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FLUID JET TISSUE RESECTION AND COLD COAGULATION (AQUABLATION)
METHODS AND APPARATUS

CROSS-REFERENCE
[0001] The present PCT application claims priority to U.S. App. Ser. No. 62/019,299, filed
June 30, 2014, entitled “FLUID JET TISSUE ABLATION AND INDUCED HEMOSTASIS
(AQUABLATION) METHODS AND APPARATUS” [attorney docket no.: 41502-712.101],
and U.S. App. Ser. No. 62/032,958, filed August 4, 2014, entitled “FLUID JET TISSUE
ABLATION AND INDUCED HEMOSTASIS (AQUABLATION) METHODS AND
APPARATUS” [attorney docket no.: 41502-712.102], the entire disclosures of which are
incorporated herein by reference.
[0002] The subject matter of this PCT application is related to and incorporates by
references the complete disclosures of the following commonly owned U.S. Patents and
pending applications: U.S. App. Ser. No. 61/874,849, filed September 6, 2013, entitled
“AUTOMATED IMAGE-GUIDED TISSUE RESECTION AND TREATMENT” [attorney
docket no.: 41502-708.101]; U.S. App. Ser. No. 61/972,730, filed March 31, 2014, entitled
“AUTOMATED IMAGE-GUIDED TISSUE RESECTION AND TREATMENT” [attorney
docket . No.: 41502-708.102]; U.S. App. Ser. No. 62/019,305, filed June 30, 2014, entitled
“AUTOMATED IMAGE-GUIDED TISSUE RESECTION AND TREATMENT” [attorney
docket . No.: 41502-708.103]; U.S. Application Serial No. 12/700,568, filed February 4,
2010, entitled “MULTI FLUID TISSUE RESECTION METHODS AND DEVICES”,
published as US 20110184391 [Attorney Docket No 41502-703.501].
[0003] The subject matter of this PCT application is also related to PCT Application
PCT/US2013/028441, filed on February 28, 2013, entitled “AUTOMATED IMAGE-
GUIDED TISSUE RESECTION AND TREATMENT” [attorney docket no. 41502-705.601]
and PCT Application PCT/US2011/023781, filed on February 4, 2011, published as
WO02011097505 on November &, 2011, entitled “MULTI FLUID TISSUE RESECTION
METHODS AND DEVICES?” [attorney docket no. 41502-703.602], the entire disclosures of

which are incorporated herein by reference.

BACKGROUND
[0004] The field of the present invention is related to the treatment of tissue, and more

specifically to the surgical treatment of an organ such as the prostate.
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[0005] Prior methods and apparatus of incising tissue of subjects such as patients can result
in less than ideal results in at least some instances. For example, prior methods of prostate
surgery can result in longer healing time and less than ideal outcomes in at least some
instances. In at least some instances, prior methods and apparatus of tissue resection can
result in more bleeding than would be ideal. Also, the prior methods and apparatus of cutting
tissue can provide less accurate cuts than would be ideal. Although electrocautery and laser
coagulation have been proposed as a potential solution to bleeding, treatment with
electrocautery or laser coagulation may result in an additional step to removal of tissue, and
the control of bleeding can be less than ideal. Also, the heat associated with electrocautery
may result in less than ideal results in at least some instances.

[0006] With prior surgical procedures, the recovery time of the patient can be related to the
manner in which tissue is removed, and it would be helpful to provide surgical procedures
with decreased recovery times. Also, tissue drainage can be somewhat greater than would be
ideal, and can be related to the manner in which tissue is incised. In at least some instances,
patients may benefit from a blood transfusion following surgery, and it would be better if
fewer blood transfusions were required subsequent to surgery.

[0007] Although removal of tissue with water jets can result in successful removal of
tissue, work in relation to embodiments suggests that further improvements may be helpful.
For example, the prior methods and apparatus of cutting tissue with a water jet can result in
somewhat less accurate cutting and potentially more bleeding than would be ideal in at least
some instances. Although prior methods of tissue cutting can cut ablate tissue with fluid jet
technology with the decreased transfer of heat to the tissue, work in relation to embodiments
suggests that in at least some instances prior water jet cutting can result in amounts of
bleeding that can be somewhat greater than would be ideal.

[0008] In light of the above, it would be helpful to provide improved methods and
apparatus for tissue treatment such as surgery. Ideally such methods would provide improved

resection of tissue with decreased bleeding and improved outcomes.

SUMMARY
[0009] The embodiments provide improved methods and apparatus of cutting tissue with a
water jet. In many embodiments, the apparatus is configured to provide hemostasis with
tissue removal in order to inhibit one or more of blood loss or tissue drainage. In many
embodiments, a nozzle releases a liquid jet in a liquid medium in order to provide cavitation

and a plurality of shedding pulses. The cavitation and the plurality of shedding pulses can
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affect vascular tissue in order to promote clotting in order to inhibit bleeding. In many
embodiments, vessels of the vascular tissue are affected at a distance from a region where
cavitation of the water jet contacts the tissue. In many embodiments, the cavitation and
plurality of shedding pules are related to a pulsatile shear wave propagating along the blood
vessel that is related to clot promoting changes of the blood vessel. In many embodiments,
the nozzle is placed at a distance from a tissue removal profile in order to provide
substantially abrasive tissue removal, in which vascular tissue and non-vascular tissue with
less collagen are removed at similar rates. Alternatively or in combination, the nozzle can be
placed at a distance from a tissue removal profile in order to provide substantially selective
tissue removal, in which vascular tissue and non-vascular tissue with less collagen are
removed at substantially different rates. In many embodiments, an endothelial cell lining of
the vessel wall is affected in order to promote blood clotting within the vessel.

[0010] In many embodiments wherein bleeding of the vascular tissue is inhibited with one
or more of: induced thrombosis in capillaries and arterioles related to endothelial injury, shear
stress and reduction in blood flow; adhesion and aggregation of platelets; deposition of fibrin;
deposition of fibrin related to obstructive vessel clotting; fluid pressure in an affected zone;
fluid pressure in an affected zone at a distance from a removal profile; inhibited blood the
affected vessels; partial collapse of the affected blood vessels; full collapse of the affected

blood vessels; and combinations thereof.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] A better understanding of the features and advantages of the present disclosure will
be obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the disclosure are utilized, and the accompanying
drawings of which:
[0012] Figure 1A is a schematic illustration of a device suitable for treating tissue in
accordance with embodiments;
[0013] Figure 1B shows a computer controlled device suitable for treating tissue in
accordance with embodiments;
[0014] Figure 1C shows a nozzle for treating tissue in accordance with embodiments;
[0015] Figure 2 shows an ablative flame visible to the human eye, in accordance with
embodiments.
[0016] Figure 3 shows a high speed image of the ablative flame as in Figure 2 taken at a

speed of about 1/400 of a second, in accordance with embodiments;
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[0017] Figure 4 shows a plurality of shedding pulses 995 and sweeping of the ablative jet
to provide smooth and controlled tissue erosion at a plurality of overlapping locations 997 in
accordance with embodiments;

[0018] Figure 5 shows maximum tissue penetration depth of cutting and flow rate through
a nozzle in accordance with embodiments;

[0019] Figure 6 shows maximum tissue penetration versus flow rate similar to Figure 5 in
accordance with embodiments;

[0020] Figure 7 shows a threshold transition from selective removal to abrasive removal
comprising a slope similar to the slope of the maximum penetration depth, with an offset in
accordance with embodiments;

[0021] Figures 8A and 8B show selective tissue removal, in accordance with embodiments;
[0022] Figure 9A and 9B show highly abrasive tissue removal in accordance with
embodiments;

[0023] Figure 10 shows a collapsed vessel wall, in accordance with embodiments;

[0024] Figure 11A shows a water jet flame removing tissue with shedding pulses in
accordance with embodiments; and

[0025] Figure 11B shows disruption to a blood vessel in accordance with embodiments.

DETAILED DESCRIPTION
[0026] A better understanding of the features and advantages of the present disclosure will
be obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of embodiments of the invention are utilized, and the
accompanying drawings.
[0027] Although the detailed description contains many specifics, these should not be
construed as limiting the scope of the invention but merely as illustrating different examples
and aspects of the invention. It should be appreciated that the scope of the invention includes
other embodiments not discussed in detail above. Various other modifications, changes and
variations which will be apparent to those skilled in the art may be made in the arrangement,
operation and details of the method and apparatus of the present invention disclosed herein
without departing from the spirit and scope of the invention as described herein.
[0028] As used herein the term “AquaBeam” encompasses a liquid jet provided in a liquid
to provide cavitation to tissue.
[0029] The fluid jet tissue ablation (hereinafter “Aquablation”) and methods and apparatus

for providing hemostasis with tissue cutting as disclosed herein are well suited for
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combination with many prior surgical procedures and apparatus. In many embodiments,
improved hemostasis is provided, which is related to the tissue incision with the jet. In many
embodiments, the jet comprises jet in a liquid medium which induces cavitation of the jet,
which can be referred to as a cool flame, which can be related to the substantially mechanical
shear stress interactions between the high-velocity fluid jet and the vessels in contact with the
jet. In many embodiments, the jet comprises sufficient energy above the threshold of
cavitation such that tissue removal of the jet is substantially insensitive to the type of tissue
and amount of collagen of the tissue and can cut vascular and granular tissue at similar rates.
The mechanical contact of tissue with the jet and corresponding shear can induce micro-
thrombosis in capillaries and arterioles can provide improved coagulation and corresponding
hemostasis. In many embodiments, the endothelial cells can be affected so as to facilitate the
release of blood clotting factors. The effect to the endothelial cells as described herein can
occur at a distance from the site where the cavitations of the jet and liquid medium strike the
tissue in order to provide improved hemostasis. In many embodiments, the substantially
mechanical shear stress can provide damage to the endothelial cells and provide a reduction
in blood flow, and may facilitate and enhance the adhesion and aggregation of platelets and
deposition of fibrin, so as to provide obstructive vessel clotting.

[0030] In many embodiments, shear stress supplied by the jet is sufficient to induce platelet
aggregation independent of complement activation. The platelet aggregation independent of
complement activation can occur in a manner similar to areas of high hemodynamic shear,
such as in arterial stenosis as described previously. See Blood. Sep 15, 2006; 108(6): 1903—
1910. PMCID: PMC1895550 Activation-independent platelet adhesion and aggregation
under elevated shear stress. ZM Rugerri et al. By providing water jet shear stress directly to
affected vessels, for a sufficient period of time platelet aggregation may achieve initial
hemostasis, allowing the coagulation cascade to thrombose the affected vessels and achieve
lasting hemostasis. As shear increases, the time to achieve hemostatic platelet aggregation
may decrease. The Aquablation as described herein can be tuned to improve hemostasis by
controlling pump power (and with it fluid velocity, and shear stress magnitude) and rate of
translation of the water jet. In many embodiments, higher pumping power and slower
translation of the jet are pro-hemostatic. Alternatively or in combination, the relative
contribution of various hemostatic factors (local pressure gradients, shear modulated
hemostasis, cavitation induced thrombosis) can vary depending on the position of the vessel
relative to the jet (for a specific pump power) position, as related to the evolution of the flame

with distance traveled from the jet nozzle exit.
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[0031] While the vessel clotting can be provided in one or more of many ways, in many
embodiments the fluid pressure in the affected zone during tissue treatment with the water jet
may rapidly inhibit and substantially decrease blood from exiting the affected vessels. In
many embodiments, the hemostasis as described herein is related to the partial or full collapse
of the affected vessels. In many embodiments, the substantially mechanical shear stress
provided with the cavitations can provides fluid jet tissue resection and ablation of tissue and
also to heat-free tissue coagulation.

[0032] FIG. 1A shows apparatus 100 comprising a handheld device, which may comprise a
shaft 102 having a distal end with a nozzle 104 oriented to deliver a pressurized fluid in an
axial stream water jet 101 with cavitation 103 as disclosed herein. The jet and tissue T can be
immersed in a liquid L such as saline or another liquid to provide shedding pulses with
cavitation as disclosed herein, for example. The liquid can be provided over the tissue with a
gas G such as air above the liquid. Alternatively or in combination, the tissue may comprise
an internal tissue covered with the liquid, for example. Water or other fluid is delivered
under pressure from the nozzle. The handheld device 100 is capable of delivering an axial
water jet or other pressurized fluid stream and is useful for the manual cutting of tissue or
bone, for example. The handheld device 100 is connected to a pressurized fluid source 120, a
fluid flow monitor 122, and control circuitry 124, typically by a connecting cord 126. The
fluid flow monitor 122 may comprise a pressure monitor for example. The user can thus
control the fluid pressure, movement of the nozzle (velocity, direction, limits, etc.) and other
aspects of the treatment protocol in addition to the axial and rotational movement parameters
using the control circuitry. Optionally, although not illustrated, the nozzle 104 will be
adjustable in order to adjust the width and focus of the fluid stream FS in order to allow
further flexibility for the treatment. When used for cutting tissue, the hand held shaft can be
manipulated much as a scalpel. Alternatively, the nozzle can be mounted on a computer
controlled positioning system such as a rotating, translating and oscillating probe, or a robotic
arm, and combinations therecof.

[0033] In many embodiments, the pressurized pump comprises a high pressure pump such
as a piston pump, for example. The control circuitry can be coupled to the pressure monitor
122, so as to provide a controlled flow rate. The controlled flow rate, in combination with the
nozzle can provide a cavitation flame at distance, in order to incise tissue as disclosed herein.
[0034] Figure 1B shows an apparatus 100 comprising computer controlled device suitable
for treating tissue T in accordance with embodiments. Apparatus 100 may comprise a

linkage 130 coupled to the treatment probe in order to treat tissue in response to computer
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commands. The linkage may comprise a linkage capable of translation, or capable of a
rotating, oscillating and translating, and combinations thereof, for example. The linkage can
be coupled to the processor 132 and may be guided under user control, for example. The
embodiments disclosed herein are suitable for combination with many devices to remove
tissue, such as computer controlled image guided treatment apparatus incorporated herein by
reference elsewhere.

[0035] Figure 1C shows a nozzle 104 for treating tissue in accordance with embodiments.
The nozzle can be configured in one or more of many ways as described herein, and is
suitable for combination with flow rates in order to provide tissue removal with hemostasis as
described herein. In many embodiments, a flow rate through the nozzle and the configuration
of the nozzle provide a maximum tissue removal distance. The jet 101 from the nozzle may
comprise a selective tissue removal region 105 and a non-selective tissue removal region 107.
The selective tissue removal region 105 of the jet can selectively remove tissue at rates in
response to collagen of the tissue. For example, collagenous tissue such as blood vessel walls
can be removed more quickly than tissue with less collagen such as granular tissue. The non-
selective tissue removal region 107 of the jet can remove tissue having different amounts of
collagen as substantially similar rates. For example, collagenous tissue such as blood vessel
walls can be removed at rates substantially similar to tissue with less collagen such as
granular tissue. A threshold transition zone 109 can be located between the selective tissue
removal region and the non-selective tissue removal region.

[0036] The nozzle can be mounted on a carrier 382 comprising a fluid delivery element and
design considerations of the fluid delivery element. The carrier 382 can be provided on a
rotating, translating and oscillating probe, for example. The jet orifice 111 design of the fluid
delivery element can be configured in one or more of many ways as described herein, so as to
provide a plurality of shedding pulses. Fluid jet ablation characteristics can be varied by
varying the jet orifice geometry. For example cone angle 113 variation can result in an
increase or decrease in cavitation 103 occurring at the nozzle exit. The jet orifice design may
comprise a cone at one or more of the entrance or the exit of the orifice 111. The cone angle
can vary from 0 to 180 degrees, for example.

[0037] In many embodiments, the jet nozzle profile also influences the degree of fluid
acceleration and amount of cavitation. For example, a sharp edged orifice can induce a
higher jet velocity at exit from the vena cava effect, with correspondingly greater amounts of

cavitation 103 in the jet far field.
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[0038] The orifice diameter 115 and orifice length 117 variation can result in a variation in
nozzle back pressure and exit speed of the fluid stream. The resulting cavitation region varies
with each of these parameters. The cavitation region may comprise a cloud of cavitation
bubbles generated by the nozzle. The depth of tissue penetration can be determined and
controlled as described herein. In many embodiments the cavitation region can be visualized
with ultrasound imaging or optical imaging in combinations thereof. The cavitation region
corresponds to a region where bubbles are formed, which allows the entrainment region to be
visualized and can be referred to as a fluid flame. The cool cutting of the cavitation region
can allow for tissue removal with minimal tissue damage. In many embodiments the cone
angles within a range from about 40 degrees to about 80 degrees. A ratio of the orifice length
to the inner diameter of the orifice can be within a range from about 1 to 10, for example,
within a range from about 4 to 7. A person of ordinary skill in the art can design a jet orifice
to treat tissue as described herein based on the teachings provided herein.

[0039] COLD FLAME

[0040] Figure 2 shows an ablative flame visible to the human eye, in accordance with
embodiments.

[0041] Figure 3 shows a high speed image of the ablative flame as in Figure 2. The image
was taken at a speed of about 1/400 of a second.

[0042] The data of Figures 2 and 3 show that the ablative flame comprises a plurality of
white clouds generated with the ablative stream when released from the nozzle. Work in
relation to embodiments has shown that the cavitating cloud can shed from the jet at a
characteristic shedding frequency. A length 992 of each cloud is related to the shedding
frequency and the velocity of the cloud. The relatively cool ablative flame of the jet
comprises a length 990 corresponding to the cutting length of the jet which can be adjusted to
cut tissue to controlled depth as described herein. In many embodiments, nozzle of the jet is
placed at least about a quarter of the length 992 of a shed cloud in an non-cutting
configuration as shown in Figure 3, in order to allow the shedding cloud to substantially form
prior to the cloud striking tissue. This divergence of the shed cloud to a larger cross sectional
size can also provide improved tissue removal as the cloud can be distributed to a larger
region of tissue and provide improved overlap among the pulses of the jet.

[0043] In addition to the impact pressure of the jet, the highly turbulent and aggressive
region corresponding to the white cloud of the image contributes substantially to the ablation
of tissue as described herein. The white cloud comprises a plurality of cavitation regions.

When pressurized liquid comprising water is injected into water, small cavitations are
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generated in areas of low pressure in the shear layer, near the nozzle exit. The small
cavitations may comprise cavitation vortices. The cavitation vortices merge with one
another, forming large discrete cavitation structures that appear in the high speed images as
cavitation clouds. These cavitation clouds provide effective ablation when interacting with
tissue. Without being bound by any particular theory, it is believed that the cavitation clouds
striking tissue cause substantial erosion of tissue related to the cavitations in combination
with the high velocity fluid that defines the cavitation clouds striking tissue.

[0044] The nozzle and pressure as described herein can be configured to provide the
pulsatile clouds, for example with control of the angle of the nozzle, by a person of ordinary
skill on the art based on the teachings provided herein. In many embodiments, the nozzle of
the fluid delivery element comprises a cavitating jet in order to improve ablation of tissue.
[0045] The fluid delivery element nozzle and pressure can be arranged to provide a
shedding frequency suitable for removal of tissue. The fluid delivery element can be located
on the probe at a distance from the tissue as described herein in order to provide improved
tissue resection.

[0046] In many embodiments, the “white cloud” of “flame” comprises an “entrainment”
region where surrounding water is drawn in or “entrained” into the jet. Work in relation to
embodiments suggests that the entrainment of fluid can be related to the shedding frequency.
[0047] The shedding frequency and size of the cloud shed from the jet can be used to
provide tissue ablation in accordance with embodiments. The shedding frequency can be
combined with the angular sweep rate of the probe around the longitudinal axis to provide
overlap of the locations where each cloud interacts with the tissue.

[0048] The shedding pulses as described herein can be beneficially combined with the
scanning of the jet as described herein.

[0049] Figure 4 shows a plurality of shedding pulses 995 and sweeping of the ablative jet
to provide smooth and controlled tissue erosion at a plurality of overlapping locations 997 in
accordance with embodiments. This shedding frequency can be substantially faster than the
pump frequency, when a pump is used, such that a plurality of shedding clouds are provided
for each pulse of the pulsatile pump. The sweep rate of the probe can be related to shedding
frequency to provide improved tissue removal, for example with the shedding clouds
configured to provide overlapping pulses.

[0050] In many embodiments, the system comprises a pump having a frequency less than a
frequency of the shedding pulses, in order to provide a plurality of shedding pulses for each

pulse of the pump. The pump can have a pulse rate of at least about 50 Hz, for example
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within a range of about 50 Hz to about 200 Hz, and the shedding pulses comprise a frequency
of at least about 500 Hz, for example within a range from about 1 kHz to about 10 kHz.
[0051] Although pulses of a pump are illustrated, similar scanning of pulsed clouds can be
provided with a continuous flow pump.
[0052] While the nozzle can be configured in one or more of many ways, in many
embodiments the nozzle comprises a Strouhal number (hereinafter “St”) within a range from
about 0.02 to about 0.3, for example within a range from about 0.10 to about 0.25, and in
many embodiments within a range from about 0.14 to about 0.2.
[0053] In many embodiments, the Strouhal number is defined by:
[0054] St= (Fshed)*(W)/U
[0055] where Fshed is the shedding frequency, W is the width or diameter of the cavitating
jet, and U is the velocity of the jet at the exit. A person of ordinary skill in the art can modify
nozzles as described herein in order to obtain shedding frequencies suitable for combination
in accordance with embodiments described herein, and experiments can be conducted to
determine the cloud lengths and shedding frequencies suitable for tissue removal.
[0056] The nozzle configurations providing plurality of shedding clouds are suitable for
use with one or more of the treatment probes as described herein.
[0057] CAVITATION
[0058] Cavitation is a phenomenon that occurs when a high pressure waterjet shoots
through a nozzle into a liquid medium. Localized vapor pockets form as nuclei containing
minute amounts of vapor and/or gas destabilize as they are subjected to drops in pressure
rather than the commonly known method of addition of heat. Cavitation occurs when the
local pressure drops below the vapor pressure, which occurs when the negative pressure
coefficient (—Cp) is greater than cavitation number (o), respectively governed by the
equations below

(1) _Cp — plref —p

2
5P Vref

(2) G = p;ef _zpv
P Vref

[0059] where pris the hydrostatic pressure at the nozzle depth, p is the local pressure at
the jet, p is the fluid density, veer is the exit velocity of the waterjet at the nozzle, and py is the

vapor pressure. When a liquid flows through a constricted region, its velocity inreases to

maintain continuity and there is a corresponding drop in pressure, known as the Venturi
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effect. Applying this to submerged waterjets, the velocity of water exiting through a nozzle is
increased dramatically due to the constriction while the pressure of the jet stream is
substantially reduced. When the pressure reduction is significant enough, it can drop below
the vapor pressure, resulting in vapor cavity formation.

[0060] For a given flow dynamic, a cavitation number o exists above which cavitation does
not occur and below which cavitation will be present with increased cavitating region size.
Several smaller pockets can combine to form a larger vapor cavity. As the momentum of the
waterjet carries the vapor cloud further away from the nozzle into surrounding medium,
viscous forces cause the jet velocity to drop and there is a corresponding rise in pressure. This
rise causes the vapor cavity to collapse, resulting in a pressure pulse which further accelerates
nearby water and causes localized microjets to form. Both the liquid microjets and pressure
pulse can exceed the damage threshold energy of a material and cause erosion. Due to the
rapid loss in velocity as the jet moves away from the nozzle, beyond a given distance the
kinetic energy of the stream no longer exceeds the threshold energy and pressure waves and
microjets from collapsed cavitation clouds becomes the primary modality for erosion.

[0061] In many embodiments, cavitation is dependent on local changes in pressure only,
making it an isothermal phenomenon, meaning no thermal fluctuations are expected.
Experimentally, as the vapor cavitation grows in size, latent heat is drawn from the
surrounding liquid, and a very small drop in temperature (~0.35° C) can be observed.
Although in many embodiments, the process is not entirely isothermal, the almost negligible
change in temperature is why waterjet cutting is useful for machining sensitive parts that
demand no heat-affected zones.

[0062] In many embodiments, pressure pulse and microjet erosion becoming the primary
modality of material removal is the limited erosion radius. Since cavitation occurs due to the
pressure differential of the waterjet relative to the ambient liquid pressure, vapor cavities can
only exist up to a maximum distance before the cavity collapses as the jet slows down and the
pressure comes to equilibrium with the surrounding liquid. As a result, submerged waterjet
cutting becomes substantially self-limiting due to the range of pressure pulses and microjets
before they dissipate and is a very safe and high precision tool to cut with. In alternative
embodiments, a gaseous waterjet will have high kinetic energy levels that exceed the
threshold energy at much longer distances since there are relatively minimal forces acting on
the jet to slow it down.

[0063] Figure 5 shows maximum tissue penetration depth of cutting and flow rate through

a nozzle in accordance with embodiments. The maximum penetration depth corresponds
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substantially to the length of the cavitation bubbles of the jet comprising the “cold”
aquablation flame. The maximum tissue penetration depth of ablation corresponds directly to
the flow rate and in many embodiments is linearly related to the flow rate.

[0064] The flame with cavitations is shown with 10 flow settings corresponding to flow
rates within a range from about 50 ml/min to about 250 ml/min with a nozzle and rotating
probe as described herein. The maximum penetration depth ranges from about 4 mm at 50
ml/min to about 20 mm at 250 ml/min.

[0065] The inset of Figure 5 shows cut potato as a model of prostate BPH, in accordance
with embodiments. The maximum penetration depth of potato corresponds closely to the
maximum cut depth of BPH. The potato is shown cut with 6 flow settings corresponding to
flow rates within a range from about 50 ml/min to about 250 ml/min with a nozzle and
rotating probe as described herein. The maximum penetration depth ranges from about 4 mm
at 50 ml/min to about 20 mm at 250 ml/min, consistent with the images of the cavitations of
the jet comprising the cool “flame” as described herein.

[0066] In many embodiments, the cavitation cloud growth and length comprises a function
of flow rate, which is proportional to the injection pressure and vice versa, for an
appropriately configured nozzle as described herein. As the pressure increases, the maximum
erosive radius appears to increase linearly, which is shown as the maximum penetration depth
of Figure 5.

[0067] High velocity cavitating jets can be created by using a known high pressure pump to
force the water through a nozzle in either a continuous or pulsatile flow. Despite the flow
type produced by a pump, the cavitation phenomenon will be pulsatile due to the unsteady
nature of vapor cavities and the cavity formation will be pulsatile even in a continuous flow
jet as described herein. Without being bound to a particular theory, it is believed that both
pulsatile and continuous flow waterjets will result in equivalent amounts of material erosion
over a given amount of time. In many embodiments, nozzle geometry is configured to
provide the flow dynamics and cavitation process as described herein. In many
embodiments, the nozzle is configured to inhibit tight constriction at the waterjet exit, which
can be related cavitation can occur inside the nozzle itself. In many embodiments, the sharp
corners cause the water to separate from the wall and converge towards the nozzle centerline,
further constricting the waterjet pathway while simultaneously reducing frictional effects
caused by the nozzle wall. This results in an increased velocity along with the corresponding
pressure drop and the vapor cavities formation. Vapor cavity formation will impact the

overall flow dynamics as their eventual collapse results in turbulence and can affect erosion
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depth. A person of ordinary skill in the art can conduct experiments to determine appropriate
nozzle geometry and flow rate to provide tissue removal as described herein without undue
experimentation.

[0068] Aquablation

[0069] Submerged waterjet cutting as described herein has the capability to take advantage
of the cavitation phenomenon to treat patients with Benign Prostatic Hyperplasia (BPH). The
jet removes the excess soft tissue growth seen in BPH through the pressure pulses and
microjets caused by collapsed vapor cavities. The waterjet direction can be manipulated by
changing the location and orientation of the devices nozzle in one or more of many ways.
For example, by one or more of translating the nozzle along the anterior-posterior direction or
by rotating the nozzle up to an angle such as 180 degrees, for example, and combinations
thereof. As the handpiece probe may sit on the anterior side of the prostate, a rotation angle
can be used for ablating the tissue obstruction.

[0070] As vapor cavity formation and its erosive strength is a function of both injection
pressure and the flow dynamics, the depth of material can be controlled by configuring the
pressure as well as nozzle geometry. A greater injection pressure can result in a faster exit
velocity. As described herein, the nozzle geometry can further increase the velocity
depending on the constriction and will affect the degree of pressure drop as the waterjet exits
through the Venturi effect. These factors can result in longer distances the cavitation clouds
can grow to and travel before collapsing and releasing pressure pulses and microjets. The
nozzle geometry and pressure settings of the Aquablation system have been optimized to give
the user precise control and ensure the cavitating jet removes only the desired benign tissue
growth.

[0071] The images provided herein show the how tissue erosion depth is a function of
pressure, in accordance with embodiments. The images show the smaller cavitation cloud
length and corresponding tissue resection depth for a lower injection pressure as compared
with other images.

[0072] In many embodiments, Aquablation as described herein is capable of removing the
excess tissue growth, e.g. BPH, with substantial removal and damage of arteries and veins
and inhibited bleeding. In many embodiments, the jet is positioned to provide cavitation
energy above the threshold of both growth tissue such as BPH and collagenous tissue such as
blood vessels, with decreased bleeding. The pressure pulses and microjets provided by
cavitation exceed the threshold energy required to erode the soft tissue growth and the other

structures like vessels which have a much higher threshold energy.
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[0073] In many embodiments, generation of harmful emboli are inhibited. Vapor cavity
formation may benefit from a minute nucleus of air already present in the blood stream, for
example. Cavitation can result in the growth of the nucleus without any additional air being
introduced into the system. Furthermore, the cavity will collapse once the local jet pressure
exceeds the vapor pressure, such that the air pockets may reduce back to their original
nucleus size. In many embodiments, embolus formation is inhibited as cavitation depends on
and can be limited to micro amounts of air native to the saline solution surrounding the
urethra, and the vapor cavities quickly dissipate as the jet pressure begins to rise.

[0074] Figure 6 shows maximum tissue penetration 110 versus flow rate similar to Figure 5
in accordance with embodiments. The nozzle positions in relation to tissue can be used to
determine the tissue incision as substantially abrasive, or substantially selective, and
combinations thereof, for example. Selective tissue removal 105 of substantially non-
collagenous tissue such as BPH at rates substantially faster than collagenous tissue such as
vessels can be provided at distances beyond a transition threshold 109. Highly abrasive
substantially non-selective removal 107 can be provided at distances from tissue less than the
threshold distance 109, for example. The transition threshold may comprise a substantially
linear function with an offset. For example, the slope can be somewhat steeper than the
transition threshold with an offset.

[0075] The threshold transition from selective tissue removal to highly abrasive
substantially non-selective tissue removal may comprise one or more of many functions of
flow rate and distance from the nozzle. For example, the threshold transition may comprise
one or more of a linear function, a polynomial function, or an empirically determined
transform function, and combinations thereof, for example. A person of ordinary skill in the
art can determine the distances for selective removal and substantially abrasive tissue
removal in accordance with the teachings as described herein without undue experimentation.
[0076] Figure 7 shows a threshold 109 transition from selective removal 105 to abrasive
removal 107 comprising a slope similar to the slope of the maximum penetration depth 110,
with an offset in accordance with embodiments. The offset can be related to the fluid jet
parameters as described herein.

[0077] Figures 8A and 8B show selective tissue removal, in accordance with embodiments.
The tissue can be positioned at a distance greater than the transition threshold in order to
provide selective tissue removal. Figure 8A shows tissue T prior to selective removal. The
soft granular tissue GT can be substantially removed with inhibited removal of collagenous

tissue CT such as blood vessels V, as shown in Figure 8B. Work in relation to embodiments
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suggests that the shedding pulses as described herein can affect the endothelium, which may
contribute to clotting and decreased bleeding in accordance with some embodiments.

[0078] Figure 9A and 9B show highly abrasive tissue removal in accordance with
embodiments. Figure 9A shows tissue T prior to removal. Figure 9B shows the tissue
subsequent to removal. The collagenous tissue CT comprising the blood vessel V can be
removed at substantially the same rate as the substantially less collagenous granular tissue
GT such as BPH, as shown with the removal profile RP. The highly abrasive tissue removal
can be provided with the nozzle positioned at a distance less than the transition threshold for
a provided flow rate as described herein.

[0079] In many embodiments, the endothelial cell lining E of the blood vessels V can be
affected so as to provide one or more of micro clotting; clotting; emboli or micro-emboli, and
one or more biological responses as described herein. In many embodiments, induced micro-
clotting C can substantially occlude the blood vessels and capillaries of the occluded tissue.
[0080] Figure 10 shows a collapsed vessel wall CW, in accordance with embodiments.

The collapsed vessel wall CW can be generated with the highly abrasive cavitation as
described herein. In many embodiments, the cavitation and jet can induce collapse of the
vessel wall W. The collapse of the vessel wall can inhibit blood flow through the incised end
of the vessel V.

[0081] The vessel wall can inhibit blood flow in one or more of many ways in response to
the cavitation. In many embodiments, the ends of the cut vessel may comprise strands of cut
collagen that provide an increased surface area to provide interaction with platelets and blood
cells to induce clotting. The frayed ends of the blood vessel can extend inwardly toward to
the end of the severed blood vessel so as to inhibit bleeding, for example. Alternatively or in
combination, the endothelium of the blood vessel can be affected so as to provide clotting
within the vessel.

[0082] Figure 11A shows a water jet flame 101 removing tissue with shedding pulses in
accordance with embodiments. In many embodiments, the water shedding pulses induce a
shear wave 121 along the lumen of the blood vessel V. The plurality shedding pulses as
described herein can provide oscillations of the liquid within the blood vessel. In many
embodiments, the oscillations provide a shear wave propagating transverse to the vessel wall
W at a distance from the tissue region where the flame strikes. This shear wave can induce
coagulation at a distance from the region contacted with the cavitation 103 as shown in
Figure 11A. The disruption of the vessel at a distance from the jet may comprise one or more

of shearing of the endothelial layer E of the vessel, lysis of a plurality of endothelial cells at a
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distance, shearing of a plurality of red blood cells RBC, lysis of the plurality of red blood
cells shearing of platelets, partial removal of endothelial cells from the vascular wall,
complete removal of endothelial cells, generation of fibrin or clotting, and combinations
thereof, for example.

[0083] In many embodiments, the plurality of shedding pulses comprises at least about two
shedding pulses for each pulse of the pump, for example within a range from about 5 to about
20 shedding pulses per pulse of the pump. The shedding pulses may comprise highly
abrasive shedding pulses as described herein, or selective shedding pulses as described
herein, and combinations thereof for example.

[0084] Work in relation to embodiments suggests that the substantially abrasive zone of the
jet comprising shedding pulses can be effective in providing the increased clotting as
described herein. Alternatively or in combination, the selective tissue removal zone can be
effective in providing the increased clotting as described herein.

[0085] Figure 11B shows disruption 123 to a blood vessel V in accordance with
embodiments. The disruption of the endothelium E and corresponding clotting C as
described herein are shown at a distance 125 from the tissue removal profile RP.

[0086] While preferred embodiments of the present disclosure have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are
provided by way of example only. Numerous variations, changes, and substitutions will be
apparent to those skilled in the art without departing from the scope of the present disclosure.
It should be understood that various alternatives to the embodiments of the present disclosure
described herein may be employed without departing from the scope of the present invention.
Therefore, the scope of the present invention shall be defined solely by the scope of the

appended claims and the equivalents thereof.
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WHAT IS CLAIMED I8S:

1. A method of ablating vascular tissue, the method comprising:

Directing a nozzle providing a jet toward the vascular tissue in a liquid
medium,;

Removing the vascular tissue with a plurality of shedding pulses;

Wherein bleeding of the vascular tissue is inhibited.

2. The method of claim 1, wherein the nozzle is positioned at a distance
from the tissue no more than a transition threshold distance in order to remove vessels and
non-vascular tissue of the vascular tissue at similar rates.

3. The method of claim 1, wherein the jet comprises a substantially
abrasive jet in order to remove vessels and non-vascular tissue of the vascular tissue at
similar rates.

4. The method of claim 1, the plurality of shedding pulses comprise
substantially abrasive shedding pulses in order to remove vessels and non-vascular tissue of
the vascular tissue at similar rates.

5. The method of claim 1, wherein the nozzle is positioned at a distance
from the tissue greater than a transition threshold distance in order to inhibit removal of
vessels and to selectively remove non-vascular tissue of the vascular tissue at different rates.

6. The method of claim 1, wherein tissue is removed with a removal
profile and the bleeding is inhibited at a distance from the removal profile.

7. The method of claim 1, wherein bleeding of the vascular tissue is
inhibited with one or more of: induced thrombosis in capillaries and arterioles related to
endothelial injury, shear stress and reduction in blood flow; adhesion and aggregation of
platelets; deposition of fibrin; deposition of fibrin related to obstructive vessel clotting; fluid
pressure in an affected zone; fluid pressure in an affected zone at a distance from a removal
profile; inhibited blood flow in the affected vessels; partial collapse of the affected blood
vessels; full collapse of the affected blood vessels; and combinations thereof.

8. The method of claim 1, wherein the shedding pulses provide a pulsatile
shear wave extending a distance from the cut profile to an affected location of the blood
vessel, and wherein the affected location promotes blood clotting.

9. The method of claim 1, wherein a plurality of pump pulses is directed

to a location of tissue for removal and wherein each of the plurality of pulses comprises a
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plurality of shedding pulses and wherein the tissue is removed from the location with the
plurality of shedding pulses of each of the pump pulses.

10 An apparatus to ablate vascular tissue, the apparatus comprising,

A pump;

A nozzle coupled to the pump, the nozzle sized for immersion in a liquid;

Circuitry coupled to the pump and the nozzle, the circuitry configured to
provide a plurality of shedding pulses with a jet released into the liquid.

11.  The apparatus of claim 10, wherein the pump provides a flow rate and
the nozzle is configured to provide a plurality of shedding pulses in order to provide a
pulsatile shear wave extending a distance from the cut profile to an affected location of the
blood vessel, and wherein the affected location promotes blood clotting.

12.  The apparatus of claim 10, wherein the nozzle is arranged with the
tissue at a distance no more than a threshold transition distance from the tissue.

13.  The apparatus of claim 10, wherein the nozzle is arranged with the
tissue at a distance greater than a threshold transition distance from the tissue.

14.  The apparatus of claim 10, further comprising a processor comprising
instructions to treat the vascular tissue with the nozzle, the processor coupled to a linkage to
move the nozzle in response to the instructions, wherein the processor comprises instructions
to remove the tissue with a tissue removal profile with the nozzle positioned at a distance no
more than a threshold transition distance for selective tissue removal from the profile.

15.  The apparatus of claim 10, wherein the pump comprises a piston to
deliver a plurality of pump pulses and wherein the nozzle and the flow rate of the pump are
configured to provide a plurality of pump pulses and each of the plurality of pump pulses
provides a plurality of shedding pulses.

16. A method, the method comprising using the apparatus as in any one of
the preceding claims.

17. A method of cutting tissue, the method comprising:

directing a liquid jet toward the tissue to be cut, wherein jet hydrodynamic
parameters are configured to allow mechanical disruption of the tissue, wherein the jet
hydrodynamic parameters are also configured to inhibit bleeding.

18.  The method of claim 17, wherein the hydrodynamic parameters
comprise one or more of a fluid jet velocity or a shear stress field.

19.  The method of claim 17, where the hydrodynamic parameters of the jet

control a cavitation field in order to cut tissue with inhibited bleeding.
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20.  The method of cutting vascularized tissue, the method comprising:

directing a nozzle providing a jet toward the vascularized tissue in a liquid
medium,;

cutting the vascularized tissue through mechanical interaction of the jet with
the tissue;

wherein bleeding of the cut vessels within the vascular tissue is inhibited.

21.  The method of claim 20, wherein bleeding of the cut vessels within the
vascular tissue is inhibited by one or more of platelet aggregation or thrombus formation in
response to one or more hydrodynamic parameters of the liquid jet wherein the one or more
hydrodynamic parameters of the liquid jet comprises one or more of velocity, shear stress, or
pressure.

22.  The method of claim 20, wherein bleeding is inhibited by an
interaction of cavitation with the cut vessels.

23.  The apparatus of claim 1 or the method of claim 20, wherein the
shedding pulses provide a pulsatile shear wave extending a distance from the cut profile to an
affected location of the blood vessel, and wherein the shear wave promotes hemostasis at the

affected location.
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