can be determined based on the largest volume where flash
vaporization can be achieved with a practical and commercially viable laser and delivery system.
For example using a 1.94 um wavelength and targeting porcine kidney with approximately 70%
water content with a 100 um core silica fiber in contact mode yields an interaction volume of
approximately 9x10”7cm’. An interaction volume size in the range of 10™® cm® to 10™* cm’ can be
used in many embodiments. Many embodiments can use an interaction volume of 107 c¢m’ to 10°

5 3
cm .
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[0105] Flash vaporization can be related to the shape of the interaction volume. The ratio of
the interaction volume depth to the interaction volume width may correspond to the efficiency in
which the tissue is removed including the ability to extract a substantial majority of the absorbed
laser energy with the ejected volume. The ejection of target tissue from the treatment site may
comprise a mechanical process. Kinetic energy created by spinodal decomposition within the
interaction volume can drive the tissue material removal process. Optimizing the shape of the
interaction volume can improve the efficiency of tissue removal. Interaction volume shapes
where the depth is substantially larger than the width may provide less efficient ejection of the
target tissue, which can lead to residual mechanical or thermal effects on tissue adjacent to the
target volume. Additionally, interaction volumes where the depth is substantially less than the
width may lead to inefficient target tissue removal which may cause residual mechanical or
thermal effects on the adjacent tissue. Depth and width ratios are related to the OPD of the
wavelength used for a given target material and the incident spot size delivered to the tissue
surface.

[0106] Figure 2 shows a representative interaction volume depth-to-width ratio for several
embodiments. One embodiment is a depth-to-width ratio of approximately 1:2, see Figure 2a.
This can be a preferred species because the efficiency of tissue ejection can be high, and the
energy per pulse needed to achieve tissue removal can be well within operating conditions of a
fiber optic delivery tool. Another embodiment is a depth-to -idth ratio in a range between 1:4 to
2:1, see Figure 2b. This range encompasses larger areas on the tissue surface, and requires larger
energy per pulse for the larger areas. These larger energy per pulse requirements can be more
difficult to achieve with a given laser system. Another embodiment is a depth-to-width ratio in a
range between 1:6 to 2:1, see Figure 2¢. This more generic range of geometries includes even
larger surface areas, requiring even larger energies per pulse.

[0107] The targeted tissue interaction volume size and/or shape can determine the pulse
energy to achieve Flash Vaporization. Too little energy per pulse may not drive the target
chromophore to the spinodal limit and/or may not provide sufficient kinetic energy to eject the
material within the interaction volume. Too much energy per pulse may not be practical to
generate or deliver and can introduce inefficiencies in the tissue removal process. In both cases,
with too little and too much per pulse energy, residual mechanical and/or thermal effects on the
adjacent tissue may occur. The threshold energy to achieve spinodal decomposition can be

calculated from equations 1-5.
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[0108] The efficiency can be determined per equation 7.

Equation 7: n=—r

where n= efficiency (gm/J),
11, = absorption coefficient (cm™),
A = spot size (cm?),

p = density (gm),
Ei = input energy (J) and
E = threshold energy for spinodal decomposition at the surface (J)

And for optimum efficiency

e is Euler’s number = 2.71828 (to five significant figures).
[0109] The ideal energy is related to the energy required to achieve spinodal decomposition
plus the additional energy to eject the target volume with optimal efficiency. Energy exceeding
Eopt 1s imparted to the ejected material, in this case water. Now as the target volume is not
entirely water and can contain significant amounts of collagen in different organizational
structures, the energy exceeding E,, -may be used to overcome the tensile strength of the tissue
within the volume.
[0110] The energy used for flash vaporization of one soft tissue type can be different than the
energy needed to accomplish flash vaporization of a different soft tissue type. Also, the energy
sufficient for flash vaporization of one soft tissue type is insufficient to cause substantial damage
to some other soft tissue types. As aresult, boundaries between soft tissue types can be relied
upon for self-alignment of tissue removal, causing ablation of soft tissue type A and stopping the
ablation at the boundary with soft tissue type B.
[0111] Many embodiments for flash vaporization include pulse energies within the range
from about 100 uJ to about 100mJ. Furthermore many embodiments for flash tissue vaporization
using water as the chromophore utilize pulse energies from 500 uJ to 30 mJ. Specific
embodiments for Flash Vaporization can use water as the chromophore and a wavelength near
1.94 um and pulse energies from 1 mJ to 10 mJ.
[0112] The flash tissue vaporization process, in some instances, has threshold fluences in the

range of joules per centimeter squared.
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[0113] Figure 3 shows a laser system utilizing Flash Vaporization for tissue removal during
laparoscopic surgery. The patient 310 has an imaging system 320 inserted in the thoracic cavity.
The imaging system 320 may be a direct viewing type or it may have a camera with a video
display 330 such that the surgeon can view the inside of the thoracic cavity. An insertion device
340, such as an endoscope, with a delivery system 350 is also inserted into the thoracic cavity.
The proximal end of the delivery system 350 is attached to a laser system 360.

[0114] Figure 4 shows the laser system of Figure 3 for implementing a Flash Vaporization
based surgical device. The laser system has a user interface 410 to adjust system parameters and
to control the laser energy emission. The user interface 410 is in communication with the
controller 420. The controller operates the laser resonator 430 to provide the appropriate output
selected via the user interface 410. The output of laser energy from the resonator 430 is directed
to a device coupler 440. The device coupler 440 directs the laser energy into a delivery system
450. A representative delivery system 450 comprises a 100 um core silica fiber used in contact,
or near contact, with the target tissue. A representative non-contact delivery system 450
comprises a silica core fiber with a focusing element to generate a 100 um treatment spot about
2 cm from the tip of the silica fiber. In other embodiments, fiber tip optical components can be
utilized for spot shaping and beam pointing,

[0115] Figure 5 shows components of the laser resonator 430 for implementing flash tissue
vaporization, having a gain medium 510, pump source 520, modulator 530 and at least two
mirrors 540. Non-limiting examples of the gain medium 510 include solid state, gas, liquid,
semiconductor based, or waveguide based gain mediums. The gain medium 510 may be selected
to provide a specific wavelength or wavelength range that is desirable for interaction with the
target tissue. Non-limiting examples of solid state gain medium 510 for the preferred wavelength
range of 1.8 umto 2.5 um are Ho. YAG, Tm:YAG, Tm:Y AP, Tm:GaV04 and Tm:YLF. A solid
state gain medium is an embodiment due to the ability to generate laser energy with highly
efficient pumping processes within wavelength ranges that may target chromophore present in a
wide variety of tissue. Solid state gain mediums also enable small and low cost implementation.
The lower cost and size of solid state lasers is appealing to the surgeons and facilities using the
equipment. Non-limiting examples of the pump source 520 include a laser diode, arc lamp, flash
lamp or electrical stimulation. A laser diode is a preferred pump source 520 offering low
maintenance requirements and an efficient means to pump the gain medium 510. Furthermore an
end pumping configuration may be employed to improve the efficiency of the pumping process.

A modulator 530 may be used to provide pulsed laser energy and may be implemented
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intracavity or externally. Non-limiting examples of modulators 530 include acousto-optic,
electro optic, saturable absorbers or mechanical means. An embodiment may be an intracavity
acousto-optic or electro-optic modulator. The electro-optic modulator may have further
advantages when the laser resonator 430 produces polarized energy. The laser resonator 430
preferably has two mirrors 540. One mirror reflects approximately all of the laser energy while
the second mirror partially reflects the laser energy serving as an output coupler to extract laser
energy from the laser resonator. A two mirror resonator often reduces the laser resonator
complexity and reduces the overall cost of the laser system. Additional laser resonator
configurations with more than two mirrors may also be used. Optimizing the efficiency and
simplicity of the laser resonator 430 is a factor in the commercial viability of a laser based
surgical tool. A representative laser resonator configured for flash vaporization includes a gain
medium 510 comprising Tm:Y AP configured to lase efficiently at 1.94 um with a pump source
520 comprising a fiber coupled laser diode configured for end pumping the gain medium 510.
The representative laser resonator further includes a modulator 530 comprising an acousto-optic
Q-switch and two mirrors 540, one substantially reflecting all the light at 1.94 um and the second
partially reflecting light at 1.94 um to function as an output coupler.

[0116] Thus, one species of a more generic class of laser systems capable of use for flash
vaporization as described herein includes a Tm:Y AP gain medium 510 arranged to produce an
output wavelength near 1940 nm, operating with an energy per pulse in the range of 1 to 10 mJ
per pulse in pulse widths less than 100 nsec, with a beam delivery tool 350, 340, such as an
endoscope with a fiber optic or other waveguide, arranged to deliver a spot size of 50 to 200
microns to a target tissue. A wavelength near 1940 nm has an optical penetration depth in water
of about 80 microns. Because water is a primary component of most tissues, the penetration
depth in tissue can be approximately the same. Using a spot size and an 80 micron penetration
depth, one can determine the dimensions of an interaction volume within the tissue at the
treatment site for a laser pulse. Using a pulse width less than 100 nsec, such as between 10 nsec
and 50 nsec for a representative procedure, results in a condition of thermal and mechanical
confinement of the energy dissipation from the laser pulse, within that interaction volume. Using
an energy per pulse on the order of 0.5 to 40 mJ is sufficient in this example to generate greater
than 10'°W/cm’® within the interaction volume and raise the temperature of the water in the
interaction volume above the spinodal limit, which can cause confined spinodal decomposition
of the water. The spinodal decomposition results in an instantaneous phase change that creates

substantial pressure in a range of about 200 bars to 10 kBars within the interaction volume at the
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treatment site. Energy in the pulse is translated via spinodal decomposition into kinetic energy
that can eject the tissue without visible thermal damage to tissue adjacent to the ejected volume
caused by thermal or acoustic waves induced by the ejection or the laser pulse. This effect is
termed herein Flash Vaporization. The laser system according to this species can be operated
with repetition rates from single shot to 2000 Hz, and because of the substantial volume of tissue
gjected with each pulse, cutting rates using Flash Vaporization that have not been possible using
known prior art techniques can be achieved.

[0117] Other species of laser systems within this more generic class includes lasers 430
operating in wavelengths that have similar optical penetration depths in tissue having water as a
primary component, including wavelengths between 1400 and 1520 nm or between 1860 and
2500 nm. Wavelengths in this range are also characterized by the fact that they are readily
deliverable using silica waveguides on the order of 50 to 200 microns in core diameter within the
energy per pulse in the range of 0.5 to 40 mJ per pulse and pulse widths between about 10 nsec
and 200 nsec. A controller 420 and a visualization monitor (user interface) 410 can be utilized
for control of laser parameters and surgical procedures. In some embodiments, the controller 420
can be operated to control energy per pulse within a range from about 100 uJ to about 100 mJ.
Furthermore, many embodiments for flash tissue vaporization using water as the chromophore
utilize pulse energies from 500 uJ to 40 mJ. Specific embodiments for Flash Vaporization can
use water as the chromophore and a wavelength near 1.94 um and pulse energies from 1 mJ to
10 mJ. Because of the availability and biocompatibility of silica waveguides, these species of
laser systems can be readily utilized in a wide variety of endoscopic laser surgeries.

[0118] It is recognized that different tissue types require different parameters to achieve flash
vaporization and eject substantially all of the material within the interaction volume. Thus, a
more generic class of laser systems as described herein can be characterized by including a laser
to generate a pulsed beam of light energy, each pulse of the beam to irradiate a volume of tissue
and having a duration and an amount of energy to inhibit mechanical energy, or stress, and
thermal energy propagation from the volume such that the volume of the tissue is ejected with
spinodal decomposition; and a controller coupled to the laser to generate the pulsed light beam in
response to commands from the controller. The system can be combined with an endoscopic
delivery tool, including one or more optical fibers. Laser surgery based on flash vaporization can
be performed within a complex parameter space described in more detail below. The discovery
of commercially feasible operating conditions for lasers and delivery tools as described herein

enables for the first time, a new variety of “cold ablation” surgical techniques.
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[0119] The spinodal decomposition process generates pressure within the target tissue
volume. The pressure is generated, in part, when the chromophore, for example water, in the
target volume reaches or exceeds the spinodal threshold, thus initiating spinodal decomposition,
on a time scale sufficient to substantially prevent propagation of thermal or mechanical energy
beyond the target volume. The pressure generated ejects material from the target site. The
amount of pressure to adequately or optimally eject substantially all of the target volume is, in
part, dependent upon the mechanical properties of the tissue itself. Various tissue types have
different mechanical properties, in part, due to the collagen structure of each tissue type. A
comparison of skin to kidney is one example. Skin has a higher tensile strength than kidney. The
higher tensile strength of skin is, in part, due to its function, and the environment to which it is
exposed. Additionally, skin typically has a lower water content than kidney tissue, resulting in a
variation of the effective p, as compared to kidney when water is used as the chromophore. The
difference in the effective u, and tensile strength may result in different pulse parameters within
the flash vaporization regime to remove the two tissue types. The variation in pulse parameters,
in part, reflects the different pressures needed to overcome the tensile strength of each tissue type
to eject substantially the entire volume of tissue, including the threshold pressure and the optimal
pressure range. Bone is another example where different pressures may be required to eject
substantially all of the tissue in the target volume. Bone typically has a lower water content than
soft tissue, which may affect the effective u, when water is the chromophore. The relevant
mechanical properties of bone may be related to the force required to fracture bone within the
target volume rather than pure tensile strength. The parameters for flash vaporization and the
resulting pressure generated may be different for bone when compared to soft tissue.

[0120] The localized temperatures generated in the target volume during a flash vaporization
event are near or exceed the liquefaction threshold for collagen. At or above the liquefaction
threshold for collagen the structural integrity of the tissue may be compromised, weakening the
collagen structure. The weakened structures still exhibit variation in mechanical properties for
different tissue types. Efficient removal of specific tissue types can be achieved, in part, by
generating pressure in the target volume that is sufficient and/or optimal for tissue ejection.
Achieving flash vaporization with the ability to generate a range of pressures may be a factor in

effectively targeting a wide variety of tissue types.
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[0121] Equation 4 can be recast by substituting E/A, for ¢, vielding equation 8, for pulses
shorter than 1 usec.
pu Ee Ha®

Equation 8: T = —— where:
' Copdy

5 T = temperature (°C),
E =energy (J),
A, = area (cm’)
Cv = Where Cv is the isochoric specific heat (saturated liquid heat
capacity at constant volume) of the chromophore (H,0) (J/g°C),
10 p = density(g/cm’) and
7 = depth (cm)

1L, = absorption coefficient (cm™),

[0122] The pressure generated in the target site can be calculated from equation 9 for pulses

15 shorter than 1 p sec.

Equation 9: P = Au,Tpe™#a% where:

P = Pressure,

Am 25

5
20 T mL
=

>

t;=pulse width,

<
i

t,=characteristic pulse width =

AR
. -1
1, = sound velocity (cm.sec”™)
T = Griineisen parameter (dimensionless),

25 p =Fluence ==

1, = absorption coefficient (cm™),

7 = depth (cm)
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[0123] In one embodiment, the temperature and/or pressure throughout the interaction

volume are considered, specifically the temperature and/or pressure at the optical penetration

depth where g = % . To achieve the spinodal decomposition threshold temperature at the optical

penetration depth, 5 = ;L“ T can be recast as Equation 10,

Equation 10 T=Te, where:

T = temperature

e 1s Euler’s number = 2.71828

[0124] Now the temperature within the full optical penetration depth for each pulse can be
determined to meet or exceed the spinodal decomposition threshold thus, in part, initiating flash
vaporization throughout the interaction volume.

[0125] Similarly, to achieve at least the threshold pressure at the optical penetration depth,

o= A needed to eject a given target tissue, P can be recast as Equation 11,
R

Equation 11. P=Pe, where:

P = pressure

e 1s Euler’s number = 2.71828

[0126] Now, the pressure within the full optical penetration depth for each pulse can be
determined to meet or exceed the pressure threshold needed to eject substantially all the tissue
throughout the interaction volume.

[0127] Equation 10, in part, determines the lower temperature limit for flash vaporization in
H,0 throughout, substantially, the entire interaction volume. However, the pressure generated
may not be enough to overcome the mechanical strength of the target tissue. It may be necessary
to adjust the pulse parameters to achieve threshold or optimal pressure to eject substantially all of

the tissue within an interaction volume. Additionally, each different target tissue type may have
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different threshold and/or optimal pressures for gjecting the respective tissues. If we re-cast the
pressure equation to include the relevant parameters we can see more easily which parameters

will have the largest effect.

S i o B en S . & 3 U
Wehave ¢ = g\ﬁ S, - — thus ¢ = § g.v; and @ = Eﬂwhere e ™ TR
So:
| L 1—g \fpHas) g
Equation 12: P = .— where:
fva Tied™
P = pressure
E =energy (J),

11, = absorption coefficient (cm™),

t,= pulse width (sec),

w = radius of incident spot (cm)

%, = sound velocity (cm/sec)

T = Griineisen parameter (dimensionless),

[0128] We notice immediately that P changes

¢ exponentially as:
o the pulse width
o the sound velocity

o the absorption coefficient

¢ inversely with the square of the spot radius &

¢ linearly with energy

[0129] The velocity of sound is a property of the target chromophore and cannot be readily
changed for a given type of target tissue. The wavelength directly affects the absorption
coefficient and may be used independently or in part to achieve a desired pressure. In one
embodiment where the wavelength remains constant, any one or combination of pulse duration,
energy per pulse and/or spot size may be changed to achieve a desired pressure for ejecting a
specific target material. Each parameter indicated in equation 12 may individually or in
combination be adjusted to achieve a desired pressure. Within the multivariable parameter space
that achieves a desired pressure, generating and/or delivering a pulse with certain parameters
may be impractical. For example a certain range of pulse energy and pulse durations may
achieve a desired pressure according to equation 12, but no laser source may exist to achieve the

particular pulse energy and pulse width combinations.
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[0130] In tissue selective flash vaporization, pulses of the pulsed laser beam have a

wavelength with an associated optical penetration depth D in tissue of the first soft tissue type,

an energy per pulse, a fluence ¢ , a spot area and a pulse duration tp toward an interaction

volume of a target tissue; and including

generating pressure within the interaction volume of the target tissue of the first soft
tissue type, which causes ejection of the target tissue within the interaction volume and heating
the interaction volume above a spinodal decomposition threshold at the optical penetration depth
using the laser pulses, wherein the wavelength is between 1400 and 1520 nm or between 1860
and 2500 nm and the energy per pulse between 0.5 milliJoules and 40 milliJoules, wherein the
interaction volume is a function of the optical penetration depth D and the spot area of the pulses

of the pulsed laser beam incident on the target tissue, where the spot area has a minimum width
W, and wherein the optical penetration depth D is a function of an absorption coefficient L1, of

the target tissue that is determined by tissue properties and the wavelength, and wherein the

optical penetration depth and minimum spot width satisfy a condition that D is within a range of
1/6 W to 2 W, the pulse duration tp meets stress confinement conditions for the interaction
volume including:

t, < 1/u,vs and

tp <W/ 2vs, where V, — speed of sound in the target tissue, and further that the pulse

duration T, is less than 200 nsec:

wherein the energy per pulse of the laser pulses in the heating of the interaction volume
heats water within the interaction volume to induce a phase transition by spinodal decomposition
within the interaction volume creating said pressure, and the fluence ¢, satisfies:
__4L P
1-e" Ty,
for the first soft tissue type but not for an adjacent second soft tissue type, where:
P = pressure to gject the target tissue
=11V,
I' = dimensionless strength parameter of the target tissue.
[0131] Similarly, the ability, in practice, to deliver a pulse to a target tissue should be

considered. For example, even in the absence of a waveguide, certain subsets of parameters

within a parameter space achieving, at minimum, flash vaporization and tissue specific pressure



10

15

20

25

30

35

WO 2018/175322 PCT/US2018/023144

32

thresholds may generate plasma at the tissue or in air which may interfere with the delivery of
the pulse to tissue and therefore ultimately may not satisfy the conditions within the tissue
volume for flash vaporization and/or pressure to eject the target tissue.

[0132] A waveguide, in some instances, may be selected such that a range of pulse
parameters can be successfully transmitted through the waveguide and subsequently adjusted,
typically by focusing elements, to achieve flash vaporization with a pressure sufficient to eject,
substantially, the entire target volume.

[0133] For many surgical applications it may be advantageous to use a waveguide where the
waveguide core is roughly the same diameter as the treatment spot size. One embodiment where
the waveguide core and treatment spot size are similar is when the waveguide is used in contact
to or near contact to the target tissue.

[0134] Silica fibers are a dominant type of waveguide used to deliver laser energy for
endoscopic applications. Silica fibers are readily available, flexible, biocompatible and low cost.
Silica fiber waveguides are a preferred embodiment for utilizing flash vaporization for many
tissue cutting applications, including endoscopic procedures. The pulse parameters used to
achieve flash vaporization and/or pressure sufficient to eject the target material have, in part,
high peak power. High peak power can damage silica based waveguides. A preferred
embodiment is therefore a range of laser pulse parameters that both achieve flash vaporization
with an appropriate pressure to eject the material for a given target and can be reliably
transmitted down a silica based fiber without catastrophic damage to the silica fiber. The
theoretical bulk damage limit for silica fiber is known across a broad range of pulse durations,
including a subset of pulse durations suitable for flash vaporization. In practice the theoretical
limits have not been fully achieved. Studies have shown the practical relationship between pulse

energy and pulse width follows equation 13

Equation 13: E; = ad’t,,;,° where:

Where: a,b and ¢ are coefficients that have been determined experimentally
a=39215
b=0.95
c=05
Ei = energy (J)
tmin = pulse width (sec)
d = fiber core diameter (cm)

[0135] For example, by knowing the target soft tissue type and selecting a wavelength,

essentially p, Vs, Cy, p can be determined. Then by substituting equation 13 into the relevant
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previous equations, a parameter space, if it exists for a given the soft tissue type, wavelength and
fiber damage threshold, can be determined such that conditions for flash vaporization with
sufficient pressure to eject the target material can be met, including delivery with a silica fiber.
By knowing the ablation threshold for a second soft tissue type, and selecting the laser
parameters to produce a pulsed laser beam that falls between the ablation thresholds of the first

and second soft tissue types, tissue selective ablation is accomplished.

Cutting Rate Experiment:

[0136] A flash tissue vaporization based laser system operating at a 1.94 um wavelength was
built and used to conduct ex-vivo tissue cutting tests. The pulse energy used was approximately
3.5 mJ and was delivered through a silica based fiber optic waveguide, and the pulse repetition
rate was 400 Hz. The fiber tip was positioned in a mount and held in a fixed location. The
movable test stand with a porcine kidney tissue sample was moved through the beam
immediately in front of the fiber tip. The approximate length of the tissue sample was 2 cm with
a thickness of approximately 2 mm. The flash vaporization system cut through the entire sample
in 8 seconds. The system made a 2.5 mm long by 2 mm deep cut each second. The volume of
tissue removed per pulse was 6.28x107 cm’/pulse. This cutting rate is dramatically faster than
prior art laser systems. For example, an excimer laser system with similar pulse repetition rates
and incident spot size with the fluence optimized to operate in a mode without adjacent thermal
injury yields a rate of 3.14x10”cm’/pulse, 200 times slower. Similarly, a photospallation based
Erbium Y AG system with similar pulse repetition rates and incident spot size with the fluence
optimized to operate in a mode without adjacent thermal injury yields a volume removed per
pulse of 1.57x10%c¢m’/pulse, 40 times slower. A high power research oriented femtosecond
system with similar pulse repetition rates and incident spot size with the fluence optimized for
ablation without adjacent thermal injury yields a rate of 1.49x10®cm’/pulse, over 40 times
slower as well. Figure 6 shows a bar chart comparing cutting rates for various forms of resection
without substantially any adjacent tissue injury. The photochemical, photospallation and
ionization based systems do not have a suitable means for fiber delivery for typical surgical
applications and are typically limited to line-of-sightdelivery.

[0137] Figure 7a is an H&E stained histology of a cut made in ex-vivo porcine kidney with
the Flash Vaporization system. The cut was approximately 3 mm deep by 5 mm long and took
approximately 3 seconds to perform with an average power of approximately 1.4 watts and a
depth to width ratio of 1.2:1. The histology shows a clean cut with no apparent thermal injury to

the tissue adjacent the cavity left by the ejected tissue. Figure 7b is a higher magnification image
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of the same tissue sample. The cut surface shows no apparent thermal injury. Flash Vaporization
enables previously unobtainable high speed cutting rates for deeper incisions with no apparent
thermal injury to the adjacent tissue. Also, no mechanical injury is seen, except on the
microscopic scale that would not materially lengthen healing rates.

[0138] For some surgical procedures it may be desirable to remove a large mass of tissue
directly via Flash Vaporization rather than by excision. For example a surgical treatment for
Benign Prostatic Hyperplasia may involve removal of a large mass of prostate tissue. The
removal of prostate tissue can be achieved either via an excision style process or a mass tissue
vaporization process, depending on the surgeon’s preference. Removal of tissue in the colon is
another example where removal directly via Flash Vaporization may be advantageous. Sessile
colon tumors are embedded in the inner wall of the colon and may be difficult to remove by
excision. The ability to vaporize the tumor in layers, without collateral damage, from the surface
down to healthy tissue may be advantageous. Using tissue selective ablation, the layers of
different soft tissue types underlying the tumor can be used as an ablation stop, further
preventing damage to health tissues.

[0139] Referring to equations 7 and 12 and the related equations described herein there is at
least one combination of parameters that provides the optimal tissue ablation efficiency,
maximum grams of tissue ablated per joule. When operating at the optimal efficiency, the
maximum tissue vaporization rate can be achieved. The tensile strength of tissue types varies
throughout the body, thus it is evident that the optimal parameters required to remove the target
tissue will vary. This is achieved by optimizing the pressure in the target volume. For example
the pressure required for optimum vaporization of the dermis is significantly higher than required
for kidney.

[0140] The maximum speed at which tissue can be vaporized via Flash Vaporization
corresponds to the optimal ablation efficiency. Therefore, a problem exists when the surgical
procedure requires/desires a rate of ablation that is greater than the rate of ablation corresponding
to the peak ablation efficiency. To achieve ablation rates that exceed the maximum ablation rate
described above, anovel delivery device with two or more fiber optic waveguides may be used.
As spot size increases, the energy per pulse needed to achieve ejection by spinodal
decomposition increases significantly. This limits the size of a laser spot than can be practically
used in laser surgery applications.

[0141] Species of laser systems described herein are configured to remove larger volumes of

tissue per unit time. Such species utilize lasers capable of producing outputs that are a multiple
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of the energy per pulse to be applied by each pulse. In such species, a delivery tool including
multiple waveguides can be coupled to the laser system for delivery of multiple spots, preferably
adjacent, of laser energy to the treatment site in parallel or in rapid sequence. As there is
essentially no residual energy in the tissue after ejection, the multiple spots are treated essentially
independently. High repetition rates and multiple spots can be used to achieve very high tissue
removal rates.

[0142] A laser source may be capable of producing energy/power well beyond the amount
required to achieve optimal ablation efficiency. Delivering a laser pulse to tissue with a fluence,
for instance, greater than the peak efficiency, reduces the ablation efficiency and in some cases
may even exceed the damage limits for a single fiber optic waveguide. By dividing a laser pulse
generated within the laser source and coupling the pulse into multiple fibers each individual fiber
can simultaneously receive a portion of the pulse energy. Furthermore, by aligning the individual
fiber outputs to separate regions of the target tissue, typically adjacent to one another, each fiber
can be configured such that the tissue at each fiber’s individual treatment site is ablated with
optimal ablation efficiency. Utilizing a laser system with multiple delivery fibers allows most or
all of the available laser energy generated by the laser source to be applied to tissue achieving
Flash Vaporization with optimal ablation efficiency. Multiple delivery fiber configurations
increase the system’s overall ablation rate to meet clinical needs where it is desirable to directly
vaporize tissue faster than a single delivery fiber can achieve while maintaining Flash
Vaporization with optimal ablation efficiency.

[0143] For example, it may be necessary to ablate a large brain tumor. The use of parallel
pulse delivery to achieve high ablation rates can be understood with reference to the table shown
in Figure 8. Assume Flash Vaporization at the optimal ablation efficiency is achieved with a
fluence of about 40J/cm”. As discussed, increasing the fluence beyond 40 J/cm® does not improve
the ablation speed. An exemplary laser may be capable of generating a pulse within the Flash
Vaporization parameter space that well exceeds the 40J/cm?, for example a pulse that would
equate to 160J/cn’, 4 times greater than what is required for optimal efficiency. By generating a
pulse capable of supporting 160J/cm” and then dividing the pulse simultaneously and roughly
equally among 4 individual fibers, each fiber can deliver to tissue a fluence of 40J/cm?, at
optimal efficiency in parallel. When the fiber output ends are arranged to treat separate tissue
regions, typically adjacent to one another, 4 times more tissue per pulse is removed while

maintaining optimal ablation efficiency.
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[0144] The increased rate of tissue ablation achieved by utilizing multiple fibers has been
described for an individual pulse, but is applicable to a sequence of pulses as well. For faster
tissue ablation, the multiple fibers are typically an integrated part of the delivery device with
each fiber output corresponding to a separate treatment site, typically adjacent to one another.
The number of fibers utilized is scalable within the limits described.

[0145] In the example of sessile colon polyps one could choose to use a fiber bundle
arranged in a semi-circular fashion with five fibers, where the laser can produce a pulse capable
of generating a fluence five times larger than the single fiber optimal ablation efficiency fluence.
The pulse can be divided equally into 5 parts and then coupled simultaneously into 5 individual
fibers. For each laser pulse generated, 5 times more tissue is removed than can be achieved with
a single fiber.

[0146] Some tissue types have relatively high mechanical strength and require higher
pressures to break apart the tissue matrix. A significant limitation occurs if the Flash
Vaporization parameters required to achieve the necessary pressure exceed the power handling
capabilities of a single silica fiber, as described in Equation 13. For example, the collagen of the
dermal matrix is very strong and elastic. The pressure required to achieve Flash Vaporization in
the dermis is higher than most other soft tissues. For the dermis example, a reasonable
assumption for the fluence required for Flash Vaporization might be 200J/cm? this however
exceeds the capability of the fiber; thus we are presented with a challenge. This problem can be
readily addressed by utilizing multiple fibers arranged in a configuration such as that illustrated
in Figure 9. Multiple fibers 901, 902 configured so that the output overlap in a single spot in the
region 903 on the treatment site enables Flash Vaporization pressures far in excess of that
achieved by a single fiber. An exemplary laser would generate the requisite energy for
optimization of fluence at the target through two or more fibers. At or near the distal end 904 of
the device, the output beams of the fibers are organized to overlap one another at the treatment
site. For example each fiber carries a pulse corresponding to the equivalent of 100J/cm’, well
below the fiber damage threshold. The fibers are configured such that the output beams overlap
completely thus achieving 200J/cm” at the treatment site. Using multiple fibers enables Flash
Vaporization to occur with fiber delivery in tissues where single fiber delivery cannot achieve
Flash Vaporization. One embodiment for the delivery device is to have the fibers bent and/or
angled near the output such that the output beams overlap completely at the treatment site, as
illustrated in Figure 9. The delivery device may have slots, grooves or some physical means to

align and secure each fiber such that the output beams are overlapped at the treatment site.
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[0147] An alternative embodiment may employ focusing optics near the device tip such as
shown in Figure 10. In Figure 10, a plurality of fibers 1001, 1002 is arranged in a manner such as
might occur through an endoscope. At the distal end, alens 1003 is positioned to redirect the
outputs of the plural fibers 1001, 1002 so that they overlap on a spot 1004 on the treatment site
on the tissue. Each fiber 1001, 1002 is positioned and secured in the delivery device such that the
output beam passes through an optical element (e.g. lens 1003) that in part ensures the output
beams of each fiber overlap at the treatment site. The optical element may be an integral part of
the fiber tip such as a shaped tip, graded index fiber tip, tapered tip or other bonded, fused,
attached or modified tips contributing to directing light. Additionally the optical element may be
a single lens, individual lenses for each fiber, or any other configuration of optical element(s)
that ensures overlap at the treatment site for each fiber output as illustrated in Figure 10.

[0148] Achieving higher pressures during Flash Vaporization via the recombination of
multiple fiber outputs can employ two or more fibers, one or more optical elements and/or
numerous mechanical positioning and mounting configurations.

[0149] Figure 11a illustrates a linear arrangement of fiber tips 1101, 1102, 1103, 1104 that
can be utilized in a delivery tool, to provide for increased rate of cutting. The fiber tips 1101,
1102, 1103, 1104 in this example are positioned in a line, and adjacent to one another. Utilizing
multiple fibers for faster tissue ablation additionally enables customized tip geometries that can
be shaped to accommodate the needs of a given procedure.

[0150] When a delivery device is configured in a line and is moved such that the line is along
the cut direction represented by arrow 1105, see Figure 11b, a scalpel-like cutting effect is
achieved. The direction of motion mimics a standard scalpel, enabling cuts to be made faster
than achievable with a single fiber.

[0151] Alternatively, the fiber tips can be staggered to provide an angle with respect to the
tissue. Figure 12 is a perspective view of a four-fiber delivery tool 1200 in which the fiber tips
1201 are arranged in a staggered configuration, where a first fiber extends distally relative to the
laser source by a small stagger relative to a second fiber, and so on in a stairstep configuration
through all of the fibers in the line. The sizes of the stairstep can be equal or varied as suits the
needs of a particular arrangement. Representative sizes of the stairstep can be on the same order
as the diameter of the fibers or smaller, for example. In the configuration of Figure 12, the
direction and angle of the device handle can mimic a scalpel 1202 ergonomically.

[0152] With a linear device tip configuration, mass vaporization can be achieved by moving

the device in the direction perpendicular to the fiber arrangement. As represented in Figure 13,
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by the arrow 1301, a linear device tip including a plurality of fibers, such as fibers 1101-1104,
can be moved in a direction orthogonal to the line of fibers.

[0153] When this configuration is moved across a target tissue, it provides rapid ablation of a
strip width equal to the width of the fiber arrangement. Figure 14a illustrates an arrangement of
fiber tips 1401-1407 in a semicircular shape, as an alternative beam delivery tool. Figure 14b
illustrates yet another alternative, in which three fiber tips 1408-1410 are arranged in a nonlinear
triplet. Figure 14c illustrates a tightly packed cluster of fiber tips, where six fibers 1411-1416
surround a central fiber 1417.

[0154] Each tip configuration can be chosen to accommodate the clinical need. The
treatment spots created by each individual fiber would be unique and in general adjacent to one
another. For example to debulk a sessile colon polyp a linear or curved arrangement may be
employed such that the tip is drug across the tissue achieving vaporization over a large surface
area per pass than a single fiber, as illustrated generally in Figures 15a and 15b.

[0155] For vaporization of tumors with a generally spherical shape, a multi-fiber tip 1601
may be used where the central portion 1602 protrudes further into the tissue than the fiber tips
(e.g 1603, 1604) closer to the edges, as illustrated in Figure 16.

[0156] For vaporizing tissue along the longitudinal axis of a generally cylindrical shape, such
as in transurethral prostate resection, a tip 1701 with fiber tips arranged in a curved configuration
can be used, with a near right angle bend 1702 employed to direct energy laterally, and quickly
vaporize a large mass of tissue, as shown in Figure 17.

[0157] For removal of pacemaker leads, a device that can be inserted coaxially with the wire
lead is desirable. Figure 18 shows a delivery device with a circular fiber arrangement 1801, with
an open center 1802, which may enable Flash Vaporization of the tissue adhered to the wire’s
outer surface, allowing the lead to be detached and removed.

[0158] A tight circular formation can be used when mass tissue vaporization is needed and a
painting motion over the diseased tissue is desirable. Using a painting motion the surgeon can
control the depth of vaporization by hand to achieve a desired margin, for example to efficiently
resect a tumor with large variations in depth, as shown in Figure 14c.

[0159] In order to use multiple delivery fibers, a means to direct all or a portion of the laser
energy into two or more fibers is necessary. Passive components such as partial reflectors are
non-limiting examples of components that may be used to direct predetermined portions of the
laser beam into multiple directions. Active components such as rotating mirrors are non-limiting

examples of active means to direct portions of the laser beam in multiple directions. The beam
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path may be serial, parallel or any permutation of serial and parallel. The percentage of light
from the source that is transmitted and ultimately coupled to each fiber may be static as
determined by a beam directing component. Alternatively, active components such as shutters,
modulators, attenuators and the like may be used to control when and what percentage of the
source light is coupled into any individual fiber.

[0160] For example, a 4-fiber arrangement such as shown in Figure 19, including fibers
1900-1903, may be desirable for large volume tissue ablation. This arrangement can be used
with a system like that of Figure 20. In this example the laser source 2000 generates a pulse that
can be divided equally into 4 fibers while providing tissue ablation via Flash Vaporization for
each fiber at adjacent tissue sites. In the arrangement of Figure 20, the laser source 2000
generates output that intersects beam splitter 2001, which passes 25% of the energy through a
fiber coupling lens into fiber 1900. The remaining 75% of the energy is directed past the shutter
2002 to a second beam splitter 2003, which deflects one third of the remaining 75% (i.e. 25% of
the original energy) through a fiber coupling lens into the fiber 1901. The remaining 50% of the
original energy is directed to a third beam splitter 2004, which deflects one half of the remaining
50% (i.e. 25% of the original energy) through a fiber coupling lens into the fiber 1902. The final
25% of the original energy is directed to the reflector 2005, through a fiber coupling lens into the
fiber 1903. When mass tissue vaporization is required, the shutter 2002 is open and all four
fibers will Flash Vaporize the target tissue. When precise cutting is needed, the shutter 2002 is
closed and only one fiber receives a portion of the source pulse to Flash Vaporize the target
tissue. Of course other arrangements of shutters and beam splitters can be utilized to implement a
desired control sequence.

[0161] Using multi-fiber delivery techniques with the laser system for tissue-type selective
ablation can provide for fast, and self-aligned ablation along a tissue type boundary.

[0162] For embodiments with two or more laser sources, similar fiber coupling techniques
can be used.

[0163] Utilizing multiple fibers greatly expands the clinical capabilities of a Flash
Vaporization tissue removal system.

[0164] Embodiments of the present invention can utilize flash vaporization to quickly and
efficiently cut and resect one or more of many tissue types, for example without substantial
thermal or mechanical damage to the tissue adjacent to the cut into the tissue. Removing tissue
with decreased damage to the adjacent tissue regions can improve clinical outcomes, reduce the

risk of adverse events and expedite the patient’s recovery. A laser can produce pulses of light
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energy to eject a volume of the tissue, and the energy can be delivered to a treatment site through
a waveguide, such as a fiber optic waveguide. The incident laser energy can be absorbed within a
volume of the target tissue with a tissue penetration depth and pulse duration such that the
propagation of the energy from the tissue volume is inhibited and such that the target
chromophore within the volume reaches the spinodal decomposition threshold and subsequently
gjects the volume, for example without substantial damage to tissue adjacent the ejected volume.
[0165] In a first aspect, embodiments provide a method of removing tissue with light energy.
A pulsed beam of the light energy is directed toward the tissue. Each pulse irradiates a volume of
tissue and has a duration and an amount of energy to inhibit stress and thermal energy
propagation from the volume such that the volume of the tissue is ejected via the mechanism of
spinodal decomposition.

[0166] In many embodiments, a pulsed beam of the light energy is directed toward the tissue.
Each pulse irradiates a volume of tissue with a given energy and a duration short enough that
most if not substantially all of the stress and thermal energy is confined within the volume and
the tissue is ejected via the mechanism of spinodal decomposition. Furthermore, energy, pulse
duration, and additional parameters described herein are selected for a given target tissue to
achieve spinodal decomposition with substantial stress and thermal confinement, generating
sufficient and/or optimal pressure within the target tissue to exceed the mechanical strength,
tensile strength in some instances, of the target tissue such that substantially all the tissue within
the interaction volume is ejected. Additionally the sufficient and/or optimal pressure may vary
depending on the target material’s characteristics.

[0167] In many embodiments, the target volume is heated with substantial stress and thermal
confinement above a threshold of spinodal decomposition to a temperature of at least about 300
degrees C, such that a temporally and spatially uniform phase transition occurs within the
volume to eject the volume without substantial energy deposition to tissue adjacent to the target
volume. The temporally and spatially uniform phase transition within the entire target volume
can create a confined recoil stress so as to efficiently remove the volume without depositing
substantial energy in the surrounding region.

[0168] In many embodiments, the volume is gjected without substantial stress propagation of
mechanical energy from the volume and without substantial thermal diffusion of thermal energy
from the volume. The pulse duration may correspond to a dimension across the volume and a
stress wave propagation time across the volume so as to substantially inhibit propagation of a

stress wave from the volume.
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[0169] Flash vaporization can be induced, given an optical penetration depth, OPD, as a
function of the wavelength of the beam and the absorption coefficient for that wavelength in a
primary chromophore such as water in the tissue, using a cross-sectional dimension of the beam
at the target tissue sized to define an interaction volume such that on spinodal decomposition of
the chromophore, the resulting pressure induced kinetic energy, causes ejection of remaining
tissue in the target volume. Also, as a result of the size of the volume of tissue ejected by each
pulse, and the pulse repetition rates applied, the rate of cutting accomplished using flash
vaporization can be comparable to that possible when making fine incisions using a scalpel.
Flash vaporization can be induced using a pulse duration short enough to maintain substantially
stress confined interaction with the tissue, such that damage to surrounding tissue caused by
tearing or other stress is not visible or not significant in terms of its effect on healing rates. Also,
flash vaporization can be induced using a pulse duration short enough to maintain substantially
thermally confined interaction with the tissue in the target volume, such that damage to
surrounding tissue caused by heat is not visible or not significant in terms of its effect on healing
rates. Flash vaporization can be induced using a wavelength suitable for delivery using silica
optical fibers, or other flexible waveguides, while the pulse duration is long enough to allow
delivery through the waveguide with only minimal damage or wear, so that fiber delivery is
practical and preferred.

[0170] In many embodiments, each volume is irradiated with each pulse to define a depth
and cross-section size of the volume based on the tissue’s OPD, the pulse duration and the cross-
section beam size such that the volume is substantially stress confined and substantially
thermally confined to eject the tissue via the mechanism of spinodal decomposition. The light
energy can be transmitted through an optical fiber, and the light energy may comprise a
wavelength from about 1.4 microns to 1.52 microns or from about 1.86 to about 2.5 microns to
define the volume based substantially on water absorption.

[0171] Representative durations of each pulse can be within a range from about 100
picoseconds to about 1 micro second. More typical pulse durations of each pulse can be within a
range from about 500 picoseconds to about 200 nanoseconds.

[0172] In many embodiments, the volume ablated with each pulse is within a range from
about 1 x 10 cm® to about 1 x 10 cm’. In altemative embodiments the volume ablated with
each pulse can be within a range from about 1 x 10”7 cm’ to about 1 x 10 cm’.

[0173] In many embodiments, the volume corresponds to a depth and a width ejected with

each pulse and a ratio of the depth to the width is within a range from about 2:1 to 1:6. The
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volume may correspond to a depth and a width ejected with each pulse and a ratio of the depth to
the width can be within a range from about 2:1 to about 1:4, as in the case of 1940 nm
wavelength in tissue having water as a primary chromophore delivered via fibers having core
diameters of 50 to 200 um in contact with, or near, the target tissue.

[0174] In many embodiments, the amount of energy of each pulse is within a range from
about 100 micro Joules to about 100 milliJoules. In alternative embodiments the amount of
energy of each pulse can be within a range from about 500 micro Joules to about 30 milliJoules.
In additional embodiments the amount of energy of each pulse can be within a range from about
1 milliJoule to about 10 milliJoules.

[0175] In many embodiments, the tissue comprises collagen which may reach or exceed the
liquefaction threshold with each pulse of the light energy.

[0176] In many embodiments, the tissue comprises one or more of vascular soft tissue,
cartilage or bone.

[0177] In many embodiments, an elongated incision having a length and a depth is formed in
the tissue with the light energy, and the length and the width correspond to an area of the incision
into the tissue and wherein tissue removal rate is at least about 10™*cm’/pulse up to 10°
*cm’/pulse. Pulse repetition rates from single shot to 2000 Hz are representative. For fine or
microscopic cutting, repetition rates less than 100 Hz may be used, including single pulse
triggering to cause pulse-by-pulse operation.

[0178] In many embodiments, the light energy is transmitted through at least one optical
fiber with an energy transmission efficiency of at least about 80%.

[0179] In another aspect, embodiments provide an apparatus to treat tissue. A laser generates
a pulsed beam of light energy comprising a plurality of light energy pulses. Each pulse irradiates
a volume of tissue and has a duration and an amount of energy so as to substantially inhibit stress
and thermal energy propagation from the volume such that the volume of the tissue is ejected via
the mechanism of spinodal decomposition. A controller is coupled to the laser to generate the
pulsed light beam in response to commands from the controller.

[0180] In many embodiments, at least one optical fiber is coupled to the laser, and the
plurality of pulses of the pulsed beam transmitted through the fiber to the tissue such that each
pulse transmitted through the fiber is capable of irradiating a volume of tissue and has a duration
and an amount of energy so as to substantially inhibit stress and thermal energy propagation
from the volume such that the volume of the tissue is ejected via the mechanism of spinodal

decomposition.
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[0181] Flash vaporization is a unique and clinically important new capability. As described
herein, different target tissue may have different mechanical properties, requiring different
amounts of threshold and/or optimal pressure to be generated within the treatment volume to
gject substantially all of the material. It is desirable to provide surgeons with a cutting system
that enables flash vaporization with efficient tissue ejection across a variety of tissue types. The
versatility to cut a diverse variety of tissue types without substantially any thermal or mechanical
damage to the tissue adjacent to the target volume enables surgeons provide better outcomes, less
risk and shorter recovery periods for their patients.

[0182] Although specific reference is made to flash tissue vaporization, the flash
vaporization as described herein can be used to flash vaporize many types of material, such as
non-tissue material comprising water, for example.

[0183] A process is described including selecting a pressure to match tissue types; and
adjusting the pressure to at least eject substantially all the target volume, wherein different tissue
types have different threshold pressures. Also, a process is described including adjusting
pressure with constrained ranges of wavelength, pulse duration, energy per pulse, and spot size
parameters to at least achieve an ejection threshold for the target tissue.

[0184] As described in detail below, a laser surgery system which produces pulse sequences
that are configured to cause removal of certain tissue types while simultaneously not causing
removal of other tissue types in the target field of the surgery is based on utilizing Flash
Vaporization, including inducing spinodal decomposition, as described herein.

[0185] Differences between ablation thresholds to induce ejection pressures (as selected by
setting laser parameters) for different tissue types and the effect of the laser pulses on tissue
types, including different soft tissue types, having thresholds close to, but below the ablation
thresholds of the target tissues is substantial for flash vaporization. Soft tissue types include
tissue types that connect, support, or surround other structures and organs of the body. Soft tissue
includes muscles, tendons, ligaments, fascia, nerves, fibrous tissues, fat, blood vessels, and
synovial membranes, and excludes bones, tooth enamel, dentin and cementum.

[0186] As aresult, setting laser parameters above threshold for a first tissue type, but below
threshold for a second tissue type, where the second tissue type can include soft tissue types, a
new surgical technique is provided, by which the second tissue type behaves as an ablation stop
defining a boundary of the ablation along the boundary between the tissue types. The second

tissue type is not destroyed, and in at least some cases not seriously harmed by laser pulses set at
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the threshold for the first tissue type, while the first tissue type is ablated by flash vaporization
without substantial thermal damage to adjacent tissues of either the first or second tissue types.
[0187] Embodiments of the present invention provide improved methods and
apparatuses so as to provide versatile and effective tissue removal. A surgical laser system
may comprise dynamic pulsing control of pulse width and intensity coupled to a user
interface, such that the user can select a broad range of tissue treatment, including and in
addition to tissue selective flash vaporization. For example, the system may allow a user
such as a surgeon to select a target tissue response ranging from cold ablation, including
tissue selective flash vaporization, through to coagulation. The target tissue response may
comprise a user selectable response desired by the surgeon based on visual feedback from a
surgical image such as an endoscopic image. For example, the tissue response can range
from cold ablation, including flash vaporization, without substantial coagulation to
coagulation with minimal ablation. The cold ablation, including flash vaporization, may
comprise cutting soft or hard tissue with short pulses having a duration of no more than
about 500 ns, for example, such that the tissue may be cut without substantial thermal
deposition and without substantial thermal damage to the underlying tissue of the ablation
site. The laser beam may comprise a wavelength absorbed substantially with the tissue, for
example such that a majority of the energy of the laser beam is absorbed within about 100
microns of tissue penetration. For example, the laser beam may comprise a wavelength
within a range from about 1.8 to about 2.2 um, such that the energy of the beam can
substantially ablate the tissue with short pulses having a duration of no more than about
500 ns and such that the energy of the laser beam can induce thermal damage to the tissue
with a continuous wave or repetitive pulses with a period less than about 2ms. The thermal
damage of the tissue may comprise substantial coagulation with a continuous wave or
repetitive pulses with a period less than about 2 ms, for example, such that a substantial
majority of the energy incident on the tissue results in thermal deposition and coagulation of
the tissue with minimal tissue ablation. The user may select intermediate treatment modes
where the corresponding tissue response is such that tissue is cut with moderate thermal
deposition, for example. This substantial breadth of the targeted tissue response from cold
ablation, including flash vaporization, to coagulation can be achieved, for example by
dynamically varying the pump source and g-switch pulse parameters. The pump source
and g-switch parameters can be varied independently, together, or in combinations

thereof, for a selected exposure setting. For example the pump source parameters of the laser
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gain medium and g-switch parameters can be varied together when the tissue is treated, so as
to provide the wide range of user selectable treatment.

[0188] The system may comprise a small core waveguide, for example less than about
100 um, so as to provide very efficient cutting and coagulation, and to provide substantial
accessibility to treatment sites with decreased invasiveness, for example endoscopic
procedures to the sinus cavity accessed through a nose of the patient. The waveguide can be
coupled to the laser such that the tissue at the treatment site is treated with the laser beam
output in accordance with the targeted tissue response, for example one or more of cold
ablation, including flash vaporization, ablation with coagulation, or coagulation without
substantial ablation. As the user can change the targeted tissue response during treatment, for
example in response to endoscopic images shown on a display, many surgeries can be
performed with decreased invasiveness and improved results.

[0189] The user selectable cutting or coagulation of tissue can be achieved in many
ways, for example, by pulsing the laser output beam in variable timing patterns and
combinations. The pulses can be generated by pulsing the pump source, pulsing the laser
beam with the g-switch, or pulsing both. The laser system may include a pump source such as
laser diodes coupled to a gain medium, a q-switch, mirrors sufficient to create a resonate
cavity with the gain medium disposed therein, optics to focus the output laser beam into a
delivery device such as a waveguide, a controller with a tangible medium, and a user
interface. The waveguide may comprise an optical fiber coupled to the laser output so as to
direct the laser output from the laser source to the treatment site. The system may further
comprise an insertion device that at least one of houses or holds the waveguide for insertion
of the waveguide into the body. The insertion device may be shaped to accommodate access
and placement of the waveguide for performing specific surgical procedures, such as surgery
of the sinus cavity.

[0190] Embodiments of the present invention provide improved methods and apparatuses so
as to provide versatile and effective tissue removal. The surgical laser system as described herein
can be used with many surgical procedures and can be used to access many surgical locations of a
patient, for example internal surgical locations. The surgical laser system has a user interface that
allows the user to select a treatment based on a desired tissue response such as cold ablation, including
flash vaporization, coagulation or ablation with intermediate levels of thermal damage. The laser
system comprises circuitry coupled to the user interface and the laser, such that the circuitry can adjust

the laser treatment parameters based on the tissue response identified by the user. The laser treatment



10

15

20

25

30

WO 2018/175322 PCT/US2018/023144

46

parameters adjusted with the circuitry can include one or more of the pulse duration or exposure duration
with continuous wave output, the output beam intensity, the intensity of the pumping of the gain
medium, or pulsing of the gain medium, for example. The user can view an image of the
tissue site, for example with an endoscope comprising viewing optics and the tissue treatment
waveguide, and the user can select the desired tissue response based on the endoscopic
images, such that the tissue can be cut with cold ablation, including flash vaporization,
coagulated, or cut with a desired level of thermal damage as targeted by the user.

[0191]  Figure 21 schematically illustrates a surgical field including a diseased tissue
2101 (a first type of soft tissue) penetrated by a nerve or vessel 2100 (a second type of soft
tissue). Thus, the nerve or vessel 2100 is surrounded by diseased tissue. In this setting, it
may be desirable to remove the diseased tissue 2101 without damaging the nerve or vessel
2100. In order to accomplish this, laser parameters of the laser system are set above
threshold for flash vaporization of the diseased tissue 2101, and below threshold for flash
vaporization of the outside layers (e.g., perineural tissue type or tunica externa tissue type)
of the nerve or vessel 2100.

[0192] As the pulsed laser beam 2102 is delivered into the surgical field along the
boundary between the diseased tissue and the nerve, pulses on delivery to the diseased tissue
2101 (schematically in the region 2103) are ablated by flash vaporization of the diseased
tissue 2101 resulting in void 2104. As the laser beam is moved along the boundary, the
pulses on delivery to the outside layers of the nerve or vessel 2100 do not result in ablation
or destruction of the outside layers of the nerve or vessel. Using the ablation phenomena of
flash vaporization, the pulsed laser beam 2102 on delivery to target tissue of the first type
(diseased tissue 2101) delivers a volumetric power density to an interaction volume in the
target tissue of the first tissue type that induces spinal decomposition in the tissue and
kinetic energy confined within the interaction volume to eject tissue of the first tissue type.
However, pulses of the pulsed laser being delivered to tissue of the second type do not
create kinetic energy to remove the tissue of the second type, leaving the structure
comprised of the second tissue type in place and acting as a flash vaporization stop.

[0193] As a result, the outside layers of the nerve or vessel 2100 in the surgical field
shown in Figure 21 act as an ablation stop, fully protecting the functional nerve or vessel

tissue, while allowing efficient removal of the diseased tissue surrounding the nerve.
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Similar effects can be implemented in other types of tissues, including for example tissue
types surrounding tendons or ligaments. Thus, the use of tissue-selective flash vaporization
allows for selective removal the first tissue type relative to tissue of the second type.

[0194] As a result of the selectivity of the ablation process, a surgical technique for
nerve mobilization is provided, by which a nerve bed can be ablated along a length of the
nerve, allowing a segment of the nerve to be separated from the nerve bed and moved to
provide access to structures otherwise underlying the nerve. Likewise, mobilization of
vessels or other tissue types can be accomplished.

[0195]  Figure 22 schematically illustrates a surgical field including a tonsil 2200, a
tonsillar hemi-capsule 2201, and a tonsillar bed 2202. In a surgical process to remove the
tonsil 2200, laser parameters are set above threshold for the tissue type (e.g. lymphatic or
epithelial tissue types) of the tonsil 2200 and below threshold for the tissue type of the
tonsillar hemi-capsule 2201.

[0196] As the pulsed laser beam 2204 is delivered into the surgical field, pulses on
delivery to the tonsil 2200 (schematically in the region 2205) are ablated by flash
vaporization of the tissue types of the tonsil 2200 resulting in void 2206. The procedure can
continue along the boundary created by the capsule 2201 (also called hemi-capsule) until all
of the tonsil tissue is removed in some cases. The pulses on delivery to the capsule 2201 do
not result in ablation or destruction of the tissue, fully protecting the underlying tonsillar bed
2202. Using the ablation phenomenon of flash vaporization, the pulsed laser beam 2204 on
delivery to target tissue of the first type (tissue types in the tonsil 2200) delivers a
volumetric power density to an interaction volume in the target tissue of the first tissue type
that induces spinal decomposition in the tissue and kinetic energy confined within the
interaction volume to eject tissue of the first tissue type. However, pulses of the pulsed laser
being delivered to tissue of the second type (capsule 2201) do not create kinetic energy to
remove the tissue of the second type, leaving the structure comprised of the second tissue
type in place and acting as flash vaporization stop.

[0197]  Figure 23 schematically illustrates a surgical field including multiple layers of
tissues of different tissue types, in this example a layer of mucosal tissue 2300 and a layer of
muscularis 2301. In a surgical procedure to remove the layer of mucosal tissue 2300, using
tissue-selective ablation as described herein, the layer of muscularis 2301 can be preserved
and act as a ablation stop. In this procedure, laser parameters are set above threshold for the

first tissue type of the top layer (mucosal tissue 2300), and below threshold for the second
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tissue type of the underlying layer (muscularis 2301). A procedure can involve moving the
laser beam so that it ablates the mucosal tissue 2300 exposing the boundary between the
mucosal tissue 2300 and the muscularis 2301. The laser beam 2302 can be moved along the
boundary (schematically in the region 2303) resulting in creation of the void 2304, and
relying on the ablation stop characteristics of the muscularis 2301 for the particular settings
of the laser as mentioned above, to protect the muscularis 2301. The pulses on delivery to
the muscularis 2301 as the beam is moved along the boundary do not result in substantial
damage to the muscularis 2301, and in some cases do not result in any ablation. Surgically
beneficial results are achieved if the ablation rate of the mucosal tissue 2300 is at least four
times faster than that of muscularis 2301, allowing the surgeon to observe exposure of the
muscularis 2301 and a smaller amount of ablation or thermal damage along the boundary,
but that does not cause significant damage to the layer of tissue, and move the beam away
from the muscularis as the upper layer is removed completely.

[0198] This technique is available for other types of layered tissue types, including the
tonsil example discussed with reference to Figure 22, and other layered tissue settings. This
technique operates when the layers of tissues include a first type of soft tissue in the top
layer, and a second type of soft tissue in the underlying layer.

[0199]  Figure 24 schematically illustrates a surgical field including healthy tissue 2401
surrounding a tumor 2400. In a surgical procedure to remove the tumor 2400, it may be
desirable to remove a margin of healthy tissue along the boundary of the tumor. In this
procedure, laser parameters are set above threshold for the first tissue type (healthy tissue
2401), and below threshold for the tissue type of the tumor 2400. The procedure can involve
moving the laser beam 2402 so that it ablates the healthy tissue 2401 along the boundary
between the healthy tissue and the tumor 2400, thereby exposing the boundary of the tumor
2400. This allows observation of the boundary of the tumor (schematically in region 2404)
resulting in the void 2403, and as the procedure is executed around the tumor 2400
providing improved likelihood of removing a margin of healthy tissue surrounding the
tumor 2400 along all the boundaries of the tumor.

[0200]  Figure 25 is a histological image showing a cross-section of a canine laryngeal
nerve after prolonged exposure (1 second) to a pulsed laser beam having laser parameters
above threshold for surrounding connective tissues as discussed above, and below threshold
for the outside layers of the nerve. As seen in the image, the nerve bundle includes

perineural tissue 2501 that surrounds and protects functional tissue 2503 of the nerve. In this
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example, the pulsed laser beam delivered repeated pulses to the outside surface of the nerve.
As can be seen, even after repeated pulses, only superficial thermal injury is caused to the
perineural tissue in the region 2500. The functional tissue 2503 of the nerve is fully
protected. Thus, it has been demonstrated that the tissue-selective flash vaporization as
described herein can provide a margin of safety for surgeons operating near nerves or in
tissue surrounding nerves. Also, the technology can be used for mobilizing nerves with very
low risk. Also, the technology can be used to remove tissue surrounding the nerves
providing clear margins into the perineural tissue.

[0201]  Figure 26 is a flowchart of a method for operating a laser for tissue-type selective
surgery as described herein. The method is started by accepting a user input signal on the
laser, such as turning on the power or providing an initiation command (2601). A user
interface is displayed prompting the user to select a first tissue type (tissue type A) and a
second tissue type (tissue type B) (2602). In response to user input selecting tissue type A
and type B, the system retrieves tissue type laser parameters (2603) from a tissue type
parameter table (2604). The tissue type parameter table 2604 can be stored in memory on a
processor coupled to the laser system, or accessible to a processor coupled to the laser
system via a communication network, or otherwise made available. Tissue type parameter
table 2604 can store laser parameters configured to exceed the ablation threshold of tissue
type A, while remaining below the ablation threshold of tissue type B. In some
embodiments, the selection of tissue type can involve identification of a surgical procedure,
in which the tissue types are implicit. In some embodiments, the laser parameter table 2604
maintains laser parameters for the ablation threshold of the tissue type to be removed, and
minimally above that tissue type so as to preserve all or most tissue types that have higher
ablation thresholds. In other embodiments, the laser parameter table 2604 maintains laser
parameters for the ablation threshold of the tissue type to be removed relative to the tissue
type to act as the ablation stop, so that the laser parameters can be more than minimally
above the tissue type to be removed for some tissue type pairings.

[0202] After retrieving the laser parameters, the laser operating parameters are set in the
laser system (2605). Next, an algorithm for verifying successful setting of the parameters
can be executed. If the parameters are not successfully set (2606), then an algorithm to retry
the laser parameter settings can be executed, returning to block 2605, for example. If the
parameters are successfully set (2606), the laser system can display a ready indicator for the

user, such as an update to a user interface notifying the operator that the system is ready for
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the specified surgical procedure (2607). When the system is ready, the system generates a
pulsed laser beam according to the set laser parameters in response to user input signals,
such as operation of a foot pedal or trigger by the surgeon (2608). If the procedure is
completed, a user input signal can be accepted indicating the end of the procedure (2609).
[0203] The process described with reference to Figure 26 assumes a human operator.
This procedure can also be executed under robotic control, relying on machine vision or
other process control technologies to move the pulsed laser beam along the boundary
between the tissue types.

[0204]  Figure 27 shows the disclosed invention being used for sinus surgery. The
patient 2870 has an imaging system 2880 inserted in a nostril. The imaging system 2880
may be a direct viewing type or it may have a camera with a video display 2860 such that
the surgeon can view the inside of the sinus cavity. An insertion device 2990 with an
insertion device handle 3000 and a waveguide 2980 is also inserted into the sinus cavity. The
proximal end of the waveguide 2980 is attached to a laser system 2890 with a user interface
2960. The user can adjust the user interface setting to achieve the desired clinical effect. In
one approach, flash vaporization as described above is utilized to remove tissue in the sinus
cavity. The user interface 2960 also provides a means to activate the laser system to deliver
energy to the treatment site via the waveguide 2980 and insertion device 2990.

[0205] Figure 28 shows the laser system of Figure 27 for implementing a versatile and
effective surgical tool with enhanced clinical capabilities usable for tissue selective
ablation in a variety of surgical settings and for a variety of tissue types. The laser system
has a gain medium 2900 and g-switch 2910 disposed between at least two mirrors 2920
aligned to form a resonant cavity. A pump source 2930 provides energy to excite the gain
medium 2900. A controller 2940 with a tangible medium 2950 may communicate or operate
the pump source 2930 and the q-switch 2910. A user interface 2960 communicates with the
controller 2940. The resulting laser energy passes through coupling optics 2970 to be
coupled into a waveguide 2980. The waveguide 2980 passes through an insertion device
2990 used to insert the delivery system into a body. The insertion device may have an
insertion device handle 3000 for the surgeon to hold and manipulate the insertion device
2990. In many embodiments, the laser system has a controllable pump source 2930 capable of
generating a pulsed laser output beam. Some non-limiting examples of controllable pump
sources include: flash lamp, arc lamp, hybrid lamp, diode laser, solid state laser, gas laser,

dye laser, fiber laser and direct electrical stimulation. The pump source 2930 may in turn have
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a power source to operate it. The power source may be controllable to provide pulsed power
to operate the pump source 2930 in a pulsed mode. Any means to control at least one of
pulse amplitude, pulse duration or pulse period, preferably all three, can be sufficient.
Dynamic pulse control may be in the form of one set of pulse parameters, fixed during an
exposure, for a given user setting and alternative sets of pulse parameters, fixed during the
exposure, for different user settings. Additionally, dynamic pulse control may be in the form
of one or all pulse parameters changing during an exposure in a specified way for a given user
setting, where each individual user setting may have different parameter changes during an
exposure.

[0206] In many embodiments, the gain medium 2900 is relevant to the desired tissue
effects and potentially relevant to the practical pulse parameters of the pump source 2930
and g-switch 2910. General types of gain mediums may include a solid state crystal,
waveguide, polymer, gas, liquid or semi-conductor material. The gain medium 2900 can
determine the allowable output wavelength or wavelength range. The wavelength can be
relevant to surgical laser systems because the wavelength affects how strongly the light
energy can be absorbed by tissue. Gain mediums and their respective output wavelengths can
be grouped into three categories: strongly absorbed by water, strongly absorbed by blood, and
in between, where absorption in both blood and water is relatively weak, as shown in Figure
33.

[0207]  Most tissue, including bone, has a higher water content than blood content so
wavelengths strongly absorbed by water tend to be more strongly absorbed in most tissue.
One method of enabling a broad dynamic range of tissue effects is choosing a wavelength
that is strongly absorbed in tissue, so that in combination with the appropriate pulsing
parameters the system can achieve an efficient 'cold' cut whereby leaving, at most, only a
shallow coagulation depth or no visible coagulation in the remaining tissue. Wavelengths
strongly absorbed in blood and the 'in between' wavelengths can also be used to enable a
broad dynamic range of tissue effects, but their ability to create a 'cold' cut is more
challenging and typically has a more complex and expensive pulsing implementation.
Wavelengths that are strongly absorbed in water are preferred. Certain gain mediums can
lase efficiently across a broad range of wavelengths and can thus be tuned to a specific
wavelength or wavelength band within its tunable range. Wavelength tuning can be fixed,
user adjustable or variable during an exposure. Tuning may enhance the system’s ability to

achieve a desired clinical goal. Thulium type gain mediums like Tm: YAP, Tm: YAG,
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Tm:YLF, efc. are typically strongly absorbed in water and can be readily transmitted down
optical fibers. Tm:YAP has further advantages for surgical applications since it lases at

1.94 um (a peak of water absorption) and a broad band of wavelengths above and below the
water absorption peak. Tm:YAP also has an upper state lifetime of ~ 4 ms and therefore can
be g-switched over a broad range of frequencies with high energy pulses. Laser systems
designed with output wavelengths that are strongly absorbed by water may implement measures
to prevent moisture from accumulating on the optical surfaces. Hermetic seal of the laser cavity,
desiccants, inert gas purging and other techniques may be used to keep water from ultimately
causing damage to the optical surfaces, including coatings. Similar measures may be used at
the waveguide coupling interface.

[0208] In many embodiments, the system may incorporate a small core flexible
waveguide 2980. One advantage of a small and flexible waveguide 2980 is enhanced
accessibility. Small waveguides can accommodate small endoscope working channels
allowing smaller overall diameters of the endoscopes without compromising clinical
functionality. Flexible waveguides accommodate flexible endoscopes allowing access to
areas where a straight line of access is difficult or impossible and the flexible scopes can do
so without increasing the risk to the patient, for example, access to the maxillary sinus cavity
base through the natural opening of the nostril rather than a hole cut into the cheek or gums.
Additional examples include natural orifice transluminal endoscopic surgery where, for
example, a gallbladder is treated via access into the mouth, down the esophagus, and through
the stomach wall. An endoscope with limited flexibility cannot be suitable to reach the
gallbladder via that path. Additionally, a flexible and small diameter endoscope can be more
easily manipulated once the working tip is located at the treatment site, allowing surgeon to
have better control to remove just the desired volume of tissue. Advances in small flexible
scopes have enabled new and clinical beneficial ways to access target areas, although this
equipment has been primarily for diagnostic purposes, in part, because no suitable surgical
tools exist that can function well with the size, length and flexibility specifications to be
compatible for performing treatments with these primarily diagnostic tools. An additional
advantage of a small waveguide 2980 is that high irradiances or high fluences can be
achieved with lower overall power or energy. For efficient ablation of hard or soft tissue some
threshold energy for a given area should be exceeded.

[0209] With the appropriate choice of wavelength, beam quality and pulse parameters, a
small low power system can outperform existing ablation technologies for tissue removal.

Additionally, in part due to the small interaction area and proper parameter choices, the
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collateral damage can be substantially non-existent. If some thermal damage is desired, for
instance to control bleeding, then the system parameters, such as enabling dual mode
operation, can be adjusted such that some thermal damage occurs even with the small
interaction area. High beam quality may enable the laser beam to be launched into a small
core fiber optic waveguide 2980. The beam quality is both relative to the ability to focus
down to a small enough spot to enter the waveguide 2980 and also to have a low enough
numerical aperture to operate with minimal loss or damage when the fiber is bent during use.
[0210] The controller 2940 can be a centralized or distributed system that can control directly
or indirectly the parameters of, at least, the pump source 2930 or g-switch 2910, preferably both. The
controlled parameters may include pulse duration, pulse amplitude and pulse period. The
controller 2940 may be capable of varying combinations of these pulse parameters down to an
individual pulse basis. The controller 2940 may also operate the system in a non-pulsing mode for
example continuous wave or quasi-continuous wave. The controller 2940 may include or
communicate with, directly or indirectly, a means to tune the output wavelength. The controller may
have a tangible, non-transitory data storage medium 2950, for example known RAM, ROM and flash
memory. The controller 2940 may include or communicate with the system's user interface 2960
allowing the user to select a setting that the controller 2940 may interpret and determine and
implement the necessary pulsing scheme to achieve the desired tissue effect. The controller
2940 may include or communicate with the power source for the pump source 2930 and/or
the g-switch 2910. An exemplary and relatively simple user interface for dynamic pulsing is
shown in Figure 40. The power adjustment 2691, which can be related to the cutting rate,
may be a knob, slide, button, touch screen or other meaningful interface mechanism allows
the user to select a power setting. A thermal adjustment 2692 mechanism which may also be a
knob, slide, button, touch screen or other meaningful interface mechanism would control the
level of thermal deposition into the tissue for the given power setting ranging from 'cold’,
substantially all ablative with little to no residual thermal damage, to 'hot', substantially all
thermal deposition with little to no ablation.

[0211] The surgeon may determine the appropriate settings based on the clinical need.
Once the settings are made, the controller 2940 can prepare the pump pulse configuration,
which may include the amplitude, period and pulse duration settings as well as the g-switch
pulse configuration, which may include the amplitude, duration and period settings. In this

example, the internal dynamic pulse parameter settings are within predetermined ranges for
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specific user interface input. Those predetermined ranges may be maintained in a portion of
the controller tangible medium.

[0212] Figure 29 illustrates a user input device in the form of a set of touch screen
sliders. The user input slide bar has been moved to the appropriate location. Now, based on
the slide position the controller 2940 correlates to a predetermined set of parameters. For
any inter-related parameter dependencies, for example g-switch pulse amplitude and g-switch
period, the controller would determine the range limits and/or the mix of settings to achieve
the desired outcomes as selected by the user. The dynamic predetermined settings may be
adjusted during an internal calibration 2944 cycle to fine tune the parameters and
accommodate the user power setting. When calibration is complete, the system is ready for
an exposure 2945. The controller 2940 can coordinate the timing of the dynamic pulse
sequences during an exposure. Many alternative user interfaces 2960 and control structures
can be used.

[0213] In the illustrated example, the touchscreen includes a POWER slide bar 2691 with
an input construct that is movable using the touchscreen input along the bar to establish a
power setting. Also, the touchscreen includes a THERMAL/DUAL MODE slide bar 2692
with an input construct that is movable along the bar using the touchscreen input to establish
dual-mode operations which can control thermal effects surrounding the ablation region,
including a soft tissue flash vaporization mode and a bone (hard tissue) flash vaporization
mode. For example, using the THERMAL/DUAL MODE slide bar 2692, a dynamic
sequence of flash vaporization pulses combined with coagulation pulses can be generated to
achieve the desired thermal effects. Also the touchscreen includes a TISSUE TYPE slide bar
2693 in this example. Using the TISSUE TYPE slide bar 2693, an input construct can be
moved using the touchscreen interface to select ablation thresholds for a plurality of soft
tissue types A-F. A user is able to select a threshold that is between first and second soft
tissue types for a given procedure using the TISSUE TYPE slide bar 2693 in this example.
[0214] Other user input constructs can be utilized as wells, such as a list of surgical
procedures that involve a plurality of tissue types, a list of tissue types in a pulldown menu,
or other user input constructs. User input constructs for starting and stopping procedures, and
other types of user input signal prompts can be included on the touchscreen. Also, user input
can be provided using other types of input devices, such as keyboards, voice recognition,

switches, dials and so on.
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[0215] Figure 30 shows an exemplary touch screen user interface for customizing dynamic pulse
parameters without transitions during exposures which can be selected for various thermal effects, such as
might be selected using the THERMAL/DUAL MODE slide bar 2692, of Figure 29. In this
example the dynamic pulse structure can be custom designed by the surgeon. The user can press the
arrows on the screen to increase or decrease the adjacent parameter. For example, the user may be
able to select each pulse parameter: amplitude, duration and period for both the pump pulses and the
g-switch pulses. In this example the 'TRANSITION RATE' adjustment is set to 'none' so the user
selected parameters remain fixed during the exposure.

[0216] Figure 31 shows a flow chart for an exemplary control system for dynamic pulsing
with an user interface as depicted in Figure 30. The controller 2940 can limit the range of
parameters selections to achievable settings, allowable parameter combinations 2947, and manage
the hierarchy of priority when selections are made. The system can then load pump and g-switch
device controllers with selected parameters 2948. An interal calibration 2944 is performed. If
necessary, some fine tuning of the parameters is performed to optimize the system, and then the system
is ready for exposure 2945. The controller can coordinate the timing of the dynamic pulse sequences
during an exposure.

[0217] Figure 32 shows an exemplary user interface with a customizable dynamic pulse scheme
including pulse transitions during the exposure. The user can press the arrows on the screen to
increase or decrease the adjacent parameter. For transitioning pulse sequences the initial pulse
sequence parameters are entered. Additionally, the final pulse sequence parameters are entered.
The user selects a ' TRANSITION RATE" varying from slow gradual transitions to fast abrupt
transitions. In this example, the transition rate is midway between fast and slow.

[0218] Figure 33 shows a flow chart for an exemplary control system with transitional dynamic
pulses with a user interface as depicted in Figure 32. The controller 2940 can limit the range of
parameters selections to achievable settings, allowable parameter combinations 2947, and manage
the hierarchy of priority when selections are made. For transitional pulse settings, the controller 2940
can compute or use predetermined values to structure the entire pulse sequences including the
transitional pulsing scheme 2949. The system can then load pump and g-switch device controllers
with selected parameters 2948. An internal calibration 2944 is performed. If necessary, some fine
tuning of the parameters is performed to optimize the system and then the system is ready for
exposure 2945. The controller can coordinate the timing of the dynamic pulse sequences during

an exposure. The controller may interface with a user activation switch to activate the laser
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system. The user activation switch may be a hand or foot activated device and may include
multiple functions.

[0219]  Figure 34 shows a laser system using an end-pumping scheme to pump the gain
medium, in accordance with embodiments of the present invention.

[0220] The resonator cavity may be formed with two mirrors 2920, one
predominately reflecting the lasing wavelength and one partially transmissive to the laser
output wavelength. The predominately reflective mirror may allow the pumping wavelength to
pass through the mirror enabling the gain medium 2900 to be end-pumped with a laser source
3040, for example a diode laser. The intra-cavity elements are at minimum a gain medium
2900 and may include a q-switch 2910. Additional intra-cavity elements may include:
lenses, substances for harmonic generation, elements to alter beam quality and various
permutations of these elements. Cavities with more than two mirrors may also be used. A
mirror may also be formed on the surface of an intra-cavity element rather than a standalone
element.

[0221] The coupling optics 2970 direct the laser output beam such that it can be coupled
into a waveguide 2980 and ultimately directed to a treatment site. Single, multiple or lens-less
configurations can be used as well as other techniques to direct beams.

[0222] The waveguide 2980 is preferably a low OH silica fiber capable of transmitting
IR light up to 2.5 um. The waveguide 2980 can be made from other transmissive materials
with consideration of the specific wavelength and powers being transmitted. The waveguide
2980 may have a secure recognition device integrated such that the laser system can recognize
when the waveguide is attached. The delivery system may include additional instrumentation
to house or hold the waveguide for example to allow insertion of the waveguide
endoscopically. The instrumentation may further facilitate manipulation of the waveguide
2980 and/or the waveguide tip to perform specific surgical functions. The instrumentation
may also include suction, irrigation, visualization, tissue manipulation functionality or their
permutations.

[0223] In many embodiments beam quality may be an important parameter. Beam
quality relates to the clinical tissue effect by affecting beam divergence at the output of the
delivery device tip, thus affecting the irradiance impinged on the tissue. Beam quality also
affects the minimal core size and numerical aperture of a fiber optic delivery device, which
affects the overall size and practical bend radius of the delivery fiber. End pumping is a

preferred technique to help achieve good beam quality. Other techniques may include
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apertures, intra-cavity transmissive elements, thermal management of the gain medium and
the general design of the resonant cavity.

[0224]  Pulse sequence structures can blend the cutting and coagulative tissue effects in
ways advantageous for the surgeon to achieve an optimal clinical result. One clinical benefit
of dynamically adjusting the pulse parameters and their permutations is that a surgeon can
determine the appropriate level of thermal deposition, across a broad range, to control
bleeding during surgery while preserving the viability of the remaining tissue. Another
clinical benefit is that dynamic pulse control enables the removal of both hard and soft tissue.
Dynamic pulse control also improves visibility for the surgeon during the procedure by
controlling bleeding, smoke or both. Dynamic pulsing additionally allows the trauma to the
remaining tissue to be controlled and thus expedites the patient recovery time and can also
reduce pain and suffering during the recovery period. Gain mediums producing
wavelengths strongly absorbed by water are preferred, but not necessary. These wavelengths
provide a cost effective means to produce a surgical laser system encompassing a broad
range of tissue effects. A high beam quality laser system enabling the use of small core
waveguides is also preferred. The small waveguides enable improved accessibility and
provide efficient tissue removal with minimal power or energy. Small waveguides are well
suited for minimally invasive procedures. Providing surgeons with a tool to remove all types
of tissue safely and effectively is beneficial for substantially all types of surgical
procedures. The system is well-suited for endoscopic natural orifice procedures such as
functional endoscopic sinus surgery, turbinate reductions, head and neck surgeries, colon,
rectal, esophageal, bariatric, trans-vaginal, cystoscopic surgery and others. It is additionally
well suited for laparoscopic surgeries such as appendectomies, hernia repair, bariatric,
cholescystectomy, bowel resection, sterilization and others. Orthopedic, spine, neurologic, brain
and traditional open surgeries can benefit as well. Future trends toward natural orifice
transluminal endoscopic surgery can also benefit from a small flexible delivery system with
broad and versatility selection of tissue effects.

[0225]  Figure 35 shows general representations of tissue effects caused by exemplary
dynamic pulse configurations that blend the cutting and coagulative tissue effects. The
pulsed treatment beam 3500 shows the ablative removal of tissue including flash
vaporization with no appreciable thermal damage to the remaining tissue. The pulsed
treatment beam 3501 shows primarily ablative removal of tissue with a small amount of

thermal damage to the remaining tissue. The pulsed treatment beam 3502 shows ablative
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removal of tissue with a moderate amount of thermal damage to the remaining tissue. The
pulsed treatment beam 3503 shows ablative removal of a small amount of tissue with a large
amount of thermal damage to the remaining tissue. Finally the pulsed treatment beam 3504
shows a large area of coagulated tissue with no appreciable ablative removal of tissue.
[0226] The diverse range of tissue interactions and surgical capabilities coupled with the
portability and a self-contained power source, such as a battery, make the system advantageous for
field use. Surgical interventions can be performed in emergency, rescue and military field situations.
Additionally, the advantages of a Flash Vaporization system, including in particular soft tissue-
selective flash vaporization, are well suited for robotic surgery.

[0227] It should be appreciated that the processor described above may comprise a processor
system having one or more processors, and that the tangible data storage medium of the processor may
comprise a computer program configured to implement the methods of tissue treatment illustrated
above, for example in accordance with the pulse sequences described above.

[0228] It should be appreciated that the specific steps illustrated in the flow diagrams above
provide particular methods of treating a patient or operating a laser system, according to
embodiments of the present invention. Other sequences of steps may also be performed according to
alternative embodiments. For example, alternative embodiments of the present invention may
perform the steps outlined above in a different order. Moreover, the individual steps illustrated in the
figures may include multiple sub-steps that may be performed in various sequences as appropriate to
the individual step. Furthermore, additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would recognize many variations,
modifications, and alternatives.

[0229] While the exemplary embodiments have been described in some detail, by way of
example and for clarity of understanding, those of skill in the art will recognize that a variety of
modifications, adaptations, and changes may be employed. Hence, the scope of the present

invention should be limited solely by the appended claims.
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CLAIMS

1. A method for tissue selective ablation in a surgical field including first and second soft
tissue types, comprising:

setting laser parameters above a first ablation threshold for the first soft tissue type, and
below a second ablation threshold for a second soft tissue type;

generating a pulsed laser beam using the laser parameters; and

moving the pulsed laser beam along a boundary between first and second soft tissue types
within the surgical field to selectively remove the first soft tissue type relative to tissue of the

second soft tissue type.

2. The method of claim 1, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type cause ablation, and on delivery to target tissue of the second

soft tissue type, do not result in destruction of the target tissue of the second soft tissue type.

3. The method of claim 1, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type have a first tissue removal rate, and on delivery to target tissue
of the second soft tissue type, have a second tissue removal rate, the first tissue removal rate

being at least four times faster than the second tissue removal rate.

4, The method of claim 1, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type deliver a volumetric power density to an interaction volume in
the target tissue of the first soft tissue type that induces spinodal decomposition in the tissue and
kinetic energy confined within the interaction volume to eject tissue of the first soft tissue type:
and

wherein pulses of the pulsed laser beam delivered to tissue of the second soft tissue type

do not create kinetic energy to remove tissue of the second soft tissue type.

5. The method of claim 1, wherein the laser parameters specify one or more of a spot size
adjustment and a pulse power adjustment, and generating the pulsed laser beam includes
producing laser pulses set according to the laser parameters, and having a wavelength between
1400 and 1520 nm or between 1860 and 2500 nm, having between 1 and 40 milliJoules per

pulse, and having a pulse duration less than 200 nsec.
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6. The method of claim 1, wherein moving the pulsed laser beam includes:

delivering pulses of the pulsed laser beam to a spot on target tissue, whereby an
interaction volume defined by area of the spot and a penetration depth (1/e) for the pulse in
water, the interaction volume having a ratio of depth to width from 2:1 to 1:6; and wherein pulse

parameters are set to be tissue type selective.

7. The method of claim 1, including setting the laser parameters in response to a user input

indicating the first soft tissue type.

8. The method of claim 1, wherein the pulsed laser beam has a wavelength between 1860
and 2500 nm.
9. The method of claim 1, including selecting a pulse repetition rate for the pulsed laser

beam in response to user input in a range from single shot to 2 kHz.

10. The method of claim 1, including delivering the pulsed laser beam using a silica optical
fiber, with energy and pulse duration combinations that are below the damage threshold for the

silica optical fiber.

11. The method of claim 1, wherein pulses of the pulsed laser beam delivered to tissue of the
first type induce spinodal decomposition within an interaction volume of target tissue of the first
type that creates kinetic energy to remove tissue of the first soft tissue type within the interaction
volume without depositing substantial energy in the tissue adjacent a cavity left by the removed
tissue; and

wherein pulses of the pulsed laser beam delivered to tissue of the second soft tissue type
do not create kinetic energy to remove tissue of the second soft tissue type within the interaction

volume.

12. The method of claim 10, wherein the volume of tissue of the first soft tissue type is
gjected without substantial stress propagation of mechanical energy into the tissue adjacent to the
target volume and without substantial thermal diffusion of thermal energy into the tissue adjacent

to the target volume.



(9]

S

O 0 N N W

10
11

12

13
14

15

16

17

18

19

20
21
22

23

24

25
26

27

WO 2018/175322 PCT/US2018/023144

61

13. The method of claim 1, wherein:

pulses of the pulsed laser beam have a wavelength with an associated optical penetration
depth_D in tissue of the first soft tissue type, an energy per pulse, a fluence ¢, a spot area and a
pulse duration tp toward an interaction volume of a target tissue; and including:

generating pressure within the interaction volume of the target tissue of the first soft
tissue type, which causes ejection of the target tissue within the interaction volume and heating
the interaction volume above a spinodal decomposition threshold at the optical penetration depth
using the laser pulses, wherein the wavelength is between 1400 and 1520 nm or between 1860
and 2500 nm and the energy per pulse between 0.5 milliJoules and 40 milliJoules, wherein the
interaction volume is a function of the optical penetration depth D and the spot area of the pulses
of the pulsed laser beam incident on the target tissue, where the spot area has a minimum width
W, and wherein the optical penetration depth D is a function of an absorption coefficient [, of
the target tissue that is determined by tissue properties and the wavelength, and wherein the
optical penetration depth and minimum spot width satisfy a condition that D is within a range of
1/6 W to 2 W, the pulse duration tp meets stress confinement conditions for the interaction
volume including:

t, < 1/u,vs and

tp <W/ 2vs, where V, — speed of sound in the target tissue, and further that the pulse

duration tp 1s less than 200 nsec; and

wherein the energy per pulse of the laser pulses in the heating of the interaction volume
heats water within the interaction volume to induce a phase transition by spinodal decomposition

within the interaction volume creating said pressure, and the fluence ¢, satisfies:
_ 4 P
tL
l-e* T'p,
for the first soft tissue type but not for the second soft tissue type, where:

P = pressure to eject the target tissue
t, =t AN

I' = dimensionless strength parameter of the target tissue.
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14. The method of claim 1, wherein the first soft tissue type comprises tissue surrounding or
adjacent to a nerve or vessel, and the second soft tissue type is perineural tissue of the nerve or

vessel tissue.

15. The method of claim 1, wherein the first soft tissue type comprises tonsillar tissue, and

the second soft tissue type is tissue of a tonsillar capsule.

16. The method of claim 1, wherein the first soft tissue type comprises tissue in a first layer,

and the second soft tissue type comprises tissue beneath the first layer.

17. The method of claim 1, wherein the first soft tissue type comprises mucosal tissue, and

the second soft tissue type comprises muscularis tissue.

18. The method of claim 1, wherein the first soft tissue type comprises tissue surrounding or

adjacent to a tumor, and the second soft tissue type is tumor tissue.

19. An apparatus for tissue-type selective ablation, comprising;

a laser system to generate a pulsed laser beam according to laser parameters;

a controller including a user input device to set one or more of the laser parameters above
a first ablation threshold for a first soft tissue type, and below a second ablation threshold for a
second soft tissue type; and

a beam delivery device coupled to the laser system to deliver the pulsed laser beam to

spots on the tissue.

20. The apparatus of claim 19, the pulsed laser beam having a wavelength between 1400 and
1520 nm or between 1860 and 2500 nm, having between 1 and 40 milliJoules per pulse, and
having a pulse duration less than 200 nsec.

21. The apparatus of claim 19, wherein the beam delivery device includes a silica waveguide.

22. The apparatus of claim 19, including a user input device to set a pulse repetition rate is

from single shot to 2 kHz.
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23. The apparatus of claim 19, wherein the laser system includes a gain medium comprising

a thulium doped host.

24, The apparatus of claim 19, wherein the beam delivery device comprises an endoscope

including one or more waveguides.

25.  The apparatus of claim 19, wherein pulses of the pulsed laser beam delivered to tissue of
the first type induce spinodal decomposition within an interaction volume of target tissue of the
first type that creates kinetic energy to remove tissue of the first type within the interaction
volume without depositing substantial energy in the tissue adjacent a cavity left by the removed
tissue; and

wherein pulses of the pulsed laser beam delivered to tissue of the second type do not

create kinetic energy to remove tissue of the second type within the interaction volume.

26. The apparatus of claim 19, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type cause ablation of tissue, and on delivery to target tissue of the

second soft tissue type, do not result in destruction of the target tissue of the second soft tissue

type .

27. The apparatus of claim 19, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type have a first tissue removal rate, and on delivery to target tissue
of the second soft tissue type, have a second tissue removal rate, the first tissue removal rate

being at least four times faster than the second tissue removal rate.

28. The apparatus of claim 19, wherein pulses of the pulsed laser beam on delivery to target
tissue of the first soft tissue type deliver a volumetric power density to an interaction volume in
the target tissue of the first soft tissue type that induces spinodal decomposition in the tissue and

kinetic energy confined within the interaction volume to eject tissue of the first soft tissue type.

29. The apparatus of claim 19, wherein the laser parameters specify one or more of a spot
size adjustment and a pulse power adjustment, and generating the pulsed laser beam includes

producing laser pulses set according to the laser parameters, and having a wavelength between
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1400 and 1520 nm or between 1860 and 2500 nm, having between 1 and 40 milliJoules per

pulse, and having a pulse duration less than 200 nsec.

30. The apparatus of claim 19, wherein the first soft tissue type comprises tissue surrounding
or adjacent to a nerve or vessel, and the second soft tissue type is perineural tissue of the nerve or

vessel tissue.

31. The apparatus of claim 19, wherein the first soft tissue type comprises tonsillar tissue,

and the second soft tissue type is tissue of a tonsillar capsule.

32. The apparatus of claim 19, wherein the first soft tissue type comprises tissue in a first

layer, and the second soft tissue type comprises tissue beneath the first layer.

33. The apparatus of claim 19, wherein the first soft tissue type comprises mucosal tissue,

and the second soft tissue type comprises muscularis tissue.

34, The apparatus of claim 19, wherein the first soft tissue type comprises tissue surrounding

or adjacent to a tumor, and the second soft tissue type is tumor tissue.

34. The apparatus of claim 19, wherein the controller includes memory storing a table of
laser parameter settings specifying laser parameters that fall below an ejection pressure threshold

for a selected protected tissue, and above a pressure threshold for a selected target tissue.

I/
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