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METHODS AND SYSTEMS FOR DETERMINING BODY LUMEN SIZE

TECHNICAL FIELD
[0001]  This application relates generally to minimally-invasive apparatuses, and systems
that provide energy delivery to a targeted anatomical location of a subject, and more
specifically, to catheter-based, intraluminal apparatuses for the treatment of tissue, such as

nerve tissue.

BACKGROUND
[0002]  According to the Centers for Disease Control and Prevention (CDC), about one in

every three adults suffer from high blood pressure, also known as hypertension. Left
untreated, hypertension can result in renal disease, arrhythmias and heart failure. In recent
years, the treatment of hypertension has focused on minimally invasive interventional
approaches to inactivate the renal nerves surrounding the renal artery. Autonomic nerves tend
to follow blood vessels to the organs that they enervate. Catheters may reach specific
structure that may be proximate to the lumens in which they travel. For example, one system
employs a radio frequency (RF) generator connected to a catheter having multiple electrodes
placed against the intima of the renal artery and used to create an electrical field in the vessel
wall and surrounding tissue that results in resistive (ohmic) heating of the tissue to a
temperature sufficient to ablate the tissue and the renal nerve passing through that tissue. To
treat all the renal nerves surrounding the renal arteries, the RF electrodes are repositioned
several times around the inside of the renal artery. However, the relatively confined electric
fields created by the RF electrodes may miss some of the renal nerves, leading to an
incomplete treatment. Additionally, to heat the renal nerves, the RF electrodes must contact
the intima, posing a risk of damage or necrosis to the intima, which in turn can lead to
thrombus formation, fibrosis of the vessel wall, mechanical weakening of the vessel and
possible vessel dissection.

[0003] Another approach to renal nerve deactivation is the use of high-intensity focused
ultrasound (HIFU), which relies on vibrational energy to cause frictional heating and
disruption of the tissue, and in turn, raise the tissue temperature sufficiently to cause ablation
or remodeling.

[0004] U.S. Patent Nos. 9,943,666, 9,981,108, and 10,039,901 to Warnking, U.S. Patent
Nos. 9,700,372, 9,707,034, and 10,368,944 to Schaer, and U.S. Patent Nos. 10,350,440 and

10,456,605 to Taylor, disclose a system that uses unfocused ultrasound to ablate nerves.



WO 2023/002327 PCT/IB2022/056563

Embodiments of the system include an ultrasound transducer positioned along a distal end of
a catheter designed to be inserted into a blood vessel (e.g., the renal artery). Electrical
cabling, which is received within a cabling lumen of the catheter, can be used to power the
ultrasound transducer. The ultrasound transducer emits one or more therapeutic doses of
unfocused ultrasound energy, which heats the tissue adjacent to the body lumen within which
the transducer is disposed. The system may also include a balloon mounted at the distal end
of the catheter used to circulate cooling fluid both prior to, during, and after activation of the
transducer to cool the transducer and help prevent thermal damage to the interior surface of
the blood vessel wall while the nerves are being heated and damaged at depth.

[0005]  Such a design enables creation of one or more ablation zones sufficient to achieve
long-term nerve inactivation at different locations around the circumference of the blood
vessel, thereby treating a patient’s hypertension while mitigating damage to the blood vessel
and surrounding organs.

[0006]  The ultrasound transducer may include first and second electrodes which are
arranged on either side of a cylindrical piezoelectric material, such as lead zirconate titanate
(PZT). To energize the transducer, a voltage is applied across the first and the second
clectrodes at frequencies selected to cause the piezoelectric material to resonate, thereby
generating vibration energy that is emitted radially outward from the transducer. The
transducer is designed to provide a generally uniform and predictable emission profile
[0007] For various reasons, it is important to know the inner diameter (size) of a body
lumen (e.g., a renal artery, a hepatic artery, or a pulmonary artery) into which an ultrasound
transducer and/or balloon is inserted, or is to be inserted. For example, an appropriate dose of
neuromodulation, e.g., ultrasound and/or RF energy, may be selected and used for a treatment

based on a body lumen size.

SUMMARY
[0008] The present invention is defined in the independent claims. Further embodiments
of the invention are defined in the dependent claims.
[0009] A tissue treatment system is provided herein. The tissue treatment system
comprises a catheter comprising a balloon mounted on a catheter shaft, one or more syringes
to fill the balloon with fluid and a non-transitory computer readable memory storing
instructions. The system also comprises one or more processors configured to execute the
stored instructions to cause the tissue treatment system to fill the balloon with fluid within a

body lumen and detect a fluid parameter of the fluid over a period of time. The tissue
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treatment system is also caused to determine a parameter curve of the fluid parameter,
wherein the parameter curve includes the fluid parameter versus an independent variable over
the period of time. The tissue treatment system is further caused to compare the parameter
curve of the fluid parameter to a reference curve, and determine, based on the comparison, a
size of the body lumen or a neuromodulation parameter corresponding to the size of the body
lumen.

[0010] A method is provided herein. The method includes filling a balloon within a body
lumen with a fluid. The method includes detecting a fluid parameter of the fluid over a
period of time. The method includes determining a parameter curve of the fluid parameter.
The parameter curve includes the fluid parameter versus an independent variable over the
period of time. The method includes comparing the parameter curve of the fluid parameter to
a reference curve. The method includes determining, based on the comparison, a size of the
body lumen or a neuromodulation parameter corresponding to the size of the body lumen.
[0011] A non-transitory computer readable medium storing instructions is provided
herein. The instructions, when executed by one or more processors of the tissue treatment
system summarized above, cause the tissue treatment system to perform the method
summarized above.

[0012] The above summary does not include an exhaustive list of all aspects of the
present invention. It is contemplated that the invention includes all systems and methods that
can be practiced from all suitable combinations of the various aspects summarized above, as
well as those disclosed in the Detailed Description below and particularly pointed out in the
claims filed with the application. Such combinations have particular advantages not

specifically recited in the above summary.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The various features of the present disclosure and the manner of attaining them
will be described in greater detail with reference to the following description, claims, and
drawings, wherein reference numerals are reused, where appropriate, to indicate a
correspondence between the referenced items, and wherein:
[0014] FIG. 1 illustrates selected components of an ultrasound-based tissue treatment
system, in accordance with an embodiment.
[0015] FIG. 2A-1 illustrates a side view of selected components of the ultrasound-based

tissue treatment system introduced in FIG. 1, in accordance with an embodiment.
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[0016] FIG. 2A-2 illustrates a side view of selected components of the ultrasound-based
tissue treatment system introduced in FIG. 1, in accordance with an embodiment.

[0017] FIG. 2B illustrates a perspective view of additional selected components of the
ultrasound-based tissue treatment system inserted into a body lumen, in accordance with an
embodiment.

[0018] FIG. 2C illustrates a longitudinal cross-sectional view of a distal portion of a
catheter of the ultrasound-based tissue treatment system, in accordance with an embodiment.
[0019] FIG. 2D is a side view of a distal portion of a catheter of a tissue treatment
system, in accordance with an embodiment.

[0020] FIG. 3A1 illustrates a cross-sectional view of a catheter shaft, along the line A-A
in FIG. 2C, in accordance with an embodiment.

[0021] FIG. 3A2 illustrates a cross-sectional view of the catheter shaft, along the line A-
A in FIG. 2C, in accordance with an embodiment.

[0022] FIG. 3B illustrates a cross-sectional view of the ultrasound transducer along the
line B-B shown in FIG. 2C, in accordance with an embodiment.

[0023] FIG. 4A illustrates a side view of a distal portion of the catheter, in accordance
with an embodiment.

[0024] FIG. 4B illustrates a perspective view of the distal portion of the catheter shown in
FIG. 4A, in accordance with an embodiment.

[0025] FIG. 5 illustrates example details of a fluid supply subsystem, in accordance with
an embodiment.

[0026] FIG. 6 illustrates example details of a controller, in accordance with an
embodiment.

[0027] FIGS. 7A and 7B illustrate example graphs of balloon pressure versus time, which
are used to explain how pressure within a non-compliant balloon, which is being filled with a
fluid, changes over time as the fluid is being provided to the balloon, in accordance with an
embodiment.

[0028] FIG. 8 illustrates an example graph of balloon pressure versus time, which is used
to explain how pressure within a compliant balloon, which is being filled with a fluid,
changes over time as the fluid is being provided to the balloon, in accordance with an
embodiment.

[0029] FIG. 9 illustrate an example graph of differential flow rate versus time, which is

used to explain how a difference between the flow rate of fluid being provided to a balloon
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and being removed from the balloon changes over time as the fluid is circulated through the
balloon, in accordance with an embodiment.

[0030] FIG. 10 is a flowchart of a method of sizing a body lumen.

[0031] FIG. 11A is a longitudinal cross-sectional view of an ultrasound transducer having
a single stepped segment, in accordance with an embodiment.

[0032] FIG. 11B is a longitudinal cross-sectional view of an ultrasound transducer having
several stepped segments, in accordance with an embodiment.

[0033] FIG. 12 is a flowchart that is used to summarize the present technology that can be
used to determine an estimate a size of a portion of body lumen, or a surrogate thereof, using
a transducer inserted therein, in accordance with an embodiment.

[0034] FIG. 13 is an example graph of normalized amplitude versus time for an
ultrasound echo signal that can be received by the transducer following an ultrasound pulse
being emitted by the transducer, in accordance with an embodiment.

[0035] FIG. 14 is an example graph that is similar to the graph in FIG. 13, but also shows
how the ultrasound echo signal may look different where the transducer is not centered within
a portion of a body lumen, in accordance with an embodiment.

[0036] FIG. 15 is a flowchart that is used to summarize the present technology that can be
used to determine whether a transducer is centered within a portion of a body lumen within
which the transducer is inserted, in accordance with an embodiment.

[0037] FIG. 16A illustrates how a balloon that surrounds an ultrasound transducer and is
in apposition with a body lumen can be used to center the transducer within the body lumen,
in accordance with an embodiment.

[0038] FIG. 16B illustrates how one or more flexible baskets and/or extensions that
expand distal and/or proximal of an ultrasound transducer may be used to center the
transducer within a body lumen, in accordance with an embodiment.

[0039] FIG. 16C illustrates how a basket that surrounds a transducer and a balloon may
be used to center the transducer within a body lumen, in accordance with an embodiment.
[0040] FIG. 17 is a flowchart that is used to summarize the present technology that can be
used to determine an estimate of a size of a portion of a body lumen, or a surrogate thereof,
and/or determine whether a transducer is centered within a portion of a body lumen within
which the transducer is inserted, and based on the estimate or surrogate thereof select and use
one or more treatment parameters, in accordance with an embodiment.

[0041] FIG. 18 is a diagram of balloon pressure curves of a balloon being inflated before

and after sonications, in accordance with an embodiment.
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[0042] FIG. 19A-19B are flowcharts of a method of sizing a body lumen.

[0043] FIG. 20 is a graphical representation of a parameter curve and a reference curve,
in accordance with an embodiment.

[0044] FIG. 21 is a side view of a distal portion of a tissue treatment system, in
accordance with an embodiment.

[0045] FIG. 22 is a side view of a distal portion of a tissue treatment system, in

accordance with an embodiment.

DETAILED DESCRIPTION

[0046] Existing methods of sizing vessels includes fluoroscopy and/or computed
tomography (CT) imaging with contrast agent. However, the use of fluoroscopy and CT
imaging with contrast agent has limitations. For example, fluoroscopy can expose patients to
radiation. Certain embodiments of the present technology described herein relate to methods
that overcome such limitations by using a tissue treatment system to provide a catheter-based
method of vessel sizing. More particularly, the use of the tissue treatment system can
determine the vessel size directly and accurately, and without exposing the patient to as much
radiation as fluoroscopy requires. The tissue treatment system can include a catheter having
an ultrasound transducer and a balloon surrounding the ultrasound transducer. The tissue
treatment system includes a fluid supply subsystem configured to provide cooling fluid from
the fluid supply subsystem to the balloon. The tissue treatment system can both estimate a
vessel size and use the estimation to treat the vessel.

[0047] Balloon ablation treatment apparatuses, the systems, and portions thereof, and
methods of using the same are provided herein. In certain embodiments, acoustic-based tissue
treatment transducers, apparatuses, the systems, and portions thereof, are provided. In certain
embodiments, the ablation treatment apparatus comprising a balloon having electrodes and/or
piczoelectric material attached thereto. Preferably, the systems are catheter-based. The
system may be delivered intraluminally (e.g., intravascularly) so as to place a transducer
within a target anatomical region of the subject, for example, within a suitable body lumen
such as a blood vessel. Once properly positioned within the target anatomical region, the
transducer can be activated to deliver unfocused ultrasonic energy radially outward so as to
suitably heat, and thus treat, tissue within the target anatomical region. The transducer or
piczoelectric material can be activated at a frequency, duration, and energy level suitable for
treating the targeted tissue. In one non-limiting example, unfocused ultrasonic energy

generated by the transducer or piezoelectric material or radio frequency (RF) energy
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transmitted by the electrodes may target select nerve tissue of the subject, and may heat such
tissue in such a manner as to neuromodulate (e.g., fully or partially ablate, necrose, or
stimulate) the nerve tissue. In a manner such as described in the Warnking, Schaer, and
Taylor patents mentioned above, neuromodulating renal nerves may be used to treat various
conditions, e.g., hypertension, chronic kidney disease, atrial fibrillation, autonomic nervous
system for use in treating a variety of medical conditions, arrhythmia, heart failure, end stage
renal disease, myocardial infarction, anxiety, contrast nephropathy, diabetes, metabolic
disorder and insulin resistance, etc. However, it should be appreciated that the balloon
catheters suitably may be used to treat other nerves and conditions, e.g., sympathetic nerves
of the hepatic plexus within a hepatic artery responsible for blood glucose levels important to
treating diabetes, or any suitable tissue, e.g., heart tissue triggering an abnormal heart rhythm,
and is not limited to use in treating (e.g., neuromodulating) renal nerve tissue. In another
example, a tissue treatment catheter is used to ablate sympathetic nerves of the renal arteries
and a hepatic artery to treat diabetes or other metabolic disorders. In certain embodiments, the
tissue treatment catheters are used to treat an autoimmune and/or inflammatory condition,
such as rheumatoid arthritis, sepsis, Crohn’s disease, ulcerative colitis, and/or gastrointestinal
motility disorders by neuromodulating sympathetic nerves within one or more of a splenic
artery, celiac trunk, superior or inferior mesenteric artery. In certain embodiments, the tissue
treatment catheter is used to ablate nerve fibers in the celiac ganglion and/or renal arteries to
treat hypertension. In certain embodiments, the transducers are used to treat pain, such as
pain associated with pancreatic cancer, by, e.g., neuromodulating nerves that innervate the
pancreas. Ultrasound or RF energy may also be used to ablate nerves of both the pulmonary
vein and the renal arteries to treat atrial fibrillation. In still other examples, ultrasound or RF
energy may additionally or alternatively be used to ablate nerves innervating a carotid body
in order to treat hypertension and/or chronic kidney disease.

[0048] In intraluminal systems, ultrasound transducers may be disposed within balloons
that are filled with a cooling fluid before and during treatment. Alternatively, an ultrasound
transducer may be exposed directly to the bloodstream, without a surrounding balloon, in
what may be referred to as balloonless embodiments. In certain balloonless embodiments,
blood in the body lumen, e.g., renal artery, is relied upon to cool both the transducer and the
artery lumen. In certain balloonless embodiments, the transducer may still be cooled using
cooling fluid. For example, cooling fluid may flow through and/or around the body of the
ultrasonic transducer without using a balloon, for example by using a hollow region on the

outside and/or inside of the transducer for fluid to flow. In certain embodiments, a balloon
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may surround the transducer, and the balloon may contact the interior surface (e.g., intima) of
the body lumen. In certain embodiments, the transducer may be used to output an acoustic
signal when the balloon fully occludes a body lumen, and the cooling fluid within the balloon
may be used to cool both the body lumen and the transducer. In certain embodiments, the
balloon may surround the transducer in order to cool the transducer during sonications, but
the balloon may not contact or occlude the body lumen, and the blood within the body lumen
may be relied upon to cool the body lumen instead of the cooling fluid.

[0049] In certain embodiments, the balloon ablation treatment apparatus comprising a
balloon at the distal end of a catheter having electrodes on the external surface of the balloon
spaced apart longitudinally along a longitudinal axis and/or radially around a circumference
of the distal end of the ablation treatment apparatus. The electrodes may also comprise a
spiral pattern, zig-zag pattern, etc. In an embodiment, the electrodes comprise two pairs of
two electrodes, wherein each pair of electrodes are located 180 degrees apart from each other
along the circumference of the balloon and the other pair of electrodes are also located 180
degrees apart from each other along the circumference of the balloon and are on the opposite
side of the balloon. In certain embodiments, the electrodes comprise first and second helical
clectrodes attached to opposite ends of the balloon around the circumference of the balloon in
a spiral manner. The electrodes may be activated as monopolar or bipolar electrodes. In
certain embodiments, balloon ablation treatment apparatus comprises a two bipolar electrode
pairs disposed on the outer surface of the balloon. Bipolar electrode pairs provide for both a
more controlled ablation and a shallower ablation than a monopolar electrode embodiment.
The electrodes may be connected to a controller using one or more electrically conductive
wires. The controller may be configured to apply power or deliver electrical signals to the
clectrodes. In an embodiment, the controller generates radiofrequency (RF) signals to the
clectrodes. The balloon ablation treatment apparatus may comprise one or more lumens, e.g.,
a guidewire lumen, one or more fluid lumens, and/or a cable lumen.

[0050] In certain embodiments, a catheter may be used that comprises an ultrasound
balloon catheter that includes both a transducer configured to transmit ultrasound thermal
energy and electrodes attached to the balloon configured to deliver RF energy and/or detect
nerve signals. The electrodes comprise material and/or a thickness that does not interfere with
the sonication.

[0051] In certain embodiments, a catheter may be used that comprises piezoelectric
material attached to the balloon configured to deliver ultrasound ablative energy.

[0052] Overview of System Components and Features
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[0053] FIGS. 1, 2A, and 2B illustrate features of an ultrasound-based tissue treatment
system 100, according to various configurations provided herein. Referring initially to FIG. 1,
the system 100 is shown as including a catheter 102, a controller 120, and a connection cable
140. In certain embodiments, the system 100 further includes an ultrasound transducer 111
within a balloon 112, a reservoir 110, a fluid transfer cartridge 130, and a control mechanism,
such as a handheld remote control. In certain embodiments, which can be referred to as
“balloonless” embodiments, the system 100 does not include the balloon 112. In certain such
balloonless embodiments, the system 100 also does not include the reservoir 110 and the
cartridge 130. In certain other balloonless embodiments, the system 100 does include the
reservoir 110 and/or the cartridge 130.

[0054] In the embodiment shown in FIG. 1, the controller 120 is shown as being
connected to the catheter 102 through the cartridge 130 and the connection cable 140. In
certain embodiments, the controller 120 interfaces with the cartridge 130 to provide a cooling
fluid to the catheter 102 for selectively inflating and deflating the balloon 112. The balloon
112 can be made from, e.g., nylon, a polyimide film, a thermoplastic elastomer (such as those
marked under the trademark PEBAX™), a medical-grade thermoplastic polyurethane
elastomer (such as Pellethane®, Isothane®, or other suitable polymers or any combination
thereof), but is not limited thereto.

[0055] Referring now to FIG. 2A-1, the tissue treatment catheter 102 can include a distal
region 210 and a proximal region 220. The catheter 102 may have a length that depends on a
treatment application. For example, in certain embodiments suitable for, e.g., renal
denervation through a femoral access delivery method, the catheter 102 can have a working
length (measured from a distal tip of the catheter 102 to a proximal hub 240 of the catheter
102) of 80 to 90 cm, e.g., 85 cm, in the femoral access delivery method. In embodiments
suitable for, e.g., renal denervation through a radial access delivery method, the catheter 102
can have a working length of a comparatively longer length. More particularly, the working
length can be 150 to 160 cm, e.g., 155 cm. Furthermore, an overall length of the catheter 102
for such application, including a length of cabling extending to an electrical coupling 232,
can be longer. More particularly, the cabling can have a length of about 305 cm from the
proximal hub 240 to the electrical coupling 206.

[0056] The catheter 102 can have a profile that is suitable to accessing a renal artery
through the femoral and radial access locations. For example, the catheter 102 may be 4 to 6
French in diameter, e.g., 5 French. The profile is facilitated in part by a catheter shaft 214

having an outer diameter in a range of 0.050 to 0.060 inch, e.g., 0.057 inch.
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[0057] The distal region 210 of the tissue treatment catheter 102 may be a portion of the
device that is advanced into a target anatomy, e.g., a target vessel having a vessel wall, to
treat the target vessel. The distal region 210 can include the balloon 112 mounted on a
catheter shaft 214. The catheter shaft 214 can be an elongated tubular structure that extends
longitudinally from a proximal end to a distal end. The balloon 112 can be mounted and
supported on the catheter shaft 214 at the distal end. Furthermore, the ultrasound transducer
111 can be mounted on the catheter shaft 214 and contained within the balloon 112.
Accordingly, the catheter shaft 214 can facilitate delivery of a cooling fluid to the balloon
112 and delivery of electrical energy to the transducer 111.

[0058]  The catheter shaft 214 can include one or more lumens (FIGS. 3A-1 to 3B) that
may be used as fluid conduits, electrical cabling passageways, guidewire lumens, and/or the
like. In an embodiment, for example, the catheter shaft 214 can include a guidewire lumen
213 that is shaped, sized and otherwise configured to receive a guidewire. In an embodiment,
the guidewire lumen 213 is an over-the-wire type guidewire lumen, extending from a distal
tip of the catheter 102 through an entire length of the catheter shaft 214 to an exit port 225 in
the proximal hub 240 of the catheter 102. As described below, the lumen(s) of the catheter
shaft 214 may also communicate inflation/cooling fluid from the proximal region 220 to the
balloon 112 during balloon expansion.

[0059] In an embodiment, a transducer 111 is mounted on the catheter shaft 214 at the
distal region 210, within an interior of the balloon 112. The transducer 111 can be an
ultrasound transducer used to emit energy toward the vessel wall. For example, the transducer
111 can emit ultrasound energy circumferentially, e.g., 360 degrees, around the vessel wall.
In an embodiment, electric cabling 282 extends from the proximal region 220 to the distal
region 210, and is connected to the transducer 111 to generate energy for emission to target
tissue.

[0060]  The ultrasound transducer 111 may include first and second electrodes that are
arranged on either side of a cylindrical piezoelectric material, such as lead zirconate titanate
(PZT). To energize the transducer 111, a voltage is applied across the first and the second
clectrodes at frequencies selected to cause the piezoelectric material to resonate, thereby
generating vibration energy that is emitted radially outward from the transducer 111. The
transducer 111 is designed to provide a generally uniform and predictable emission profile, to
inhibit damage to surrounding non-target tissue. In addition, a cooling fluid is circulated
through the balloon 112, both prior to, during, and after activation of the transducer 111, so as

to reduce heating of an inner lining of the body lumen and to cool the transducer 111. In this
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mannet, the peak temperatures achieved by tissue within the cooling zone remain lower than
for tissue located outside the cooling zone.

[0061]  The proximal region 220 may include one or more connectors or couplings. The
connectors or couplings can be electrically connected to the transducer 111 via the electric
cabling 282. For example, the proximal region 220 may include one or more electrical
coupling 232 that connects to a proximal end of the electric cabling 282. A distal end of the
electric cabling 282 can be connected to the transducer 111.

[0062] The catheter 102 may be coupled to the controller 120 by connecting the electrical
coupling 232 to the connection cable 140. The connection cable 140 may be removably
connected to the controller 120 and/or the catheter 102 via a port on the controller 120 and/or
the catheter 102. Accordingly, the controller 120 can be used with several catheters 102
during a procedure by disconnecting the coupling of a first catheter, exchanging the first
catheter with a second catheter, and connecting a coupling of the second catheter to the
controller 120. In certain embodiments, e.g., where only one catheter needs to be used during
a procedure, the connection cable 140 may be permanently connected to the controller 120.
[0063] In certain embodiments, the proximal region 220 of the catheter 102 may further
include one or more fluidic ports. For example, the proximal hub 240 can include a fluidic
inlet port 234 A and a fluidic outlet port 234B, via which an expandable member, e.g., the
balloon 112, may be fluidly coupled to the reservoir 110 (FIG. 1). The reservoir 110 can
therefore supply cooling fluid to the balloon 112 through the fluidic ports. The reservoir 110
optionally may be included with the controller 120, e.g., attached to the outer housing of the
controller 120 as shown in FIG. 1. Alternatively, the reservoir 110 may be provided
separately.

[0064] Referring now to FIG. 2A-2, a side view of selected components of the
ultrasound-based tissue treatment system introduced in FIG. 1, in accordance with an
embodiment. In an embodiment, the catheter 102 can have a rapid-exchange type guidewire
lumen 213. More particularly, the guidewire lumen 213 can extend from the distal tip of the
catheter 102 through a partial length of the catheter shaft 214 to an exit port 225 in the distal
portion 210 of the catheter 102. For example, a distance from the distal tip to the rapid
exchange port may be in a range of 20 to 30 cm, e.g., 23 cm. The proximal hub 240
illustrated in FIG. 2B may differ from the proximal hub 240 illustrated in FIG. 2A, given that
the exit port 250 may be moved from the proximal portion 220 to the distal portion 210.

Other components of rapid exchange version of the catheter 102 may be similar to those of
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the over-the-wire version of the catheter 102, and thus, the descriptions of the components
illustrated in FIG. 2A can apply to similarly numbered components illustrated in FIG. 2B.
[0065] FIG. 2B illustrates a perspective view of selected components of the catheter 102,
e.g., components of the distal portion 210 as may be inserted into a body lumen of a subject.
In FIG. 2B, the body lumen is a blood vessel (e.g., a renal artery) that has a plurality of
nerves 201 in an outer layer (e.g., adventitia layer) of the blood vessel. As illustrated in FIG.
2B, the distal portion 210 may include the ultrasound transducer 111, the balloon 112 filled
with a cooling fluid 213, the catheter shaft 214, and/or a guidewire support tip 215 configured
to receive a guidewire 216.

[0066] The transducer 111 may be disposed partially or completely within the balloon
112, which may be inflated with a cooling fluid 213 so as to contact the interior surface (e.g.,
intima) of the body lumen. In certain embodiments, the transducer 111 may be used to output
an acoustic signal when the balloon 112 fully occludes a body lumen of a target vessel 200.
The balloon 112 may center the transducer 111 within the body lumen. In certain
embodiments, e.g., suitable for renal denervation, the balloon 112 is inflated while inserted in
the body lumen of the patient during a procedure at a working pressure of about 10 to about
30 psi using the cooling fluid 213. The balloon 112 may be or include a compliant, semi-
compliant or non-compliant medical balloon. The balloon 112 is sized for insertion in the
body lumen and, in the case of insertion into the renal artery, for example, the balloon 112
may be selected from available sizes including outer diameters of 3.5, 4.2, 5, 6, 7, or 8 mm,
but not limited thereto. In some embodiments,

balloon 112 is a compliant balloon configured to inflate between a first inflation diameter,
e.g., 3.5 mm, and a second inflation diameter, e.g., 8 mm, using an inflation pressure between
a first inflation pressure, e.g., 10 psi, and a second inflation pressure, e.g., 30 psi, such that
the outer diameter is directly correlated with the pressure of the balloon 112. In some
embodiments, the balloon 112 is a compliant balloon configured to inflate to a first inflation
diameter, e.g., 3.5 mm, a second inflation diameter, e.g., 8 mm, using a constant inflation
pressure, e.g., 10 psi. In some embodiments, balloon 112 may have a nominal outer diameter,
¢.g., 4 mm, and when the balloon 112 is used in a body lumen less than or equal to that
nominal diameter of the balloon 112, e.g., a renal artery that is less than and up to 4 mm in
diameter, the balloon 112 is inflated to a first inflation pressure, e.g., 10 psi. When the
balloon 112 is used in a body lumen larger than the nominal size of the balloon 112, e.g., a
renal artery that is more than 4 mm in diameter, the balloon 112 is inflated using a second

inflation pressure, e.g., 30 psi, to increase the size of the balloon, such that the balloon is in
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apposition with the body lumen. In other embodiments, two compliant balloons may be used
to cover a range of lumen sizes. For example, a balloon that ranges between 3 to 5 mm using
an inflation pressure between 10 psi and 30 psi and a second balloon that ranges between 4 to
& mm using an inflation pressure between 10 psi and 30 psi may be used in order to cover the
typical range of the renal artery, which is between 3 and 8 mm in diameter. One of skill in the
art will understand that the particular inflation pressures and balloon diameters would be
adjusted depending on the particular body lumen(s) BL(s) of interest. In certain
embodiments, a balloon 112 may have different compliance curves (the inflation diameter as
a function of pressure may shift) depending on the number of sonications that the balloon has
been through. As depicted below in FIG. 18, the inflation diameters may predictably become
larger at the same balloon pressures as the balloon goes through sonications.

[0067] In some embodiments, as shown in FIG. 2B, when inflated by being filled with
the cooling fluid 213 under the control of the controller 120, the outer wall of the balloon 112
may be generally parallel with the outer surface of the transducer 111. Optionally, the balloon
112 may be inflated sufficiently as to be in apposition with the body lumen. For example,
when inflated, the balloon 112 may at least partially contact, and thus be in apposition with,
an inner surface of a vessel wall 220 of the body lumen. When the balloon 112 is in
apposition with the body lumen, and more specifically the interior circumferential wall of the
body lumen, the balloon 112 can substantially stop blood within the body lumen from
following past the balloon.

[0068] In other configurations, the balloon 112 is configured not to contact the body
lumen when expanded. The balloon 112 may surround the transducer in order to cool the
transducer during sonications, but the balloon may not contact or occlude the body lumen,
and the blood within the body lumen may be relied upon to cool the body lumen instead of
the cooling fluid. In addition, instead of relying on the balloon 112 to center the transducer, in
certain embodiments, one or more flexible baskets that expand proximal and distal of the
transducer 111 may be used to center the transducer 111. In an alternative embodiment, at
least one balloon that expands proximal and distal of the transducer 111 may be used to
center the transducer 111. In another embodiment, a basket that surround the transducer 111
and balloon 112 may be used to center the transducer, which basket is preferably made of a
material that does not interfere with the sonication.

[0069] To reduce a likelihood of interfering with sonication, a basket can have a structure
such that the basket material is outside of an acoustic window of the transducer 111. For

example, the basket, rather than being concentric with the transducer 111, can be
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asymmetrically disposed relative to the transducer 111. In an embodiment, a gap is disposed
between the transducer and a target ablation region, and the basket is not positioned within
the gap. Accordingly, ablation energy directed to the target ablation region by the transducer
111 may pass through the gap without encountering the basket.

[0070] In certain embodiments, wherein the balloon 112 surrounds the transducer, but the
balloon does not contact or occlude the body lumen, the balloon 112 is non-compliant. In
certain embodiments, the balloon 112 comprises nylon. The catheter may use a single size
non-compliant balloon/sheath coupled with centering mechanisms located proximal and
distal to the balloon to center the device within the vessel such that native flow of the blood is
not obstructed. The cooling of the artery wall is provided by the native blood flow while
cooling and the isolation of the transducer from the blood stream is provided within the
balloon. In an embodiment, the non-compliant balloon of a fixed diameter that is less than or
equal to the minimum vessel size to be treated, e.g., a 3.5 mm balloon may be used for an
artery that is at least 3.5 mm in diameter. For vessels greater than the non-compliant balloon
size, centering mechanisms can be provided such that the ultrasound treatment zone and
blood flow within the vessel is unobstructed. This mechanism prevents vessel overstretching
at the treatment site during ablation. The cooling can be provided to the vessel wall by the
native blood flow that exists within the vessel during treatment.

[0071]  For a blood vessel that matches the balloon diameter, the non-compliant balloon
(e.g., 112) can act as the centering mechanism. The cooling of the vessel wall can be
managed by a cooling system of the generator by flowing water or other cooling fluid, such
as dextrose or saline, through the balloon if necessary. A non-compliant balloon
advantageously offers tighter control of balloon design. The non-compliant balloon (e.g.,
112) may be advantageously constructed such that the balloon surface, which is without
wrinkles when under inflation, does not interfere with sonication, and holds the desired
shape. Additionally, or alternatively, the balloon 112 may be maintained at a specified size by
pushing cooling fluid into and pulling cooling fluid out of the balloon 112 at a specified flow
rate. In balloonless embodiments, the transducer 111 is not disposed within a balloon.

[0072] FIG. 2C illustrates a longitudinal cross-sectional view of the distal portion 210 of
the catheter 102. FIG. 3A1 illustrates a cross-sectional view of the catheter shaft 214 along
the line A-A shown in FIG. 2C, according to an embodiment. FIG. 3A2 illustrates a cross-
sectional view of the catheter shaft 214 along the line A-A shown in FIG. 2C, according to an
alternative embodiment. FIG. 3B illustrates a cross-sectional view of the ultrasound

transducer 111 along the line B-B shown in FIG. 2C, according to an embodiment. In certain
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embodiments, the catheter shaft 214 may be about 1.8 mm in diameter. The catheter shaft 214
includes one or more lumens that may be used as fluid conduits, an electrical cabling
passageway, a guidewire lumen and/or the like, as described in further detail below with
reference to FIGS. 3A1 and 3A2. In certain embodiments suitable, e.g., for renal denervation,
the guidewire 216 has a diameter of about 0.36 mm and a length of from about 180 cm to
about 300 cm, and is delivered using a 7 French guide catheter, having a minimum inner
diameter of 2.06 mm and a length less than about 80 cm. In certain embodiments, a 6 French
guide catheter is used to deliver the guidewire 216. In certain embodiments, the guide
catheter has a length of about 55 cm. In certain embodiments, the guide catheter has a length
of about 85 cm and a hemostatic valve is attached to the hub of the guide catheter to allow for
continuous irrigation of the guide catheter to decrease the risk of thromboembolism.

[0073] Referring again to FIG. 2C, the ultrasound transducer 111 may include a
cylindrical hollow tube made of a piezoelectric material (e.g., lead zirconate titanate (PZT),
etc.), with inner and outer electrodes 202, 203 disposed on the inner and outer surfaces of the
cylindrical tube, respectively. Such a cylindrical hollow tube of piezoelectric material is an
example of, and thus can be referred to as, a piezoelectric transducer body 201. The
piezoelectric transducer body 201 can have various other shapes and need not be hollow. In
certain embodiments suitable, e.g., for renal denervation, the piezoelectric material, of which
the piezoelectric transducer body 201 is made, is lead zirconate titanate & (PZT8), which is
also known as Navy III Piezo Material. Raw PZT transducers may be plated with layers

of copper, nickel and/or gold to create electrodes on surfaces (e.g., the inner and outer
surfaces) of the piezoelectric transducer body (e.g., 201). Application of a voltage and
alternating current across inner and outer electrodes 202, 203 causes the piezoelectric
material to vibrate transverse to the longitudinal direction of the cylindrical tube 201 and
radially emit ultrasonic waves. While the ultrasound transducer 111 in FIG. 2C is not shown
as being surrounded by a balloon, it is noted that the ultrasound transducer 111 can be
positioned within a balloon (e.g., 112), e.g., as shown in FIGS. 2A.

[0074] Asshown in FIG. 2C, the ultrasound transducer 111 can be generally supported
via a backing member or post 218. In certain embodiments, the backing member 218
comprises stainless steel coated with nickel and gold, wherein nickel is used as a bonding
material between the stainless steel and gold plating. In certain embodiments suitable, e.g.,
for renal denervation, an outer diameter of the transducer 111 is about 1.5 mm, an inner
diameter of the transducer 111 is about 1 mm, and the transducer 111 has a length of about 6

mm. Transducers having other inner diameters, outer diameters, and lengths, and more
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generally dimensions and shapes, are also within the scope of the embodiments described
herein. Further, it is noted that the drawings in the FIGS. are not necessarily drawn to scale,
and often are not drawn to scale.

[0075] Asillustrated in FIG. 2C, the backing member 218 may extend from the distal
portion 210 of the catheter shaft 214 to a distal tip 215. For example, the distal end of the
backing member 218 may be positioned within an adjacent opening in the tip 215, and the
proximal end of the backing member 218 may be moveably coupled to the distal portion 210
of the catheter shaft 214 via the electrical cabling 282. In other embodiments, there is a gap
250 between the distal end of the catheter shaft 214 and the proximal end of the ultrasound
transducer 111. Additional details of the electrical cabling 282, and how the electrical cabling
may be electrically coupled to the transducer 111, are described below.

[0076] In order to permit liquid cooling along both the inner and outer electrodes 202,
203, the backing member 218 may include one or more stand-off assemblies 230a and 230b.
The stand-off assemblies 230a, 230b may define one or more annular openings through
which cooling fluid 213 may enter the space of the transducer 111 (which may be selectively
insulated) between the backing member 218 and the inner electrode 202. Accordingly, the
backing member 218 may serve as a fluid barrier between the cooling fluid 213 circulated
within the balloon 112 and the lumen of the backing member 218 that receives the guidewire
216. As shown schematically in FIG. 2C, for example, the stand-off assemblies 230a, 230b of
the backing member 218 may be positioned along or adjacent to each longitudinal end of the
ultrasound transducer 111 (separated by a main post body 289) and couple the cylindrical
tube 201 of the ultrasound transducer 111 to the backing member 218. With reference to FIG.
3B, a stand-off assembly 230 (230a or 230b) may have a plurality of lugs, ribs, or attachment
points that engage the inner electrode 202 of the transducer 111. In certain embodiments, the
attachment points are soldered to the inner electrode 202 of the transducer 111. The number,
dimensions, and placement of the ribs may vary, as desired or required. For example, as
illustrated in FIG. 3B, a total of three ribs can be generally equally-spaced apart from one
another at an angle of 120 degrees apart from one another, defining openings through which a
cooling fluid or blood may enter an interior space 260 of the cylindrical tube 201 between the
inner electrode 202 disposed along the inner surface of the cylindrical tube 201 and the
backing member 218. In certain embodiments, the maximum outer diameter of stand-off
assemblies 230a and 230b is about 1 mm, the outer diameter of the main post body 289 is

about 0.76 mm, and the inner diameter of backing member 218 is about 0.56 mm.
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[0077] In accordance with certain embodiments, the stand-off assemblies 230a, 230b are
electrically conductive, so as to electrically couple the inner electrode 202 of the ultrasound
transducer 111 to the backing member 218. One or more conductors of the electrical cabling
282 may be electrically coupled to the backing member 218. Thus, as the controller 120 is
activated, current may be delivered from the electrical cabling 282 to the inner electrode 202
of the ultrasound transducer 111 via the backing member 218 and the stand-off assemblies
230a, 230b, which advantageously eliminates the need to couple the cabling 282 directly to
the inner electrode 202 of the transducer 111. In other embodiments, the backing member 218
and the stand-off assemblies 230a, 230b are made of one or more electrical insulator
material(s), or if made of an electrically conductive material(s) are coated with one or more
electrical insulator material(s). In certain embodiments, one or more electrical conductors of
the cabling 282 are directly coupled (e.g., soldered) to the inner electrode 202 of the
transducer 111.

[0078] Moreover, as illustrated in FIG. 2C, the backing member 218 may have an
isolation tube disposed along its interior surface so as to prevent or reduce the likelihood of
electrical conduction between the guidewire 216 (shown in FIG. 2B) and the backing member
218, for use in embodiments where such an electrical conduction is not desired. The isolation
tube can be formed of a non-electrically conductive material (e.g., a polymer, such as
polyimide), which can also be referred to as an electrical insulator. As illustrated in FIG. 2C,
the isolation tube may extend from the catheter shaft 214 through the lumen of the backing
member 218 within the transducer 111 to the tip 215. In this manner, the transducer 111 is
distally offset from the distal end of the catheter shaft 214.

[0079] Asillustrated in FIGS. 2C, the catheter 102 may also include a bore 277 extending
from the distal end of the catheter 102 proximally within the catheter 102, and sized and
shaped to receive at least a portion of the backing member 218, thereby electrically insulating
the isolation tube and/or the ultrasound transducer 111. Accordingly, during delivery of the
catheter 102 to the anatomical region being treated, the backing member 218, the isolation
tube, and/or the ultrasound transducer 111 may be at least partially retracted within the bore
277 of the catheter 102, e.g., by retracting the electrical cabling 282, thereby providing
sufficient stiffness to the catheter 102 such that the catheter 102 may be delivered in a safe
manner.

[0080] In certain embodiments, balloon catheter comprising electrodes may be used to
generate RF ablative energy, detect artery size, sense nerves and/or map nerves. Impedance

between the electrodes may also be measured in order to aid in measuring the body lumen
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size. As illustrated in FIG. 2D, the catheter 102 may comprise a plurality of electrodes 290A,
B, C, and D, but not a transducer. In certain embodiments, the catheter 102 comprises both
clectrodes attached to the balloon and a transducer inside the balloon.

[0081]  The catheter shaft 214 includes one or more lumens that may be used as fluid
conduits. For example, the catheter shaft 214 may include fluid lumens for transferring the
inflation/cooling fluid, e.g., water, sterile water, saline, 5% dextrose (BSW}, other liquids or
gases, etc., from and to a fluid source, e.g., the reservoir 110, at the proximal region 220 of
the catheter 102 external to the patient. The catheter shaft 214 can include one or more fluid
channels to move fluid into or out of a balloon 112. For example, the fluid channel(s) can
include an inlet channel 270 to deliver the inflation fluid from the inlet port 234a to the
balloon 112 under control of the controller 120. Similarly, the fluid channel(s) can include an
outlet channel 272 to return the inflation fluid from the balloon to the outlet port 234b.
Accordingly, the inlet channel 234a and the outlet channel 234b are in fluid communication
with the balloon 112 to circulate fluid through the balloon 112 at a flow rate selected to
inflate the balloon 112. The flow rate also controls heat transfer between the balloon 112 and
the vessel wall 220 to reduce a likelihood of overheating tissue during treatment. For
example, the flow rate can provide for active cooling of about the first millimeter of tissue to
preserve the integrity of, e.g., the renal arterial wall.

[0082]  Asillustrated in FIGS. 3A1 and 3A2, the catheter shaft 214 includes one or more
lumens that can be used as fluid conduits, electrical cabling passageways, guidewire lumens,
and/or the like. For example, as illustrated in FIGS. 3A1 and 3A2, the catheter shaft 214 may
comprise a guidewire lumen 325 that is shaped, sized and otherwise configured to receive the
guidewire 216. In certain embodiments, as illustrated in FIG. 3A1, the guidewire lumen 325
is located in the center of the catheter shaft 214 in order to center the transducer 111 within
the catheter shaft 214. Alternatively, the guidewire lumen 325 can be offset from the center
of the catheter shaft 214, e.g., as shown in FIG. 3A2. The catheter shaft 214 may also include
a cable lumen 326 for receiving electrical cabling 282. Further, the catheter shaft 214 can
include one or more fluid lumens 327, 328 for transferring the cooling fluid 213 (e.g., water,
sterile water, saline, 5% dextrose (D5SW)), other liquids or gases, etc., from and to a fluid
source, e.g., the reservoir 110 and fluid transfer cartridge 130, at the proximal portion 220 of
the catheter 102 (external to the patient) to the balloon 112 under control of the controller
120. Active cooling of about the first millimeter of tissue is designed to preserve the integrity
of the blood vessel wall, e.g., the renal vessel wall. The guidewire lumen 325 can extend

longitudinally through the entire catheter shaft 214, parallel to the fluid lumens 327, 328.
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Alternatively, the guidewire lumen 325 may extend longitudinally through only a portion of
the catheter shaft 214, e.g., where the catheter 102 is a rapid exchange (RX) type catheter.
[0083] The catheter 102 may include only a single fluid lumen or two or more fluid
lumens (e.g., 3, 4, more than 4, etc.), as desired or required. As illustrated in FIG. 3A1, in an
embodiment, the fluid lumens 327 and 328 and the cable lumen 326 all have a kidney-shaped
or D-shaped cross-sections configured to maximize efficiency of fluid flow delivery and
distribute fluid uniformly across the ultrasound transducer 111 by maximizing area, while
minimizing the perimeter of the fluid lumens 327 and 328. In certain embodiments, each of
the fluid lumens 327 and 328 and the cable lumen 326 are substantially symmetrical, the
same size, the same geometry, and/or are interchangeable, e.g., as shown in FIG. 3A1.
Changes in fluid flow rate within the catheter can lead to delayed, incomplete, or over
treatment. In certain embodiments, the catheter shaft 214 is configured to enable a fluid flow
rate of about 40 mL/min. In certain embodiments, the catheter shaft 214 is configured to
enable a fluid flow rate of about 35 to 45 mL/min. In certain embodiments, the catheter shaft
214 is configured to enable a fluid flow rate of about 20 to 45 mL/min. In certain
embodiments, e.g., suitable for radial delivery during a renal denervation procedure, the
catheter shaft 214 is configured to enable a fluid flow rate of about 10 to 20 mL/min. Each of
one or more lumens (e.g., 272) may be in fluid communication with the same or separate,
individual fluid sources external to the patient at the proximal portion 220 of the catheter 102.
[0084]  As another example, the catheter shaft 214 may include any suitable number of
fluid lumens for transferring the cooling fluid to and from the balloon 112 (or to the
transducer 111 in balloonless embodiments) from the reservoir 110 and cartridge 130
responsive to instructions executed by the controller 120. In certain balloonless embodiments,
the catheter shaft 214 may omit fluid lumens 327, 328 and the system 100 may omit the
reservoir 110 and the cartridge 130. In certain balloonless embodiments, the catheter shaft
214 includes the fluid lumens 327, 328 and the system 100 includes the reservoir 110 and the
cartridge 130.

[0085] In certain embodiments, as illustrated in FIG. 3A2, the guidewire lumen 325 is
located proximal to and/or shares a wall with the catheter shaft 214 so as to enable expedited
exchange of the catheters during a procedure. In such embodiments, the cable lumen 326 may
be located opposite the guidewire lumen 225 and also share a wall with the catheter shaft
214. The cable lumen 326 may be, e.g., triangular or rectangular in shape, and may be
configured to maximize the area available for and minimize the perimeter of the fluid lumens

327 and 328, thereby enabling a higher flow rate for the same pressure. The fluid lumens 327
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and 328 may be shaped so as to optimize flow rate and reduce, and preferably minimize,
fluidic friction. In such embodiments, the area of fluid lumens 327 and 328 may not be
maximized, but instead the walls of the fluid lumens 327 and 328 may be rounded to avoid
pockets that may otherwise cause fluidic friction, thereby optimizing flow rate of the cooling
fluid 213 within the fluid lumens 327 and 328.

[0086] The catheter shaft 214 may include within at least the cable lumen 326, the
electrical cabling 282 (e.g., a coaxial cable, parallel coaxial cables, a shielded parallel pair
cable, one or more wires, or one or more other electrical conductors) coupling the inner and
outer electrodes 202, 203 of the ultrasound transducer 111 to the controller 120, such that the
controller 120 may apply a suitable voltage across such electrodes so as to cause the
piczoelectric material of the transducer 111 to emit ultrasonic energy to a subject. In certain
embodiments, the cable lumen 326 is shaped, sized and otherwise configured to receive the
clectrical cabling 282 (e.g., coaxial cable(s), wire(s), other electrical conductor(s), etc.). The
electrical cabling 282 permits the electrodes 202, 203 of the ultrasound transducer 111 to be
selectively activated in order to emit acoustic energy to a subject. More specifically, the
electrical cabling 282 can allow for the communication of transducer information, such as
operating frequency and power, from the catheter 102 to the controller 120 and/or vice versa,
as well as the transfer of electrical energy to the ultrasound transducer 111 during a
procedure.

[0087]  The distal portion 210 of the catheter 102 may be percutaneously delivered to the
target anatomical location (e.g., at a specified location within the body lumen) via any
suitable intraluminal access route, e.g., via a gastrointestinal route or via an intravascular
route such as the femoral or radial route. In certain embodiments, the controller 120 is
configured so as to fill the balloon 112 with the cooling fluid 213 only after the distal portion
210 of the catheter 102 is suitably positioned at the target anatomical location. The catheter
102 may be delivered through the body lumen with or without the assistance of a guide
sheath and/or a guidewire. For example, the catheter 102 and the balloon 112 may be
delivered over the guidewire 216 (shown in FIG. 2B) and through a renal guide catheter (also
referred to as a guide sheath). For further examples of guidewire-based delivery of ultrasound
transducers, see U.S. Patent No. 10,456,605. However, it should be appreciated that any
suitable steerable catheter or sheath, or any other suitable guiding device or method, may be
used to deliver the distal portion 210 of the catheter 102 to a target anatomical location of the
subject. Once delivered to a suitable location within the body lumen, the balloon 112 may be

inflated with the cooling fluid 213 (e.g., under control of controller 120), and the transducer
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111 may be actuated (e.g., by applying a voltage across the inner and outer electrodes 202,
203 under control of the controller 120) so as to deliver unfocused ultrasonic energy to the
target anatomical location. The transducer 111 is sized for insertion in the body lumen and, in
the case of insertion of the renal artery, for example, the transducer 111 may have an outer
diameter of less than 2 mm, for example, about 1.5 mm and an inner diameter of less than 1.8
mm, for example, about 1 mm. As described in greater detail below, the length of the
transducer 111 optionally may be selected such that the ultrasonic waves that it generates has
a near field depth suitable for generating a lesion only within a desired region relative to the
wall of a target body lumen.

[0088] It will be appreciated that the frequency, power, and amount of time for which the
transducer 111 is actuated suitably may be selected based on the treatment to be performed.
For example, the frequency optionally is in a range of from 1 to 20 MHz, e.g., 1-5 MHz, 5-10
MHz, 8.5-9.5 MHz, 10-15 MHz, 15-20 MHz, or 8-10 MHz, for example, about 9 MHz. Or,
for example, the frequency optionally is in a range of below 1 MHz, e.g., 0.1-0.2 MHz, 0.2-
0.3 MHz, 0.3-0.4 MHz, 0.4-0.5 MHz, 0.5-0.6 MHz, 0.6-0.7 MHz, 0.7-0.8 MHz, 0.8-0.9
MHz, or 0.9-1.0 MHz. Or, for example, the frequency optionally is in a range of above 20
MHz, e.g., 20-25 MHz, 25-30 MHz, or above 30 MHz. In an embodiment suitable for renal
denervation, a frequency of about 9 MHz is used. Optionally, the power may be in a range of
S5to80 W(e.g,5t050W,5t0 10 W, 12.1-16.6 W, 10 to 20 W, 20 to 30 W, 30 to 40 W, 40
to 50 W, 50 to 60 W, 60 to 70 W, or 70 to 80 W, or may be more than 80 W). The specific
power level that is selected and used for treatment may depend on various factors, such as,
but not limited to, the particular design of the transducer, the size of the portion of the body
lumen in which the transducer is located, and/or the like. In an embodiment suitable for renal
denervation, a power of between about 26 W (for a renal artery that is about 3.5 mm in
diameter) to about 36 W (for a renal artery that is about 8 mm in diameter) is used. As is
known in the art, the acoustic power of the transducer can be determined using an acoustic
radiation force balance (RFB) or derived by integrating the intensity field scanned with a
hydrophone. The period of time during which the transducer 111 is actuated may be
sufficient to complete the particular treatment being performed, and may depend on factors
such as the power at the transducer, the frequency of ultrasonic energy emitted, the size of the
body lumen in which the transducer is inserted, the size of the tissue region being treated, the
age, weight and gender of the patient being treated, and/or the like. [llustratively, in some
configurations the time period for which the transducer 111 may be actuated may be in a

range of about 3 seconds to 5 minutes, e.g., 3-10 seconds, 3-30 seconds, 30 seconds to 1
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minute, 30 seconds to 5 minutes, 1 to 3 minutes, about 2 minutes, 10 seconds to 1 minute, 1
to 2 minutes, 2 to 3 minutes, 3 to 4 minutes, or 4 to 5 minutes. Or, for example, the transducer
111 may be actuated for less than 10 seconds (s), e.g., 0.1-10s, 1-2 s, 2- 3 s, 3-4 5,4-55, 5-6
S, 6-7s,7-8s, 8-9 s, or 9-10s. Or, for example, the transducer 111 may be actuated for more
than 5 minutes (m), e.g., 5-6 m, 6-7 m, 7-8 m, 8-9 m, 9-10 m, 10-15 m, 15-20 m, or for more
than 20 minutes. In specific embodiments, the period of time (also referred to as a duration)
during which the transducer 111 is actuated can be of a fixed duration, e.g., 7 seconds, and an
appropriate acoustic output power level may be selected based on the size of the portion of
the body lumen in which the transducer 111 is located, so that the treatment is tailored to the
specific tissue to be treated.

[0089] In various configurations, the delivery of ultrasound energy during the treatment
may be continuous or substantially continuous, e.g., without any interruptions or fluctuations
in frequency, power, duty cycle and/or any other parameters. Alternatively, one or more of
the frequency, power, duty cycle, or any other parameter may be modified during the
treatment. For example, in some configurations, the delivery of ultrasonic energy is
modulated, e.g., between on and off, or between a relatively high level and a relatively low
level, so as prevent or reduce the likelihood of overheating of adjacent (e.g., targeted or non-
targeted) tissue. For examples of such modulation, see U.S. Patent No. 10,499,937 to
Warnking.

[0090] In example configurations in which nerve tissue is to be treated, e.g., the nerves N
illustrated in FIG. 2B, the transducer 111 may be positioned and configured so as to deliver
ultrasonic energy through the wall of a body lumen that is adjacent to that nerve tissue, e.g.,
through the wall of the body lumen. In one non-limiting example, renal nerves to be treated
using the transducer 111 may be located about 0.5 mm to § mm (e.g., about 1 mm to 6 mm)
from the inner wall of the renal artery. In other examples, nerve tissue to be treated may be
located less about 0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm, 4 mm, 4.5 mm, 5
mm, 5.5 mm, 6 mm, 6.5 mm, 7 mm, 7.5 mm, 8§ mm, less than 0.5 mm, or more than 8 mm
from the inner wall of a body lumen in which transducer is disposed. Under control of the
controller 120, the transducer 111 generates unfocused ultrasonic energy that heats any
suitable nerve tissue so as to at least partially neuromodulate such nerve tissue, e.g., cause
complete or partial ablation, necrosis, or stimulation of such nerve tissue. The ultrasonic
energy generated by the transducer 111 may radiate radially outward so as to target the nerve
tissue regardless of the radial orientation of such nerve tissue relative to the body lumen. In

some configurations, the unfocused ultrasonic energy is emitted along an entire, continuous
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circumference of the transducer 111. In other configurations, the ultrasonic energy is emitted
non-continuously or intermittently around the circumference of the transducer 111. It should
be appreciated that nerve tissue, and more specifically the renal nerves, are only one example
of tissue that may be treated using an ultrasound transducer. Other examples of target
anatomical regions that may be treated with an ultrasound transducer 111 are described
elsewhere herein.

[0091]  Additional options regarding designs and uses of ultrasound transducers and
catheter-based ultrasound delivery systems are provided in the following patents and
published applications: U.S. Patent No. 6,635,054; U.S. Patent No. 6,763,722; U.S. Patent
No. 7,540,846; U.S. Patent No. 7,837,676; U.S. Patent No. 9,707,034; U.S. Patent No.
9,981,108; U.S. Patent No. 10,350,440; U.S. Patent No. 10,456,605; U.S. Patent No.
10,499,937; and PCT Publication No. WO 2012/112165.

[0092] In accordance with certain embodiments of the present technology, the
piezoelectric transducer body of the ultrasound transducer comprises a hollow tube of
piczoelectric material having an inner surface and an outer surface. In certain such
embodiments, a first electrode is disposed on one of the inner and outer surfaces of the
hollow tube of piezoelectric material, and a second electrode is disposed on the other one of
the inner and outer surfaces of the hollow tube of piezoelectric material. The hollow tube of
piczoelectric material can be cylindrically shaped, such that it has a circular shaped radial
cross-section. In certain embodiments suitable, e.g., for renal denervation, the piezoelectric
material, of which the piezoelectric transducer body is made, is lead zirconate titanate 8
(PZT8), which is also known as Navy III Piezo Material. Raw PZT transducers may be plated
with layers of copper, nickel and/or gold to create electrodes on surfaces (e.g., the inner and
outer surfaces) of the piezoelectric transducer body. In alternative embodiments the hollow
tube of piezoelectric material can have other shapes besides being cylindrical with a circular
cross-section. Other cross-sectional shapes for the hollow tube of piezoelectric material, and
more generally the piezoelectric transducer body, include, but are not limited to, an oval or
clliptical cross-section, a square or rectangular cross-section, pentagonal cross-section, a
hexagonal cross-section, a heptagonal cross-section, an octagonal cross-section, and/or the
like. In still other embodiments, the piezoelectric transducer body is not hollow, e.g., can
have a generally solid rectangular shape, or some other solid shape. The piczoelectric
transducer body can be configured, e.g., to deliver acoustic energy in a frequency range of 8.5
to 9.5 MHz, but is not limited thereto. In accordance with certain embodiments, the

piczoelectric transducer body is configured to produce an acoustic output power within a
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range of 5 to 45 Watts in response to an input electrical power within a range of 10 to 80
Watts, but is not limited thereto.

[0093] FIGS. 4A and 4B illustrate, respectively, side and perspective views of a distal
portion of the catheter 102 according to an embodiment. As can be seen in FIGS. 4A and 4B,
in accordance with certain embodiments, the ultrasound transducer 111 includes a non-
stepped portion 416 and a stepped portion 417. In certain embodiments, the axial length of
stepped portion 417 is about 0.4 mm and the axial length of a non-stepped portion 416 is
about 6 mm. The non-stepped portion 416 of the transducer 111 can also be referred to as the
main portion of the transducer 111. In certain embodiments, the non-stepped portion 416 of
the transducer 111 is the portion of the transducer that produces the bulk of the ultrasonic
energy delivered from the catheter 101. In certain embodiments, the stepped portion 417 has
a different outer-diameter than the non-stepped portion 416 and behaves in a different manner
than the non-stepped portion 416. In certain embodiments, a cylindrical portion of the balloon
112 (shown, e.g., in FIG. 2B) is at least as long as the length of non-stepped portion 416 in
order to provide cooling protection equivalent to the length of the transducer 111. In certain
embodiments, wherein the axial length of a non-stepped portion 416 is about 6 mm, the
cylindrical portion 255 of balloon 112 has a length at least about 6 mm.

[0094] Example details of the cartridge 130 and the reservoir 110, which were introduced
above in the above discussion of FIG. 1, will now be described with reference to FIG. 5. The
cartridge 130 and/or reservoir 110 can be parts of a fluid supply subsystem. However, it is
noted that alternative fluid supply subsystems can alternatively be used to supply cooling
fluid to and circulate cooling fluid through the balloon 112, while still being within the scope
of the embodiments of the present technology described herein. Referring to FIG. 5, the
reservoir 110 is shown as being implemented as a fluid bag, which can be the same or similar
to an intravenous (I'V) bag in that it can hang from a hook, or the like. The reservoir 110 and
the cartridge 130 can be disposable and replaceable items.

[0095] The reservoir 110 is fluidically coupled to the cartridge 130 via a pair of fluidic
paths, one of which is used as a fluid outlet path (that provides fluid from the reservoir to the
cartridge), and the other one of which is used as a fluid inlet path (the returns fluid from the
cartridge to the reservoir). The cartridge 130 is shown as including a syringe pump 540,
which includes a pressure syringe 542a and a vacuum syringe 542b. The pressure syringe
542a includes a barrel 544a, a plunger 546a, and a hub 548a. Similarly, the vacuum syringe
542b includes a barrel 544b, a plunger 546b, and a hub 548b. The hub 548a, 548b of each of
the syringes 542a, 542b is coupled to a respective fluid tube or hose. The cartridge 130 is also
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shown as including pinch valves V1, V2 and V3, pressure sensors P1, P2, and P3, and a
check valve CV. While not specifically shown in FIG. 3C, the syringe pump 540 can include
one or more gears and step-motors, and/or the like, which are controlled by the controller 120
(in FIG. 1) to selectively maneuver the plungers 546 of the pressure syringe 542a and the
vacuum syringe 542b. Alternatively, the gear(s) and/or step-motor(s) can be implemented
within the controller 120, and can be used to control the syringe pump 540.

[0096] In order to at least partially fill the barrel of the pressure syringe 542a with a
portion of the cooling fluid that is stored in the reservoir 110, the pinch valves V1 and V2 are
closed, the pinch valve V3 is opened, and the plunger 546a of the pressure syringe 542a is
pulled upon to draw cooling fluid 213 into the barrel 544a of the of the pressure syringe 542a.
The pinch valve V3 is then closed and the pinch valves V1 and V2 are opened, and then the
plunger 546a of the pressure syringe 542a is pushed upon to expel cooling fluid from the
barrel 544a of the pressure syringe 542a through the fluid tube attached to the hub 548a of the
pressure syringe 542a. The cooling fluid expelled from the pressure syringe 542a enters the
fluid lumen 270 (in the catheter shaft 214), via the fluidic inlet port 234a of the catheter 102,
and then enters and at least partially fills the balloon 112. Simultaneously, the plunger 546b
of the vacuum syringe 542b can be pulled upon to pull or draw cooling fluid from the balloon
into the fluid lumen 272 (in the catheter shaft), through the fluidic outlet port 235b of the
catheter 102, and then through fluid tube attached to the hub 548b of the vacuum syringe
542b and into the barrel 544b of the vacuum syringe 542b. In this manner, the cooling fluid
can be circulated through the balloon 112. The balloon 112 can be inflated by supplying more
cooling fluid to the balloon than is removed from the balloon. One or more of the pressure
sensors P1, P2, and P3 can be used to monitor the pressure in the balloon 112 to achieve a
target balloon pressure, e.g., of 10 pounds per square inch (psi), but not limited thereto. Once
the balloon is inflated to a target pressure, e.g., between 10 psi and 30 psi, and/or size, the
cooling fluid can be circulated through the balloon without increasing or decreasing the
amount of fluid within the balloon by causing the same amount of fluid that is removed from
the balloon 112 to be the same as the amount of fluid that is provided to the balloon 112.
Also, once the target balloon pressure is reached, the ultrasound transducer 111 can be
excited to emit ultrasound energy to treat tissue that surrounds the portion of the body lumen
(e.g., aportion of a renal artery) in which the balloon 112 and the transducer 111 are inserted.
When the ultrasound transducer 111 is emitting ultrasound energy it can also be said that the
ultrasound transducer 111 is performing sonication, or that sonication is occurring. During

the sonication, cooling fluid should be circulated through the balloon by continuing to push
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on the plunger 546a of the pressure syringe 542a and continuing to pull on the plunger 546b
of the vacuum syringe 542b.

[0097]  After the sonication is completed, and the balloon 112 is to be deflated so that the
catheter 102 can be removed from the body lumen, the cooling fluid should be returned from
the barrel 544b of the vacuum syringe 542b to the reservoir 110. In order to return the cooling
fluid from the barrel 544b of the vacuum syringe 542b to the reservoir 110, the pinch valves
V1, V2, and V3 are all closed, and the plunger of the vacuum syringe 542b is pushed on to
expel the cooling fluid out of the barrel of the vacuum syringe 542b, past the check valve CV,
and into the reservoir 110.

[0098]  The pressure sensors P1, P2, and P3 can be used to monitor the fluidic pressure at
various points along the various fluidic paths within the cartridge 130, which pressure
measurements can be provided to the controller 120 as feedback that is used for controlling
the syringe pump 540 and/or for other purposes, such as, but not limited to, determining the
fluidic pressure within the balloon 112. Additionally, flow rate sensors F1 and F2 can be
used, respectively, to monitor the flow rate of the cooling fluid that is being injected (also
referred to as a pushed, provided, or supplied) into the balloon 112, and to monitor the flow
rate of the cooling fluid that is being drawn (also referred to as a pulled or removed) from the
balloon 112. The pressure measurements obtained from the pressure sensors P1, P2, and P3
can be provided to the controller 120 so that the controller 120 can monitor the balloon
pressure. Additionally, flow rate measurements obtained from the flow rate sensors F1 and
F2 can be provided to the controller 120 so that the controller 120 can monitor the flow rate
of cooling fluid being pushed into and pulled from the balloon 112. It would also be possible
for one or more pressure sensors and/or flow rate sensors to be located at additional or
alternative locations along the fluidic paths that provide cooling fluid to and from the balloon
112.

[0099] FIG. 6 will now be used to describe an example implementation of the controller
120, which was introduced in FIG. 1. Referring to FIG. 6, the controller 120 is shown as
including one or more processors 612, a memory 614, a user interface 616, and an ultrasound
excitation source 618, but can include additional and/or alternative components. While not
specifically shown, a processor 612 can be located on a control board, or more generally, a
printed circuit board (PCB) along with additional circuitry of the controller 120. The
processor 612 can communicate with the memory 614, which can be a non-transitory
computer-readable medium storing instructions. The processor 612 can execute the

instructions to cause the system 100 to perform the methods described herein. The user



WO 2023/002327 PCT/IB2022/056563
27

interface 616 interacts with the processor 612 to cause transmission of electrical signals at
selected actuation frequencies to the ultrasound transducer 111 via wires of the connection
cable 140 and the cabling 282 that extends through the catheter shaft 112. These wires
electrically couple the controller 120 to the transducer 111 so that the controller 120 can send
clectrical signals to the transducer 111, and receive electrical signals from the transducer 111.
The processor 612 can control the ultrasound source 618 to control the amplitude and timing
of the electrical signals so as to control the power level and duration of the ultrasound signals
emitted by transducer 111. More generally, the controller 120 can control one or more
ultrasound treatment parameters that are used to perform sonication. In certain embodiments,
the excitation source 618 can also detect electrical signals generated by transducer 111 and
communicate such signals to the processor 612 and/or circuitry of a control board. While the
ultrasound excitation source 618 in FIG. 6 is shown as being part of the controller, it is also
possible that the ultrasound excitation source 618 is external to the controller 120 while still
being controlled by the controller 120, and more specifically, by the processor 612 of the
controller 120.

[00100] The user interface 616 can include a touch screen and/or buttons, switches, etc., to
allow for an operator (user) to enter patient data, select treatment parameters, view records
stored on a storage/retrieval unit (not shown), and/or otherwise communicate with the
processor 612. The user interface 616 can include a voice-activated mechanism to enter
patient data or may be able to communicate with additional equipment so that control of the
controller 120 is through a separate user interface, such as a wired or wireless remote control.
In some embodiments, the user interface 616 is configured to receive operator-defined inputs,
which can include, e.g., a duration of energy delivery, one or more other timing aspects of the
energy delivery pulses (e.g., frequency, duty cycle, etc.), power, body lumen length, mode of
operation, patient parameter, such as height and weight, and/or verification of artery
diameter, or a combination thereof. Example modes of operation can include (but are not
limited to): system initiation and set-up, catheter preparation, balloon inflation, verification of
balloon apposition, pre-cooling, sonication, post-cooling, balloon deflation, and catheter
removal, but are not limited thereto. In certain embodiments, the user interface 616 provides
a graphical user interface (GUI) that instructs a user how to properly operate the system 100.
The user interface 616 can also be used to display treatment data for review and/or download,
as well as to allow for software updates, and/or the like.

[00101] The controller 120 can also control a cooling fluid supply subsystem 630, which

can include the cartridge 130 and reservoir 110, which were described above with reference
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to FIGS. 1 and 5, but can include alternative types of fluid pumps, and/or the like. The
cooling fluid supply subsystem 630 is fluidically coupled to one or more fluid lumens (e.g.,
270 and 272) within catheter shaft 214 which in turn are fluidically coupled to the balloon
112. The cooling fluid supply subsystem 630 can be configured to circulate a cooling liquid
through the catheter 102 to the transducer 111 in the balloon 112. The cooling fluid supply
subsystem 630 may include elements such as a reservoir 110 for holding the cooling fluid
213, pumps (e.g., syringes 542a and 542b), a refrigerating coil (not shown), or the like for
providing a supply of cooling fluid to the interior space of the balloon 112 at a controlled
temperature, desirably at or below body temperature. The processor 612 interfaces with the
cooling fluid supply subsystem 630 to control the flow of cooling fluid into and out of the
balloon 112. For example, the processor 612 can control motor control devices linked to drive
motors associated with pumps for controlling the speed of operation of pumps (e.g., syringes
542a, 542b). Such motor control devices can be used, for example, where the pumps are
positive displacement pumps, such as peristaltic pumps. Alternatively, or additionally, a
control circuit may include structures such as controllable valves connected in the fluid
circuit for varying resistance of the circuit to fluid flow (not shown). The processor 612 can
monitor pressure measurements obtained by the pressure sensors (e.g., P1, P2 and P3) to
monitor and control the cooling fluid through the catheter 102 and the balloon 112. The
pressure sensors can also be used to determine if there is a blockage and/or a leak in the
catheter 102. While the balloon 112 is in an inflated state, the pressure sensors can be used to
maintain a desired pressure in the balloon 112, e.g., at a pressure of between 10 psi and 30
psi, but not limited thereto. As will be described in additional detail below, the processor 612
can use sensor measurements from one or more of the pressure sensors and/or other sensors
to determine when the balloon 112 is in apposition with a body lumen as well as to estimate
an inner diameter of a body lumen in order to select an appropriate dose of ultrasound energy
to be delivered to treat tissue surrounding the body lumen.

[00102] Estimating Body Lumen Size

[00103] As noted above, for various reasons, it is important to know the inner diameter
(size) of a body lumen (e.g., a renal artery) into which an ultrasound transducer and/or
balloon is inserted, or is/are to be inserted, e.g., so that an appropriate dose of
neuromodulation energy, e.g., ultrasound energy, is selected and used for a treatment. Vessel
sizing previously has been done through, e.g., computed tomography (CT) imaging with
contrast agent, fluoroscopy, magnetic resonance imaging (MRI), diagnostic intravascular

ultrasound, optical coherence tomography (OCT), intracardiac echocardiography (ICE).
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[00104] However, such imaging techniques have limited resolution or require additional
equipment, time, and money or is not real time. Certain embodiments of the present
technology are directed to techniques for estimating the inner diameter of a body lumen, or a
surrogate thereof, without using CT imaging, MRI, OCT, ICE, fluoroscopy, separate
intravascular diagnostic ultrasound equipment. Certain embodiments of the present
technology use CT imaging, MRI, OCT, ICE, fluoroscopy and/or separate diagnostic
ultrasound equipment to confirm and/or add more accuracy to the novel techniques of
measuring body lumen diameter described herein.

[00105] Certain such embodiments described herein utilize balloon pressure measurements
obtained from one or more pressure sensors to estimate a body lumen diameter or a surrogate
thereof. Other embodiments described herein utilize fluid flow rate measurements obtained
from one or more flow rate sensors to estimate a body lumen diameter or a surrogate thereof.
Still other embodiments utilize sensor measurements from additionally or alternative types of
sensors, such as a microphone or an accelerometer, to estimate a body lumen diameter or a
surrogate thereto. Still further embodiments rely on ultrasound reflections to estimate a body
lumen size or surrogate thereof. Certain embodiments use one or more (e.g., all) of the novel
techniques of measuring body lumen diameter described herein. Certain embodiments use
one or more (e.g., all) of the novel techniques of measuring body lumen diameter described
herein, together with one or more of CT imaging, fluoroscopy, and/or separate diagnostic
ultrasound equipment.

[00106] Use of Pressure Measurements to Estimate Body Lumen Size and/or Select

Ultrasound Treatment Parameters

[00107] Embodiments of the present technology that utilize balloon pressure
measurements, obtained from one or more pressure sensors (e.g., P1 and/or P2) to estimate a
body lumen diameter or a surrogate thereof, will now be described with reference to FIGS. 5,
7A, 7B, and 8. It will be appreciated that the linear piecewise representation of the figures
may be an approximation of real data. That is, real data may not have such clean lines and
discrete inflections. The conceptual approximation may, however, be generated by filtering
real data, and provides an illustration of the concept described below.

[00108] FIGS. 7A and 7B, which are example graphs of balloon pressure versus time, are
used to explain how pressure within a balloon that is being filled with a fluid (e.g., a cooling
fluid) can change over time as the fluid is injected into the balloon. More specifically, the
pressure versus time curve in FIG. 7A is for a catheter that has not been inserted into a body

lumen, i.e., is in vitro, and the pressure versus time curve in FIG. 7B is for the same catheter
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after it has been inserted into a body lumen. For the purpose of discussing FIGS. 7A and 7B,
it is assumed that the catheter is provided with a non-compliant balloon that once fully filled
with fluid does not expand in volume any further, but may increase in pressure as additional
fluid is injected into the balloon. It is also assumed that the diameter of the non-compliant
balloon, when fully inflated, is greater than the potential maximum inner diameter of the
body lumen into which the non-compliant balloon is to be inserted. The volume of such a
non-compliant balloon, when fully inflated with cooling fluid, can be, e.g., 1-2 milliliters
(mL).

[00109] When the balloon 112 is devoid of fluid, it is at a negative pressure (also referred
to as a vacuum pressure) relative to environmental pressure, and while the balloon is being
filled with fluid that is being injected into the balloon, the pressure in the balloon 112 can
gradually rise in accordance with a positive slope (indicative of balloon pressure versus time).
The slope corresponds to a rate of pressure change, e.g., a change in pressure over a period of
time. It is noted that the terms balloon pressure, pressure within the balloon, pressure within
the interior of the balloon, and the like, as used herein, are used interchangeably. It is also
noted that the units of balloon pressure can be pounds per square inch (psi), or in Newtons
per square meter, which is also known as a Pascal, but are not limited thereto. Unless stated
otherwise, it is assumed that the pressure measurements are in pounds per square inch (psi).
[00110] Referring to FIGS. 7A and 7B, the portion of the curves labeled 712, which has a
positive slope, corresponds to the period of time (between times t0 and t1) during which the
pressure within the balloon is increasing, without the volume of the balloon increasing, until
the pressure in the balloon reaches environmental pressure (at time t1). The portion of the
curves labeled 714, which is substantially constant or static and has substantially no slope,
corresponds the period of time (between times t1 and t3 in FIG. 7A, or between times t1 and
t2 in FIG. 7B) during which the balloon is being filled with the cooling fluid and the cooling
fluid is expanding the volume of the balloon without increasing the pressure in the balloon
beyond the environmental pressure. More particularly, over the so-called minimal slope
segment between times t1 and t3 in FIG. 7A and times t1 and t2 in FIG. 7B, pressure within
the balloon remains essentially the same as the volume of the balloon increases during the
inflation process. It is noted that when the balloon is not inserted into a body lumen, i.e., is in
vitro, the environment pressure is atmospheric pressure. After the balloon has been inserted
into a body lumen, the environment pressure is the blood pressure within the body lumen,
which may vary within a relatively small range over each cardiac cycle, but is substantially

constant. The portion of the curves labeled 718, which has a positive slope, corresponds to
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the period of time (following time t3) after which the balloon has been fully inflated such that
as additional cooling fluid is injected into the balloon the volume of the balloon does not
increase but the pressure in the balloon increases. The time t4 in the FIGS. 7A and 7B is the
time at which the balloon 112 reaches its target pressure. The target balloon pressure can be,
e.g., 10 psi, but higher or lower target inflation pressures can alternatively be used. It is noted
that the times t1, t2, t3, and t4 in the graphs are temporal variables that correspond to specific
inflection points in the curves, wherein such times are capable of being determined, e¢.g., by
the controller 120, based on pressure measurements that are obtained using one or more
pressure sensors (e.g., P1 and/or P2) and provided to the controller 120.

[00111] The curve inflections, as described herein, correspond to changes in a fluid
parameter, such as pressure that is above a threshold change. For example, the threshold
change can be a change in a rate of pressure change that exceeds a predetermined rate. When
the instantaneous rate of change exceeds the predetermined level at a particular point in time,
then the transition between the segment leading to the particular point and the segment going
away from the particular point can be identified as an inflection in the curve. The inflections
can define the start and stop of curve segments. For example, the minimal slope segment can
extend between a start inflection and a stop inflection.

[00112] In addition to determining inflection points in the curves, the controller may also
determine durations, slopes, or inclines for each of the curve segments. For example, the
controller can determine that the curve segment between times t1 and t3 in FIG. 7A (or
between times t1 and t2 in FIG. 7B) has a slope and/or incline that is less than the slope(s) of
adjacent segments. The slope of the segment between times t1 and t3 can be substantially
equal to zero, and the adjacent slopes can be greater than zero. Accordingly, the curve
segment may be referred to as a zero-slope segment, or a minimal slope segment. Similarly,
the controller can determine that the curve segment between times t3 and t4 in FIG. 7A (or
between times t2 to t3 and t3 to t4 in FIG. 7B) has a slope and/or incline that is negative or
positive in value. Accordingly, the curve segments adjacent to the minimal slope segment
may be referred to as non-zero-slope segments, or non-minimal slope segments.

[00113] In FIG. 7B, the portion of the curve labeled 716, which has a positive slope,
corresponds to the period of time between when the not yet fully inflated balloon comes into
apposition (at time t2) with the body lumen into which the balloon is inserted and when the
balloon is fully inflated (at time t3). The inflection point in the curve in FIG. 7B that
corresponds to the time t2 (which is a variable) is the point in time where the balloon has

been sufficiently inflated such that an outer circumference of the balloon comes into
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apposition with an inner circumference of the body lumen in which the balloon is positioned.
Accordingly, it can be said that the inflection point at time t2 corresponds to when the
balloon becomes in apposition with the body lumen. The reason the pressure begins to
increase at the time t2 is that once the balloon becomes in apposition with the body lumen,
the interior circumferential surface of the body lumen pushes back against the outer
circumferential surface of the balloon as additional fluid is injected into the balloon.

[00114] There are various different types of body lumens into which the balloon 112 may
be inserted, such as, but not limited to, a renal artery. For most patients, their renal arteries
will have an inner diameter within the range of 3 mm to 8 mm. Further, it is noted that the
diameter of a renal artery may vary along the length of the renal artery. For the purpose of
this discussion, it is presumed that the body lumen, into which the catheter and balloon are
being inserted, has an inner diameter within the range of 3 mm to 8 mm. However, it is noted
that need not be the case if the catheter and the balloon are intended to be used with other
types of body lumens. Further, for the purpose of this discussion, it is presumed that the outer
diameter of the balloon at the target balloon pressure does not exceed 8 mm. However, it is
noted that need not be the case if the catheter and the balloon are intended to be used with
other types of body lumens. Examples of other types of body lumens into which the balloon
112 and the transducer 111 (or the transducer 111 without a balloon 112 or a balloon 112
without a transducer) can be inserted, include, but are not limited to, a hepatic artery, a
splenic artery, a celiac trunk, a superior mesenteric artery, or an inferior mesenteric artery.
[00115] Between times t2 and t3, the pressure within the balloon that is not yet fully
inflated, continues to increase due to the resistance of the interior surface body lumen against
the exterior surface of the balloon. Further, between times t2 and t3, as the diameter and the
volume of the balloon expands (until the balloon is fully inflated at time t3), the exterior
surface of the balloon pushes against the interior surface of the body lumen thereby stretching
or expanding the body lumen. Assuming a constant flow rate of the fluid being injected into
the balloon, it should be appreciated that the time between times t1 and t2 is dependent upon
the size of the body lumen in which the balloon is inserted. More specifically, presuming the
balloon is being inflated at a fixed predetermined rate, the shorter the length of time between
times t1 and t2 (and more specifically, the corresponding inflections points in the curve in
FIG. 7B), the smaller the inner diameter of the body lumen, and the longer the length of time
between times t1 and t2 the larger the inner diameter of the body lumen. It is noted that

whenever a diameter of a body lumen is being discussed herein, the diameter being referred



WO 2023/002327 PCT/IB2022/056563
33

to is the inner diameter of the body lumen, and thus, an inner diameter of a body lumen can
be referred to more succinctly herein as the diameter of the body lumen.

[00116] In accordance with certain embodiments of the present technology described
below, measurements of the pressure within the balloon, obtained using one or more pressure
sensors (e.g., P1, P2 and/or P3 in FIG. 5), are used to determine an estimate of the size (i.e.,
inner diameter) of a body lumen, or a surrogate thereof. The estimate of the body lumen size
(or the surrogate thereof) can then be used to select one or more treatment parameters, such
as a therapeutically effective neuromodulation energy, fluid flow rate, or desired balloon
pressure (the balloon pressure used during sonication). In an embodiment, the estimate of the
body lumen size (or the surrogate thereof) can then be used to select one or more ultrasound
treatment parameters, such as, but not limited to, a level of voltage or power that is provided
to an ultrasound transducer (within the balloon) to cause the ultrasound transducer to emit
ultrasound energy that is used to treat patient tissue surrounding the body lumen and/or the
cooling fluid flow rate and/or the optimal pressure of the balloon 112. Such measurements of
the pressure within the balloon 112 can also be referred to herein as balloon pressure
measurements, or more succinctly, as pressure measurements. Alternatively, rather than
initially estimating the body lumen size or the surrogate thercof based on pressure
measurements, and then using the estimate of the body lumen size to select the treatment
parameter(s), the treatment parameter(s) can instead be determined based on the pressure
measurements. In other words, the operation of estimating the body lumen size based on
pressure measurements can be eliminated, if so desired, where the sole purpose of estimating
the body lumen size is to select the appropriate level of voltage, power, cooling fluid flow
rate, and/or desired (energy delivery/sonication) balloon pressure. Rather, an analysis of the
pressure measurements themselves can be used to select the treatment parameter(s), while
skipping the intermediate operation of estimating the body lumen size. It is noted that phrases
such as determining an estimate of the size of a body lumen, and estimating the size of a body
lumen, and the like, are used interchangeably herein. Further, unless stated otherwise, it is
assumed that a size of a portion of a body lumen refers to an inner diameter of the body
lumen.

[00117] In an embodiment, a graphic user interface may be used to display the determined
body lumen diameter and/or the treatment parameters. In an embodiment, the graphic user
interface may ask the user to confirm the body lumen diameter and/or the treatment
parameters prior to providing a therapeutically-effective neuromodulation energy, e.g.,

thermally ablative ultrasound or RF energy.
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[00118] In an embodiment, the controller determines an inflection point t4, the point in
time when the balloon pressure reaches a target balloon pressure, e.g., 10 psi, but not limited
thereto, and automatically generates a therapeutically-effective neuromodulation energy, e.g.,
thermally ablative ultrasound or RF energy to a treatment site.

[00119] Referring briefly back to FIG. 5, shown therein is a pressure sensor P1 that is
located within or adjacent to the fluid output path of the cartridge 130 and a pressure sensor
P2 that is located within or adjacent to the fluid return path of the cartridge 130, which fluid
output and return paths are used to transfer cooling fluid between the cartridge 130 and the
balloon 112. This enables the controller 120 to obtain measurements of the fluid output
pressure and the fluid return pressure in real-time or near-real-time. Because the system is a
closed system with substantially symmetric flow, with the balloon 112 being in the center of
the flow path, averaging the fluid output pressure (also referred to as a fluid supply pressure)
and the fluid return pressure, obtained respectively by the pressure sensors P1 and P2,
provides for a good estimate of the balloon pressure. The balloon pressure is monitored, using
such pressure sensors, while the cooling fluid is being injected into the balloon at a fixed rate
using the pressure syringe 542a, or some other type of fluid pump. Accordingly, real-time or
near-real-time measurements of balloon pressure are being obtained by the controller 120
while the cooling fluid is being used to inflate the balloon 112, which enables the controller
120 to identify the various inflection points and phases or time periods described above with
reference to FIGS. 7A and 7B. More specifically, the controller 120 can identify the various
inflection points (e.g., at times t1, t2, and/or t3) and the various phases or segments (e.g.,
between times t0 and t1, between times t1 and t2, between times t2 and t3, and between times
t3 and t4) that correspond to the portions of the curve in FIG. 7B labeled 712, 714, 716, and
718. Referring to FIG. 7B, the inflection point at time t1 corresponds to the point in time
when the balloon pressure transitions from vacuum pressure to environmental pressure, the
inflection point at time t2 corresponds to the point in time when the balloon becomes in
apposition with the body lumen, and the inflection point at time t3 corresponds to the point in
time when the balloon becomes fully inflated. The time t4, as noted above, is the point in
time when the balloon pressure reaches a target balloon pressure, e.g., 10 psi, but not limited
thereto.

[00120] The controller 120 can identify the various inflection points or segments
mentioned above based on the pressure measurements obtained from one or more of the
pressure sensors (e.g., P1 and/or P2). For example, the inflection point at time t1 (that

corresponds to the point in time when the balloon pressure transitions from vacuum pressure
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to environmental pressure) can be identified when pressure measurements transition from
gradually increasing over time to staying substantially constant over time. For another
example, the inflection point at time t2 (that corresponds to the point in time when the
balloon becomes in apposition with the body lumen) can be identified when the pressure
measurements transition from staying substantially constant over time to gradually increasing
over time. In certain embodiments, a running average of the pressure measurements (e.g., a
running average of the N most recent pressure measurements, where N is an integer that is at
least 2) is determined by the controller 120, and the controller 120 analyzes the running
average to identify the inflection points. Alternatively, or additionally, the pressure
measurements can be filtered, e.g., by a low pass filter (LPF), before being analyzed by the
controller 120 to identify the various inflection points.

[00121] In accordance with certain embodiments of the present technology, the controller
120 identifies the inflection points in the pressure versus time curve (shown in FIGS. 7B) that
corresponds to the times t1 and t2, so that the length of time (also referred to as a duration)
corresponding to the substantially flat portion of the curve 714 can be determined. The
duration between times t1 and t2 can be determined by determining a difference between the
times t2 and t1. Alternatively, the controller 120 can start a timer when the inflection point at
time t1 is identified and can stop the timer when the inflection point at time t2 is identified, in
which case the duration would be the value of the time when the timer is stopped. Other ways
for determining the duration of time between the times t1 and t2 are also possible and within
the scope of the present technology.

[00122] The time t4 in the FIGS. 7A and 7B is the time at which the balloon 112 reaches
its target pressure. The target balloon pressure can be, e.g., 10 psi, but higher or lower target
inflation pressures can alternatively be used. It is noted that the times t1, t2, t3, and t4 in the
graphs are temporal variables that correspond to specific inflection points in the curves,
wherein such times are capable of being determined, e.g., by the controller 120, based on
pressure measurements (or other parameter measurements) that are obtained or detected using
one or more sensors, such as pressure sensors (e.g., P1 and/or P2), and provided to the
controller 120.

[00123] As noted above, the example curve shown in FIG. 7B, of pressure versus time, is
for a non-compliant balloon. As also noted above, once a non-compliant balloon is fully
inflated with fluid, the non-compliant balloon does not expand in volume any further, but
may increase in pressure as additional fluid is injected into the balloon. A curve of pressure

versus time can look somewhat different for a compliant balloon that continues to increase in
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size as additional fluid is injected into the balloon. Referring to FIG. 8, the dashed-line curve
800 is for a compliant balloon that has not been inserted into a body lumen, i.e., is in vitro,
and the solid line curve 802 is for the same compliant balloon after it has been inserted into a
body lumen. The portion of the curves labeled 812, which has a positive slope, corresponds to
the period of time (between times t0 and t1) during which the pressure within the compliant
balloon is increasing, without the volume of the compliant balloon increasing, until the
pressure in the balloon reaches environmental pressure (at time t1). The portion of the curves
labeled 814, which is substantially constant or static and has substantially no slope,
corresponds the period of time (between times t1 and t1’) during which the balloon is being
filled with the cooling fluid and the cooling fluid is expanding the volume of the balloon
without increasing the pressure in the balloon beyond the environmental pressure. It is noted
that when the balloon is not inserted into a body lumen, i.e., is in vitro, the environment
pressure is atmospheric pressure. After the balloon has been inserted into a body lumen, the
environment pressure is the blood pressure within the body lumen, which may vary within a
relatively small range over each cardiac cycle, but is substantially constant. The portion of the
curves labeled 815, which has a positive slope, corresponds to the period of time (following
time t17) after which the balloon has been sufficiently inflated such that as additional cooling
fluid is supplied to the balloon the volume of the balloon and the pressure in the balloon both
increase. In other words, at the point in time t1” the material from which the balloon is made
begins to be stretched. Following time t1°, if the compliant balloon that has not been inserted
into a body lumen then its pressure versus time curve can follow the dashed-line curve 800.
However, if the compliant balloon has been inserted into a body lumen, then there is a point
in time, labeled t2, that the compliant balloon can come into apposition with the body lumen,
at which point the pressure versus time curve 802 can begin to deviate from the in vitro
pressure versus time curve 800. By providing the controller 120 with sufficient information
about the in vitro pressure versus time curve 800 for the compliant balloon, the controller 120
can detect the inflection point at time t2 (that corresponds to the point in time when the
balloon becomes in apposition with the body lumen wall) based on pressure measurements
obtained from one or more of the pressure sensors (e.g., P1 and/or P2). In other words, the
controller 120 can detect the inflection point at time t2 (that corresponds to the point in time
when the balloon becomes in apposition with the body lumen wall) by detecting when the
pressure versus time curve of the balloon inserted into a body lumen deviates from the
pressure versus time curve that the balloon would experience if not constrained at all by a

circumferential inner wall of a body lumen.
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[00124] Regardless of whether the balloon 112 is a non-compliant balloon, or a compliant
balloon, by knowing how much fluid is being supplied to the balloon, and how much time
occurred between the times t1 and t2, the controller 120 can determine the amount of fluid
that was supplied to the balloon between the times t1 and t2. For example, if the balloon is
being inflated at a rate of 5 milliliters per second (mL/sec), and there is 2.2 seconds (sec)
between times t1 and t2, then the controller 120 can calculate that 11 mL of cooling fluid was
supplied to the balloon between times t1 and t2 (i.e., S mL/sec * 2.2 sec =11 mL). An
equation or look-up-table can be produced and stored in the memory of the controller 120,
which can be used to determine an estimate of the diameter of a body lumen based on the
amount of fluid that supplied to the balloon 112 between the times t1 and t2. An example of
such a look-up-table is shown in Table 1 below. It is noted that if the cooling fluid is being
removed from the balloon at the same time that cooling fluid is being provided to the balloon,
as could likely be the case, then the amount of fluid being supplied to the cooling fluid at any
given time can be the differential flow rate. For an example, if 6 mL/sec of cooling fluid is
being injected into the balloon while 1 mL/sec of cooling fluid is being removed from the
balloon, then the differential flow rate would be 5 mL/sec, and it can be said that a net of 5

mL/sec of cooling fluid is being supplied to the balloon and used to inflate the balloon.

Table 1
Volume of Fluid supplied to the balloon Estimate of body lumen diameter
between times t1 and t2
Volume-a Diameter-a
Volume-b Diameter-b
Volume-c Diameter-c
Volume-z Diameter-z

[00125] Alternatively, if the flow rate or differential flow rate is constant, then an equation
or look-up-table can be produced and stored, which can be used to determine an estimate of a
diameter of a body lumen based on the length of time between the times t1 and t2. An

example of such a look-up-table is shown below in Table 2.
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Table 2
Time between times t1 and 2 Estimate of body lumen diameter
Time-a Diameter-a
Time-b Diameter-b
Time-c Diameter-c
Time-z Diameter-z

[00126] The above described look-up-tables can be generated, for example, through
experimentation, calculations and/or simulations, and a different respective look-up-table can
be generated for each of a plurality of different types and/or sizes of balloons that may be
used.

[00127] In certain embodiments, a patient’s blood pressure measurement is entered into
the memory of the controller 120. A timer is initiated when the balloon 112 is at a known
pressure, e.g., a negative or vacuum pressure, (time t0), whereupon the controller begins to
inflate the balloon 112. The controller 120 identifies the inflection point in the pressure
versus time curve that corresponds to the time t2. In certain embodiments, the memory of
controller 120 includes a look-up-table that correlated the time it takes for balloon 112 to go
from the known pressure (e.g., vacuum pressure) at t0 to environmental pressure (t1) using
the inputted patient’s blood pressure. Controller 120 then subtracts the time between t0 to t1
from time t0 to t2 to determine the time between t1 and t2 and uses the time between t1 and
t2 to determine an estimate of a size of the portion of the body lumen, or a surrogate thereof.
By how much time occurred between the times t1 and t2, the controller 120 can determine the
amount of fluid that was supplied to the balloon between the times t1 and t2. For example, if
the balloon is being inflated at a rate of 5 milliliters per second (mL/sec), and there is 2.2
seconds (sec) between times t1 and 2, then the controller 120 can calculate that 11 mL of
cooling fluid was supplied to the balloon between times t1 and 2 (i.e., 5 mL/sec * 2.2 sec =
11 mL). An equation or look-up-table can be produced and stored in the memory of the

controller 120, which can be used to determine an estimate of the diameter of a body lumen
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based on the amount of fluid supplied to the balloon 112. The controller then displays on the
user interface, the estimated size of the portion of the body lumen, or the surrogate thereof.
[00128] In accordance with certain embodiments, rather than estimating the diameter of
the body lumen based on the duration of time between the times t1 and t2, discussed with
reference to FIGS. 7B-8, the body lumen diameter can be estimated using the following
equations:

(1) Total injected volume = pump flow rate * time.

(2) Volume of system = volume of pumps and flow tubes/manifold flow path
(cartridge, known) + volume of the catheter (known) + volume of inflated balloon
(calculated). (3) Volume of inflated balloon = 4x * balloon diameter” * balloon
length.

(4) Body lumen inner diameter = balloon diameter at apposition = sqrt(total
injected volume — volume of cartridge — volume of the catheter)/(1/4x * balloon length).
[00129] One of ordinary skill in the art reading this disclosure would appreciate that
various other equations and/or look-up-tables, besides those specifically described herein, can
alternatively be used to determine an estimate of a diameter of a body lumen while being
within the scope of the embodiments described herein.

[00130] In accordance with certain embodiments, once an estimate of a body lumen
diameter is determined, an equation or look-up-table can be used to select a level of voltage
or power that is provided to an ultrasound transducer (that is positioned within the balloon) to
cause the ultrasound transducer to emit ultrasound energy that is used to treat patient tissue
surrounding the body lumen. An example of such a look-up-table is shown below in Table 3.
More generally, once an estimate of the body lumen diameter is determined, one or more

tissue treatment parameters can be selected based thereon.

Table 3
Estimate of body lumen diameter Voltage level applied between electrodes
of ultrasound transducer
Diameter-a Voltage-a
Diameter-b Voltage-b

Diameter-c Voltage-c
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Diameter-z Voltage-z

[00131] Instead of specifying a voltage level (to be applied between electrodes of an
ultrasound transducer), for each of a plurality of different body lumen diameters, a look-up-
table can specify the acoustic output power level, in watts (W), that is to be output for each of
a plurality of different lumen diameters, and optionally can specify addition values, such as
respective lesion target values and acoustic energy densities. An example of such a look-up-

table is shown in Table 4 below.

Table 4
Estimated body lumen Lesion Target Volume (mL) | Acoustic Output Power (W)
diameter (mm)
Diameter-a Volume-a Power-a
Diameter-b Volume-b Power-b
Diameter-c Volume-c Power-c
Diameter-z Volume-z Power-z

[00132] Where an estimated body lumen diameter falls between two diameters included in
the look-up-table, the appropriate acoustic output power can be determined by determining an
average (which may be a weighted average) of two of the acoustic output power values
included in the table, or an interpolation can be used to select the appropriate acoustic output
power. For a simple example, if Diameter-b were 5 mm and Diameter-c were 6 mm, and the
estimated body lumen diameter is 5.5 mm, then the acoustic output power level to be applied
can be determined by averaging the acoustic output power level that would be used
associated with Diameter-b and Diameter-c, i.e., by determining the average of Power-b and
Power-c. If the estimated body lumen diameter is 5.2 mm, then the acoustic output power
level to be applied can be determined by determining a weighted average of the acoustic
output power level that would be used if the diameter were 5 mm and the acoustic output

power level that would be used if the diameter were 6 mm, e.g., by calculating Power-b * 0.8
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+ Power-c * 0.2. These are just a few examples of how averaging or interpolation can be
performed, which are not intended to be all encompassing. The controller 120 can then use an
equation or further look-up-table to determine the voltage level that is to be applied between
clectrodes of the ultrasound transducer, i.e., to determine what voltage level is needed to
achieve the desired acoustic output power.

[00133] An alternative look-up-table can specify the acoustic output power level that is to
be output for each of a plurality of different durations of time between the times t1 and t2,
whereby the duration is a surrogate of the body lumen size, and optionally can specify
additional values, such as respective lesion target values and acoustic energy densities. An
example of such a look-up-table is shown in Table 5 below. The controller 120 can then use
an equation or further look-up-table to determine the voltage level that is to be applied
between electrodes of the ultrasound transducer, i.e., to determine what voltage level is
needed to achieve the desired acoustic output power. It is noted that the acoustic output
powers shown in Tables 4 and 5 are generalized, non-limiting examples, and that actual
values of acoustic output power are dependent upon various factors in additional to body
lumen diameter, such as sonication duration, frequency, transducer shaped, target depth,

balloon pressure, cooling fluid flow rate, and/or the like.

Table 5
Time between times t1 Lesion Target Volume (mL) | Acoustic Output Power (W)
and t2)
Time-a Volume-a Power-a
Time-b Volume-b Power-b
Time-c Volume-c Power-c
Time-z Volume-z Power-z

[00134] In embodiments where controller 120 uses a look-up-table, such as the one shown
in Table 4 above, to select the appropriate acoustic output power, the controller 120 selects
the acoustic output power based on an estimated body lumen diameter. In embodiments

where controller 120 uses a look-up-table, such as the one shown in Table 5 above, to select
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the appropriate acoustic output power, the controller 120 selects the acoustic output power
based on the time duration between times t1 and t2, which is a surrogate of an estimate of the
body lumen diameter. That is, the amount of time it takes for the pressure to transition from
the inflection point at time t1 (that corresponds to the point in time when there is a transition
from vacuum pressure to environmental pressure) to the inflection point at time t2 (that
corresponds to the point in time when the balloon becomes in apposition with the body lumen
wall) is an example of a surrogate of an estimate of a body lumen size (and more specifically,
diameter). Another example of a surrogate of an estimate of a body lumen size (and more
specifically, diameter) is the volume of fluid in the balloon 112 when the balloon 112
becomes in apposition with the body lumen. Either fluid parameter can be detected,
monitored, and/or measured to estimate the body lumen size.

[00135] In certain embodiments, the controller 120 may verify that the correct size balloon
has been deployed based on deviations in the balloon pressure-time curve. For a non-
compliant balloon or a balloon that does not otherwise expand the entire range of body lumen
diameters (e.g., a balloon that does not expand between a diameter of 3 mm and & mm, the
normal range of the renal artery), it may be important that the correct size balloon be used so
that the balloon occludes the body lumen (to, e.g., center the transducer and/or maintain
contact between the wall of the body lumen and the electrodes), but extra material causing
wrinkles in the balloon does not interfere with the sonication. The controller 120 may include
a look-up table in its memory that includes the expected balloon-pressure time curve for each
size balloon. A larger balloon can require a higher pressure to reach a target diameter, and a
smaller balloon can reach the diameter at a lower pressure. If a smaller than expected balloon
is employed (e.g., a 6 mm balloon is input into the controller 120, but a 3 mm balloon is
inserted into the patient instead), the balloon may never occlude the artery and the expected
inflection point at t2 (indicated by a gradual increase in slope) where the balloon would be
expected to occlude the body lumen may never occur. Instead, the pressure may suddenly
spike (indicated by a sudden increase in slope) when the balloon becomes fully inflated at
inflection point t3. The shape of the balloon-pressure curve may follow the slopes depicted in
Fig. 7A. An error message may then be displayed on the user interface, and the controller 102
may prompt the user to deflate and move the catheter to a different, size appropriate location
and/or remove and replace the balloon catheter.

[00136] In another example, if a larger than expected balloon size is used (e.g., a 6 mm
balloon is input into the controller 120, but an 8 mm balloon is inserted into the patient

instead), the required pressure to occlude the body lumen can be higher than expected. In
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addition, the expected inflection point at t3 (where the balloon would be fully inflated if a 6
mm balloon had been used) may be delayed. The expected duration between t1 and t3 (and/or
t2 and t3) for each size balloon may be input into the controller 120. The controller 120 may
set a timer at the beginning of t1 and/or t2 that may time out at the expected t3 if the
inflection point on the pressure curve is undetected. An error message may then be displayed
on the user interface, and the controller 102 may prompt the user to deflate and move the
catheter to a different, size appropriate location and/or remove and replace the balloon
catheter.

[00137] If the detected curve matches the expected curve, the controller 120 may display a
message of the graphical user interface confirming the balloon size detected.

[00138] Acoustic output power is just one example of an ultrasound excitation parameter,
or more generally, a treatment parameter that can be selected and used for exciting an
ultrasound transducer to treat tissue that surrounds the portion of the body lumen within
which the balloon 112 and the transducer 111 are inserted. Embodiments of the present
technology described herein can alternatively, or additionally, be used to select other
ultrasound excitation parameters besides acoustic output power. Examples of such other types
of treatment parameters, include, but are not limited to, sonication duration, cooling fluid
flow rate during sonication, excitation signal duty cycle, cooling time before and after
sonication, balloon deflation time (the faster the balloon is deflated, the faster heat is wicked
away), temperature of the cooling fluid, recommended number of ablations per body lumen.
For example, a renal artery diameter of 8 mm is often associated with a renal artery length
sufficient to render three or more ablations. This information may be combined with data
regarding the patient’s height, weight, presence of heart disease, atherosclerosis, lifestyle
(e.g., diet, exercise, smoking, and sleep), blood pressure, cholesterol, presence of metabolic
syndrome, family history, diabetes, kidney disease, peripheral artery disease, coronary heart
disease, carotid artery disease, coronary artery calcium score, and/or other imaging
information, e.g., from fluoroscopy, to provide a recommendation as to the number of
sonications that should be provided. Controller 120 may determine, recommend the delivery
and/or deliver the number of ablations based on the artery diameter and length to maximize
the number of ablations delivered, while minimizing the number of changes in required
catheter size (also referred to as a balloon size). As described further herein, a nerve probe
may be used to determine that not all the planned ablations are required in order to effectively

treat the patient.
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[00139] In another example, where proximal renal artery branching is present, and the
diameter of a renal artery branch is determined to be > 3 mm, the controller 120 may
determine that one sonication should be delivered in the branch at a location at least 5 mm
from the kidney parenchyma, and at least 10mm from adjacent arteries. In another example,
where an accessory artery is present and has a treatable artery diameter > 3 mm, the
controller 120 may determine that one sonication should be delivered at least one radiopaque
transducer length distal to the accessory artery/aorta ostium.

[00140] Instead of (or in addition to) using pressure measurements to determine an
estimate of a size of a portion of the body lumen, another fluid parameter, such as flow rate
measurements, can be used to determine an estimate of a size of a portion of the body lumen,
or a surrogate thereof. Referring to FIG. 9, the same curve (shown in a solid line) of balloon
pressure versus time that was shown in FIG. 7B discussed above is provided, but also
includes an additional curve (shown in a thick dashed line) of differential flow rate versus
time, wherein the differential flow rate is the difference in the flow rate of the fluid being
injected into the balloon 112 (e.g., using the pressure syringe 542a) and the flow rate of the
fluid being drawn from the balloon 112 (e.g., using the vacuum syringe 542b). Referring
briefly back to FIG. 5, measurements of the flow rate of the fluid being injected into the
balloon 112 (e.g., using the pressure syringe 542a) can be measured using the flow rate
sensor F1, and the flow rate of the fluid being drawn from the balloon 112 (e.g., using the
vacuum syringe 542b) can be measured using the flow rate sensor F2. The differential flow
rate at any given time can be determined, e.g., by subtracting a flow rate measurement
obtained using the flow rate sensor F1 from a flow rate measurement obtained using the flow
rate sensor F2. Referring to the differential flow rate curve in FIG. 9, the portion of the curve
labeled 912 corresponds to the period of time (between times t0 and t1) during which the
pressure within the balloon is increasing, without the volume of the balloon increasing, until
the pressure in the balloon reaches environmental pressure (at time t1). During this period of
time (between times t0 and t1) the rate of flow of the fluid being removed from the balloon
112 (as measured using the flow rate sensor F2) is the same as the rate of flow of the fluid
being injected into the balloon (as measured using the flow rate sensor F1), which means the
differential flow rate is substantially zero, which is why the portion of the curve labeled 912
has a substantially zero or no slope. Starting at time t1, when the pressure in the balloon
reaches environmental pressure, the flow rate of the fluid being injected in the balloon 112
can become greater than the flow rate of the fluid being removed from the balloon 112,

causing there to be positive differential flow rate, as represented by the portion of the curve
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labeled 914. This differential flow rate can remain about the same until the balloon becomes
in apposition with the body lumen at time t2. Starting at time t2, because expansion of the
balloon 112 is being resisted by the body lumen, the flow rate of the fluid being injected into
the balloon 112 can be reduced while the flow rate of the fluid being removed from the
balloon 112 remains the same, resulting in the differential flow rate being reduced, as
represented by the portion of the curve labeled 916. At the point in time that the balloon
becomes fully inflated, at time t3, the differential flow rate can return to being substantially
zero, as represented by the portion of the curve labeled 918. The curve in FIG. 9 that is
shown in the thick dashed line is an example of a differential flow rate curve for a non-
compliant balloon. The curve can look a little different for a compliant balloon, but there can
still be an inflect point (at time t2) that can be identified in a differential flow rate curve for a
compliant balloon.

[00141] The controller 120, or some other device, can use the measures of flow rate to
estimate the volume of the balloon when the balloon 112 becomes in apposition with the
body lumen, and such an estimate of the volume can be used to determine an estimate of the
body lumen size, or a surrogate thereof, either of which can be used to select an ultrasound
treatment parameter that can be selected and used for exciting the ultrasound transducer 111
to treat tissue that surrounds the portion of the body lumen within which the balloon 112 and
the transducer 111 are inserted. For example, a look-up-table similar to Table 4 shown and
discussed above, can be used to select an appropriate acoustic output power and/or another
ultrasound treatment parameter.

[00142] In accordance with certain embodiments of the present technology, the controller
120 identifies the inflection points in the differential flow rate versus time curve (shown in
the thick dashed curve in FIG. 9) that corresponds to the times t1 and t2, so that the length of
time (also referred to as a duration) corresponding to the substantially flat portion of the
curve 914 can be determined. The duration between times t1 and t2 can be determined by
determining a difference between the times 2 and t1. Alternatively, the controller 120 can
start a timer when the inflection point at time t1 is identified and can stop the timer when the
inflection point at time t2 is identified, in which case the duration would be the value of the
time when the timer is stopped. Other ways for determining the duration of time between the
times t1 and t2 are also possible and within the scope of the present technology. Once the
time duration is determined, a look-up-table similar to Table 5 shown and discussed above,
can be used to select an appropriate acoustic output power and/or another ultrasound

treatment parameter.
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[00143] In some of the above described embodiments, a change in balloon pressure or a
change in differential flow rate of fluid being provided to and removed from the balloon were
used to determine an estimate of a body lumen size, or a surrogate thereof, which in turn was
used to select one or more ultrasound treatment parameters. Further, in some of the above
described embodiments, the pressure and the flow rate sensors that were used were shown
and described as being part of the cooling fluid supply subsystem 630, or more specifically,
part of the cartridge 130. The pressure sensors and/or flow rate sensors can alternatively be
part of the catheter 102, e.g., by being included within or adjacent to the fluid lumens 270
and/or 272.

[00144] In still other embodiments, one or more sensors can be located on a distal portion
of a guide sheath that is used to insert the distal portion of the catheter 102, which includes
the balloon 112 and the transducer 111, into a portion of a body lumen. In such an
embodiment, one of more sensors on the distal portion of the guide sheath can be used to
determine when the balloon 112 becomes in apposition with the body lumen. The volume in
the balloon at that point in time, or the duration of time that it took to get to that point in time,
can then be used to determine an estimate of the body lumen size, or a surrogate thereof. For
example, a pressure sensor can be located at the distal end of a guide sheath that is used to
insert the distal portion of the catheter 102 into a portion of a body lumen. Presuming the
body lumen is an artery (e.g., a renal artery) that is providing blood from the heart to some
other organ (e.g., a kidney) or region of the body, then such a pressure sensor can be used to
monitor the blood pressure proximate to (i.e., upstream of) the balloon 112 and transducer
111, and can be used to detect when the balloon 112 becomes in apposition with the body
lumen. This is because when the balloon 112 becomes in apposition with the body lumen, the
balloon 112 can begin to block blood from flowing past the balloon 112, thereby causing the
blood pressure upstream of the balloon 112 (as sensed by the pressure sensor located on a
distal portion of the guide sheath) to rapidly increase so that a corresponding inflection point
in a pressure versus time curve can be identified. If the body lumen were instead a vein that is
providing blood back to the heart, then the blood pressure sensed by a pressure sensor on a
distal portion of a guide sheath should instead rapidly decrease when the balloon 112
becomes in apposition with the body lumen, such that a corresponding inflection point in a
pressure versus time curve can be identified.

[00145] For another example, a flow rate sensor can be located at the distal end of a guide
sheath that is used to insert the distal portion of the catheter 102 (which includes the balloon

112 and the transducer 111) into a portion of a body lumen. Presuming the body lumen is an
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artery (e.g., a renal artery) that is providing blood from the heart to some other organ (e.g., a
kidney) or region of the body, then such a blood flow sensor can be used to monitor the blood
pressure proximate to (i.e., upstream of) the balloon 112 and transducer 111, and can be used
to detect when the balloon 112 becomes in apposition with the body lumen. This is because
when the balloon 112 becomes in apposition with the body lumen, the balloon 112 can begin
to block blood from flowing past the balloon 112, thereby causing the blood flow rate
upstream of the balloon 112 (as sensed by the flow rate sensor located on a distal portion of
the guide sheath) to rapidly decrease so that a corresponding inflection point in a blood flow
rate versus time curve can be identified.

[00146] Instead of placing a pressure sensor and/or a flow rate sensor on a distal portion of
a guide sheath, which enables blood pressure and/or blood flow rate to be monitored
proximal the balloon 112 and transducer 111, a pressure sensor and/or a flow rate sensor can
instead by located on a distal portion of a guidewire, which would enable blood pressure
and/or blood flow at the proximal side of the balloon 112 to be monitored. Such a sensor can
similarly be used to detect when the balloon 112 comes into apposition with the body lumen.
If a pressure sensor is on the distal portion of the guidewire, and the body lumen is an artery
(e.g., arenal artery) that is providing blood from the heart to some other organ (e.g., a
kidney) or region of the body, then such a pressure sensor can be used to monitor the blood
pressure distal (i.e., downstream of) the balloon 112 and transducer 111, and can be used to
detect when the balloon 112 becomes in apposition with the body lumen. This is because
when the balloon 112 becomes in apposition with the body lumen, the balloon 112 can begin
to block blood from flowing past the balloon 112, thereby causing the blood pressure
downstream of the balloon 112 (as sensed by the pressure sensor located on a distal portion of
the guidewire) to rapidly decrease so that a corresponding inflection point in a pressure
versus time curve can be identified.

[00147] If a flow rate sensor is on the distal portion of the guidewire, and the body lumen
is an artery that is bringing blood to an organ, then such a flow rate sensor can be used to
monitor the blood flow rate sensor distal the balloon 112 and transducer 111, and can be used
to detect when the balloon 112 becomes in apposition with the body lumen. This is because
the blood flow rate at a distal portion of the guidewire, which is distal the balloon, should
also rapidly decrease when the balloon 112 becomes in apposition with the body lumen, such
that a corresponding inflection point in a flow rate versus time curve can be identified.
[00148] Other types of sensors besides pressure sensors and flow rate sensors can

alternatively, or additionally, be used to detect when the balloon 112 becomes in apposition
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with a body lumen. For example, an accelerometer, a microphone, and/or a hydrophone that
is located on a distal portion of a guide sheath or a distal portion of a guidewire can detect a
change in blood flow (i.e., changes in the sound of the blood flow) that occurs when the
balloon 112 becomes in apposition with a body lumen, because measurements obtained by
such alternative types of sensors should similarly rapidly increase or decrease, depending on
the type of sensor and where the sensor is located, when the balloon 112 becomes in
apposition with a body lumen. It would also be possible to use the transducer 111 itself as a
microphone type of sensor, where the transducer is made of a piezoelectric material. In
certain embodiments, transducer 111 is optimized to improve its audio response. For
example, transducer 111 may be used as a hydrophone and system 100 may include a
preamplifier as close to transducer 111 as possible to improve the signal to noise ratio. In
certain embodiments, a preamplifier is located on the proximal portion 220 of the catheter
102, e.g., adjacent to electrical coupling(s) 232. One of ordinary skill in the art reading this
disclosure would appreciate that still other types of force sensors can additionally or
alternatively be used to detect when the balloon 112 becomes in apposition with a body
lumen, which are also within the scope of the embodiments described herein.

[00149] The flowchart of FIG. 10 will now be used to summarize various methods of the
present technology that are used to estimate a size of a portion of a body lumen, or surrogate
thereof, to thereby select one or more ultrasound treatment parameters for use in treating
tissue that surrounds the portion of the body lumen. Such methods are for use with a tissue
treatment system (e.g., 100) that comprises a catheter (e.g., 102) including a catheter shaft
(e.g., 214) having a distal end and a proximal end, first and second lumens (e.g., 270, 272)
extending longitudinally through the catheter shaft between the distal and the proximal ends
thereof, an ultrasound transducer (e.g., 111) distally positioned relative to the distal end of the
catheter shaft, a balloon (e.g., 112) surrounding the ultrasound transducer, and a fluid supply
subsystem (e.g., 110 and 130, or 630), wherein the first lumen is configured to provide
cooling fluid (e.g., 213) from the fluid supply subsystem to the balloon, and the second lumen
is configured to return cooling fluid from the balloon to the fluid supply subsystem.

[00150] Referring to FIG. 10, at operation 1002, a cooling fluid is circulated through the
balloon within the body lumen. The operation involves inflating the balloon using the cooling
fluid, while the ultrasound transducer and the balloon are inserted into a portion of the body
lumen, e.g., a renal artery. Alternatively, the body lumen can be a hepatic artery, a splenic
artery, a celiac trunk, a superior mesenteric artery, or an inferior mesenteric artery, but is not

limited thereto. Prior to operation 1002, a guide sheath and/or a guidewire may be used to
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guide the distal portion of the catheter shaft and the transducer and the balloon into the
portion of the body lumen, as is known in the art.

[00151] Still referring to FIG. 10, at operation 1004, a fluid parameter of the cooling fluid
is detected over a period of time. For example, while the balloon is being inflated, one or
more sensors is/are used to produce sensor measurements indicative of the flow parameter of
the cooling fluid being supplied to the balloon and/or being removed from the balloon. The
flow parameter may be a pressure of the cooling fluid. Alternatively, the flow parameter may
be a flow rate of the cooling fluid. For example, the flow rate can be a differential flow rate,
which is a difference an injection flow rate of cooling fluid being injected into the balloon
and a withdrawal flow rate of the cooling fluid being withdrawn from the balloon.

[00152] Referring briefly back to FIG. 5, the pressure sensor P1 is an example of a sensor
that can be used to produce sensor measurements indicative of the pressure of the cooling
fluid being supplied to the balloon 112, and the pressure sensor P2 is an example of a sensor
that can be used to produce sensor measurements indicative of the pressure of the cooling
fluid being removed from the balloon 112. Still referring briefly back to FIG. 5, the flow rate
sensor F1 is an example of a sensor that can be used to produce sensor measurements
indicative of the flow rate of the cooling fluid being supplied to the balloon 112, and the flow
rate sensor F2 is an example of a sensor that can be used to produce sensor measurements
indicative of the flow rate of the cooling fluid being removed from the balloon 112.

[00153] Alternatively, at operation 1004, while the balloon is being inflated, one or more
sensors is/are used to produce sensor measurements indicative of pressure and/or flow rate of
blood within the body lumen in which the ultrasound transducer and the balloon are inserted.
Such a sensor can be a pressure sensor located on a distal portion of a guide sheath, a flow
rate sensor located on a distal portion of a guidewire, a flow rate sensor located on a distal
portion of a guide sheath, or a flow rate sensor located on a distal portion of a guidewire. In
still other embodiments, operation 1004 can be performed using an accelerometer,
microphone, or hydrophone type of sensor that produces sensor measurements indicative of
blood flow. Such an accelerometer, microphone, and/or hydrophone can be located on a distal
portion of a guide sheath or a guidewire. As noted above, it would also be possible for the
piezoelectric transducer body of the ultrasound transducer 111 within the balloon 112 to be
used as a microphone.

[00154] Referring again to FIG. 10, operation 1006 involves determining a parameter
curve of the fluid parameter. The parameter curve can include the fluid parameter versus an

independent variable over a period of time. For example, the independent variable can be
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time. Alternatively, the independent variable may be a volume of the circulated cooling fluid
that is delivered to the balloon.

[00155] As described above, the parameter curve can include several inflections
corresponding to changes in the fluid parameter. For example, an inflection in the parameter
curve, such as those shown in FIGS. 7A-9, can correspond to a change in the change of
pressure of the cooling fluid at a particular point in time (or at a particular inflation volume).
[00156] At operation 1008, a size of the body lumen is determined based on the parameter
curve. The determination of body lumen size may be based on one or more inflections of the
curve. For example, the analysis of the parameter curves described above can be used. In an
embodiment, the parameter curve includes a minimal slope segment between a first
inflection, e.g., at t1, and a second inflection, e.g., at t2. Determining the size of the body
lumen can be based on a duration between the first inflection and the second inflection. For
example, the time between the inflections, or the volume flowed through the balloon during
that time, can be used to determine the balloon size (and thus, the vessel size) when the
second inflection occurs.

[00157] As described above, the inflections can include a third inflection after the second
inflection, e.g., at t3. Determining the size of the body lumen can be based on at least a
portion of a duration between the second inflection and the third inflection. For example, the
time between the first inflection and the third inflection, or the volume flowed through the
balloon during that time, can be used to determine the balloon size (and thus, the vessel size).
In an embodiment, the parameter curve includes a first slope between the first inflection and
the second inflection, and a second slope between the second inflection and the third
inflection. The determination can include detecting the second inflection, e.g., at t2, by
determining that the second slope is greater than the first slope.

[00158] Using the techniques described above, the system determines, based on one or
more of the sensor measurements, when the balloon is sufficiently inflated such that the
balloon becomes in apposition with the portion of the body lumen. Details of how operation
1008 can be performed, according to various embodiments of the present technology, were
discussed above with reference to FIGS. 7B, 8, and 9. For example, operation 1008 can
include determining, based on pressure measurements, when the inflection point at the
variable time t2 occurs in FIG. 7B or FIG. 8. For another example, operation 1008 can
include determining, based on flow rate measurements of fluid being injected into the balloon
112, when the inflection point at the variable time t2 occurs in FIG. 9. Operation 1008 can

alternately include using a pressure sensor, flow rate sensor, accelerometer, microphone
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and/or hydrophone to detect when blood pressure and/or blood flow in the body lumen
rapidly increases or decreases due to the balloon becoming in apposition with the portion of
the body lumen and stopping blood in the body lumen from flowing past the balloon, as was
described in additional detail above.

[00159] Referring again to FIG. 10, operation 1008 involves determining an estimate of a
size of the portion of the body lumen, or a surrogate thereof, based on sensor measurement(s)
obtained when the balloon is sufficiently inflated such that the balloon becomes in apposition
with the body lumen, or based on an amount of time it took for the balloon to change from
atmospheric pressure to a pressure that is sufficient for the balloon to become apposed to the
body lumen, e.g., a duration between times t1 and 2 in FIGS. 7B and 8. As explained above,
operation 1008 can include, for example, determining an estimate of a volume of the balloon
when the balloon is sufficiently inflated such that the balloon becomes in apposition with the
body lumen, and determining the estimate of the size of the portion of the body lumen (or a
surrogate thereof), based on the estimate of the volume of the balloon when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the body lumen. More
specifically, based on the estimate of the volume of the balloon (when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the body lumen), an
estimate of the diameter of the balloon at that point in time can be determined, and it can be
presumed that the diameter of the balloon at that point in time is the same as the inner
diameter of the portion of the body lumen in which the balloon is inserted. Alternatively, or
additionally, operation 1008 can involve determining the estimate of the size of the portion of
the body lumen (or a surrogate thereof), based on the amount of time it took for the balloon to
be sufficiently inflated such that the balloon becomes in apposition with the body lumen.
Indeed, in certain embodiments, the amount of time (it took for the balloon to be sufficiently
inflated such that the balloon becomes in apposition with the body lumen) is itself the
surrogate of the estimate of the size of the portion of the body lumen, and can be used to
select one or more treatment parameters. Additional and alternative details of operation 1008
can be appreciated from the above discussion of FIGS. 7B, 8, and 9.

[00160] Optionally, the operation of determining the size of the body lumen may be in
response to a determination of a type of balloon that is being used. For example, the balloon
sizing technique may include determining whether the balloon is a non-compliant balloon or
a compliant balloon, and then determining the size of the body lumen based on such
determination. In an embodiment, when the balloon is determined to be a non-compliant

balloon, e.g., based on a user input to the tissue treatment system, then the sizing can rely on
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curves such as those shown in FIGS. 7A-7B to determine the body lumen size. Alternatively,
when the balloon is determined to be a compliant balloon, then the sizing can rely on curves
such as the curve of FIG. 8 to determine the body lumen size. The determination of balloon
type may also lead to the selection of other sizing techniques such as those described below
with respect to FIGS. 19A-20.

[00161] Referring again to FIG. 10, at operation 1010, a neuromodulation parameter is
selected based on the size of the body lumen. For example, at least one ultrasound treatment
parameter for use in treating tissue surrounding the portion of the body lumen may be
selected based on the estimate of the size of the portion of the body lumen, or the surrogate
thereof. In certain embodiments, an acoustic output power is selected at operation 1010.
Alternatively, or additionally, other types of ultrasound treatment parameters can be selected
at operation 1010, including, but not limited to, sonication duration, cooling fluid flow rate
during sonication, and/or excitation signal duty cycle.

[00162] It will be appreciated that the selection of the neuromodulation parameter may be
performed directly as a determination at operation 1008. More particularly, rather than first
estimating a size of the body lumen and then selecting the parameter based on the size, the
neuromodulation parameter can be determined directly based on the inflection(s). For
example, the duration between inflections can be correlated to neuromodulation parameters in
a lookup table that is referenced to go directly from the sensor measurements of the
inflections and associated time points to the neuromodulation parameters. Accordingly, the
selection of the neuromodulation parameter as a secondary operation of estimating the body
lumen size is illustrative and not limiting.

[00163] At operation 1012, neuromodulation energy is generated based on the
neuromodulation parameter. The selected neuromodulation parameter is used to generate the
neuromodulation energy to treat the tissue surrounding the body lumen. Generation of the
neuromodulation energy involves exciting the ultrasound transducer, using the at least one
ultrasound treatment parameter. In certain embodiments of the present technology, some or
all of the operations summarized above with reference to FIG. 10 are performed fully- or
semi- autonomously by the controller 120. Additional details of the methods summarized
with reference to FIG. 10 could be appreciated by the above discussion of FIGS. 1-9.
[00164] In accordance with certain embodiments, the controller 120 and/or catheter 102
may be configured to actuate one or more blood flow sound sensors, e.g., upon delivery of a
guidewire (e.g., 216) or a dedicated blood flow sound sensor wire into a body lumen, upon

delivery of the distal end of the catheter 102 into a body lumen, upon the initiation of balloon
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inflation, upon the completion of balloon inflation, before an ablation, e.g., renal denervation,
and/or after a programmed duration (e.g., after about 7 seconds of ablation of renal arteries).
[00165] In certain embodiments, one or more blood flow sound measurements is/are taken
prior to inserting the catheter 102 into a body lumen and/or prior to inflating the balloon 112
around the transducer 111 using a blood flow sensor on the guidewire 216 or a dedicated
sensor wire in order to determine the size of body lumen by analyzing the blood flow sound
signals. In certain embodiments, the system may then use a look-up-table of a programmable
logic block stored within memory 614 of the controller 120 or catheter 102, e.g., within
erasable programmable read-only memory (EEPROM), wherein the programmable logic
block is configured to select, in accordance with the inputted blood flow sound signals, a
body lumen diameter, or a surrogate thereof. The system may further use the look-up-table or
a separate look-up-table of a programmable logic block stored within memory of the
controller or catheter, e.g., within erasable programmable read-only memory (EEPROM),
wherein the programmable logic block is configured to select, in accordance with the inputted
body lumen diameter a power, frequency, and/or duration settings of the catheter according to
the body lumen diameter. Larger diameter body lumens normally require higher power
setting. The system may further use this information to determine and communicate (e.g., on
a graphic user interface and/or audio device) the size of a balloon, cooling fluid flow rate,
balloon pressure, and/or balloon inflation diameter indicated according to a look-up-table that
correlated body lumen diameter with required balloon requirements prior to inserting the
catheter into body lumen and/or prior to inflating the balloon. After insertion of the catheter
102, the system 100 may measure blood flow sound to determine whether the transducer 111
is properly centered in the body lumen. When the transducer 111 is off-center, the blood flow
sound may be altered in a range of ways compared to when the transducer 111 is centered.
This range may also be affected by body lumen diameter. The system may use a look-up-
table to correlate blood flow sound measurements with the angle of the transducer 111 and/or
body lumen diameter and communicate (e.g., on a graphic user interface and/or audio device)
required adjustments to the catheter 102 placement within body lumen accordingly. Also,
after the catheter insertion, e.g., after the transducer 111 is centered, in certain embodiments,
the ultrasound system 100 may then take blood flow sound measurements during inflation of
a balloon (e.g., 112) to detect apposition within (e.g., occlusion) body lumen in order to more
safely inflate the balloon 112, ensure adequate contact with body lumen for more efficient

and even cooling on body lumen, and decrease the complexity of the procedure.
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[00166] In certain embodiments, a patient’s blood pressure measurement is entered into
the memory of the controller 120. A timer is initiated when the balloon 112 is at a known
pressure, e.g., a vacuum pressure (time t0), whereupon the controller begins to inflate the
balloon 112. A sensor, e.g., accelerometer, hydrophone, and/or microphone, configured to
detect blood flow sound is used to determine when the balloon is in apposition with the body
lumen (time t2). In certain embodiments, the memory of controller 120 includes a look-up-
table that correlated the time it takes for balloon 112 to go from the known pressure (e.g.,
pressure vacuum) at t0 to environmental pressure (t1) using the inputted patient’s blood
pressure. Controller 120 then subtracts the time between t0 to t1 from time t0 to t2 to
determine the time between t1 and t2 and uses the time between t1 and t2 to determine an
estimate of a size of the portion of the body lumen, or a surrogate thereof, the controller then
displays on the user interface, the estimated size of the portion of the body lumen, or the
surrogate thereof.

[00167] In certain embodiments, a sensor, e.g., accelerometer, hydrophone, and/or
microphone, configured to detect the inflection point at t1, where the balloon begins to
change from environmental pressure to an expanded state, by detecting the sound balloon 112
makes when it begins to expand and/or a change in the sound of blood flow when the balloon
begins to expand. The sensor then detects time t2, when the balloon is in apposition with the
body lumen by detecting the absence of the sound of blood flow at a point distal to the
balloon. The controller may then use the time between t1 and t2 to determine an estimate of a
size of the portion of the body lumen, or a surrogate thereof. The controller then displays on
the user interface, the estimated size of the portion of the body lumen, or the surrogate
thereof.

[00168] In certain embodiments, a sensor, e.g., accelerometer, hydrophone, and/or
microphone, may be further configured to detect the inflection point at t3, where the non-
compliant balloon is fully inflated, by detecting the sound balloon 112 makes when it stops
expanding. In certain embodiments, this information is displayed on the user interface. In
certain embodiments, t3 can be used to confirm that the body lumen measurement
(determined by any of the methods described herein including by using balloon pressure,
cooling fluid rate, or a sensor) is correct. For example, a look-up table may correlate a body
lumen diameter with the time it should take for the balloon to fully inflate (e.g., at a given
patient blood pressure) at a given cooling fluid flow rate.

[00169] In certain balloonless catheter embodiments, the body lumen diameter, or a

surrogate thereof, may be measured before and/or after insertion catheter 102 in order to
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automatically program catheter 102 with appropriate parameters according to body lumen
size with one or more blood flow sound sensors on, e.g., a dedicated blood flow sensor wire,
guidewire 216, or catheter 102, etc.

[00170] In certain embodiments, the system may additionally or instead use blood flow
sound sensor measurements to determine denervation, e.g., renal denervation, status. Without
prejudice or limitation, it is theorized that change in blood flow rate sound in the renal artery
resulting from the ablation is indicative of the efficacy of the renal denervation procedure.
[00171] An accelerometer may indicate a patient's physical activities and heart sounds in
addition to blood flow sounds. A microphone may indicate heart sounds and environmental
sounds of, e.g., the operating room noises and communication, in addition to the blood flow
sounds. In certain embodiments, measurements taken at different times and/or with different
blood flow sensors can be averaged and/or compared, such as to, e.g., filter out noise in the
measurements and/or to provide more accurate measurements. For example, one or more
baseline measurements may be taken using a blood flow sound sensor on the guidewire 216
or a dedicated sensor wire prior to inserting the catheter 102 into a body lumen, and/or by
using a blood flow sensor on catheter 102 prior to balloon inflation, in order to filter out noise
(e.g., patient activity, heart sounds, etc.). One of the sensors could be used to detect ambient
conditions which could be used to subtract out common mode noise of a sensor closer to the
target area.

[00172] The controller 120 and/or catheter 102 can be configured to control the
operational mode of the catheter 102 using, for example, information from the blood flow
sound sensor or other physiologic information. In certain examples, the system 100 can
include a physiologic sensor, such as a respiration sensor, an activity sensor, a posture sensor,
an electrocardiogram (ECG) sensor, an impedance sensor, etc. Such a physiologic sensor can
be configured to provide physiologic information from the patient to controller 120 and/or
catheter, for example, to filter out noise from the system. In certain embodiments, the
controller 120 and/or catheter 102 are configured to screen blood flow sound signals to
exclude values resulted from measurements performed when a background noise level
exceeds a predetermined threshold. In one embodiment, a noise monitoring module measures
the background noise level. In certain embodiments, a noise monitoring module may include
an activity sensor that senses a patient's physical activities and an activity sensor interface
module to convert the physical activities to the background noise level. In another specific
embodiment, noise monitoring module includes further sensor interface modules coupled to

blood flow sound sensor, which sense the patient's physical activities and the patient's cardiac
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mechanical activities, in addition to the acoustic energy related to blood flow sound. When
blood flow sound sensor includes an accelerometer, the further sensor interface module
includes an activity level detector to produce the background noise level signal indicative of
the patient's physical activities. The activity level as indicated by the blood flow sound sensor
signal has a distinctively higher amplitude than the blood flow sounds. Heart sounds as
indicated by the blood flow sound sensor signal has a distinctively lower amplitude than the
blood flow sounds. Thus, the activity level detector distinguishes the patient's physical
activities and heart sounds from the blood flow sounds by using predetermined activity level
and heart sound thresholds. In one embodiment, parameter generator includes a memory
circuit to store the parameter values generated by measurement module. In another
embodiment, memory stores only parameters screened by screening module.

[00173] Use of Ultrasound Transducer to Estimate Body Lumen Size

[00174] FIG. 11A is a longitudinal (also referred to as a axial) cross-sectional view of the
ultrasound transducer 111 having a single stepped segment, according to certain
embodiments of the present technology, wherein the ultrasound transducer 111 has a
piezoelectric transducer body 201 and a pair of electrodes 202 and 203. More specifically, in
the embodiment shown in FIG. 11A, the piezoelectric transducer body 201 comprises a
hollow tube of piezoelectric material having an inner surface and an outer surface, with the
inner electrode 202 is disposed on the inner surface of the hollow tube of piezoelectric
material, and the outer electrode 203 is disposed on the outer surface of the hollow tube of
piczoelectric material. In such embodiments, the hollow tube of piezoelectric material is an
example of a piezoelectric transducer body 201. In FIG. 11A, and other figures, the hollow
tube of piezoelectric material, or more generally the piezoelectric transducer body 201, is
cylindrically shaped and has a circular radial cross-section. However, in alternative
embodiments the hollow tube of piezoelectric material can have other shapes besides being
cylindrical with a circular radial cross-section. Other cross-sectional shapes for the hollow
tube of piezoelectric material, and more generally the piezoelectric transducer body 201,
include, but are not limited to, an oval or elliptical cross-section, a square or rectangular
cross-section, pentagonal cross-section, a hexagonal cross-section, a heptagonal cross-
section, an octagonal cross-section, and/or the like. It is also possible for the transducer to not
be hollow and to have various other shapes than those specifically described herein. Unless
stated otherwise, it will be assumed for the following discussion that the piezoelectric

transducer body 201 is cylindrically shaped and has a circular radial cross-section. The
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electrodes 202, 203 of the transducer 111 can also be referred to more generally as first and
second electrodes, or a pair of electrodes.

[00175] The hollow tube of piezoelectric material, and more generally the piezoelectric
transducer body 201, can be made from various piezoelectric materials, such as, but not
limited to, lead zirconate titanate (PZT), piezoelectric single crystals or other piezoelectric
ceramic materials. Other technologies such as piezoelectric Micromachined Ultrasonic
Transducers (pMUT) and capacitive Micromachined Ultrasonic Transducers (cMUT) can
also be used to construct such therapeutic devices. As depicted in FIG. 11A, the transducer
111 includes a stepped portion 417 and a non-stepped portion 416 (both of which are also
shown in FIGS. 4A and 4B), wherein the non-stepped portion 416 can also be referred to as
the main portion (or the medial segment given that it is between a pair of end segments) of
the transducer 111. In certain embodiments, the stepped portion 417 on the proximal end of
the transducer 111 allows for attachment of the electrical cabling 282, e.g., via parallel wires
(e.g., 482a and 482b in FIGS. 4A and 4B), that delivers energy to the transducer 111. Such a
stepped portion 417 can be incorporated into any of the transducers described herein. It
would also be possible for both the proximal and distal ends of a transducer to include a
stepped portion (the same as or similar to 417), which embodiments can be referred to as dual
stepped embodiments. A dual stepped embodiment may advantageously provide a more
uniform sonication, while also providing the system with a means of measuring artery
diameter. In certain embodiments, stepped portions of the dual-stepped embodiments have a
circular shape and are constructed of PZT, Piezoelectric micromachined ultrasound
transducer (PMUT) or capacitive micromachined ultrasonic transducer (CMUT) so as to
cnable the stepped portions to measure the diameter of the body lumen, e.g., the renal artery.
[00176] In some embodiments, the stepped portion 417 can be fabricated or otherwise
manufactured by machining and/or grinding away a proximal portion of the outer diameter of
the piezoelectric tube. Such a step can include a uniform or constant outer diameter; however,
in other embodiments, the stepped portion comprises a non-flat (e.g., rounded, curved,
sloped, etc.) or irregular profile, as desired or required. In other embodiments, the stepped
portion 417 can be fabricated or otherwise created by manufacturing the cylindrical tube as a
single piece of material with the step integrated into the tube during formation (e.g., by
casting or molding the step into the original design). In yet another embodiment, the
cylindrical tube with the stepped portion can be created as two separate components (e.g., one
with a larger diameter and one with the step diameter) which are bonded together (e.g., by

welds, adhesives, rivets, screws, threaded couplings or features on the tube itself, press-fit
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connections, other mechanical or non-mechanical features, etc.). Additional details of how
ultrasound transducers can be manufactured to include one or more stepped portions, and
how electrical wires can be attached to a stepped portion, are disclosed in U.S. Patent No.
10,456,605 to Taylor et al., titled “Ultrasound-based neuromodulation system”. In certain
embodiments, the axial length of the stepped portion 417 is about 0.4 mm and the axial length
of a non-stepped (also referred to as a main) portion 416 is about 6 mm. In certain
embodiments, the non-stepped (also referred to as a main) portion 416 of the transducer 111
is the portion of the transducer that produces the bulk of the ultrasonic energy delivered from
the catheter 102.

[00177] Still referring to FIG. 11A, the main (also referred to as a non-stepped) portion
416 of the piezoelectric transducer body 201 (or more generally, the transducer 111) has a
thickness of TH2, and the thickness of the stepped portion 417 has a thickness of TH1,
wherein TH1 is less than TH2. The resonance frequency of an ultrasound transducer (or a
portion thereof), such as the transducer 111 (or a portion thereof), is inversely proportional to
the thickness of the piezoelectric transducer body 201 (or a portion thereof). Stated another
way, the thickness of the piezoelectric transducer body 201 is proportional to the inverse of
the central wavelength of the transducer. Accordingly, the thinner the piezoelectric transducer
body 201 (or a portion thereof), the higher its resonance frequency. Thus, it should be
appreciated that the resonance frequency of the stepped portion 417 of the transducer 111 is
higher than the resonance frequency of the non-stepped (also referred to as a main) portion
416. For an example, the thickness TH2 can be about 0.50 mm, and the thickness of TH1 can
be about 0.23 mm. The terms “about” and “substantially”, when used herein prior to a value,
means plus or minus 10% of that value.

[00178] In an example embodiment, the thickness TH2 of the main (also referred to as a
non-stepped) portion 416 of the transducer 111 is designed such that it has a resonance
frequency of 9 MHz, and the thickness TH1 of the stepped portion 417 of the transducer 111
is designed such that it has a resonance frequency of 20 MHz. With such a transducer 111,
the main portion 416 of the transducer 111 is most efficient when actuated at 9 MHz and the
stepped portion 417 of the transducer 111 has a highest round-trip sensitivity at a 20 MHz
frequency.

[00179] Explained another way, the main portion 416 of the transducer 111 can be
configured to have a first characteristic frequency response such that when it is pinged with a
broadband pulse it emits ultrasound energy at 9MHz, and a stepped portion 417 of the

transducer 111 can be configured to have a second characteristic frequency response such
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that when it is pinged with the broadband pulse it emits ultrasound energy at 20 MHz. If such
a transducer 111 is excited with a 9MHz signal, then the main portion 416 of the transducer
111 can emit ultrasound energy at 9 MHz, but the stepped portion can have essentially no
response. Similarly, if the transducer is excited with a 20 MHz signal, then the stepped
portion 417 of the transducer 111 can emit ultrasound energy at 20 MHz, but the main
portion 416 can have essentially no response. In this manner, different portions of the
transducer 111 can be selectively activated or excited by applying different excitation signals
having different frequencies. The use of other thicknesses and frequencies are also within the
scope of the embodiments of the present technology described herein.

[00180] It will be appreciated that the center frequency of different segments of the
transducer 111 can be formed differently. For example, in addition to thickness differences,
segments of the transducer 111 can have different core or backing materials that can affect
the frequency. For example, the transducer 111 can be formed with a constant thickness over
the transducer length, however, changing a position of a post within the transducer or a
material backing the transducer, e.g., from an open, water-occupied space to a tungsten filled
space, can reduce the frequency by half.

[00181] In accordance with certain embodiments, the mechanical quality factor Q of the
main portion 416 of the transducer 111 is high to make it efficient for transmitting. The high
Q may, however, be less desirable when used as a sensor resolving objects spatially due to
the low bandwidth. By contrast, the Q of the stepped portion 417 of the transducer 111 is
designed to be relatively low (compared to the Q for the main portion 416), which results in
the stepped portion 417 having a relatively wide bandwidth to provide good axial resolution.
For a specific example, the stepped portion 417 can be designed to have a center frequency
response of 20 MHz, with a bandwidth of 10 MHz, such that the stepped portion 417 can
receive return signals (also referred to as a echoes) between 15 MHz and 25 MHz, which
provides for good resolution to enable objects in the radial direction to be discriminated
between when the stepped portion 417 is being used to emit pulses and receive echoes thercof
due to the pulses being reflected from an object, such as a wall of a portion of a body lumen.
A duration of the emitted pulse (in the time domain) can be selected to provide for a desired
bandwidth (in the frequency domain), wherein the shorter the emitted pulse (in the time
domain) the higher the bandwidth (in the frequency domain). For an example, an emitted
pulse that includes two cycles of a 20 MHz ultrasound signal can provide for a bandwidth of

10 MHz, which enables differentiation of objects that are about 80 micrometers (um) apart.
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[00182] In accordance with certain embodiments, an estimate of the body lumen diameter
can be determined using the equation: radial distance = (measured delay * speed of sound in a
medium)/2, where the radial distance is the distance between the transducer 111 and the inner
wall of the body lumen in which the transducer 111 is inserted, the delay is the time that it
took for an emitted ultrasound pulse to be reflected back from the inner wall of the body
lumen and received by the transducer 111, the speed of sound in water is about 1500 m/sec,
and in blood is about 1570 m/sec, and the factor of 2 in the denominator is included because
the measured delay is the roundtrip delay. Since the diameter of the body lumen is twice the
radius of the body lumen, the diameter of the body lumen can be estimated using the
equation: diameter of the body lumen = measured delay * speed of sound in the medium.
Where an ultrasound pulse is travelling through the cooling fluid within a balloon, which
would be the case where the transducer 111 is within a balloon that is filled with cooling
fluid, it can be presumed that the speed of sound is about 1500 m/sec. For a balloonless
embodiment, where the ultrasound pulse is travelling through the blood within a body lumen,
it can be presumed that the speed of sound is about 1570 m/sec. Once the controller estimates
of the body lumen diameter, or a surrogate thereof, based on an ultrasound echo received by
the stepped portion 417 of the transducer 111, the controller 120 can then select one or more
ultrasound treatment parameters to use for treating at least a portion of the patient tissue (that
surrounds the portion of the body lumen in which the transducer 111 is inserted) using the
main portion 416 of the transducer. Additional details of such embodiments are described
below with reference to the flowchart of FIG. 12. It is noted that the main portion 416 and the
stepped portion of the 417 of the transducer 111 can also be referred to as segments of the
transducer. For example, the stepped portion 417 can also be referred to as a first segment of
the transducer 111, and the main portion 416 can also be referred to as a second segment of
the transducer 111.

[00183] Reference is now made to FIG. 12, which is a flowchart that is used to summarize
various methods of the present technology that can be used to determine an estimated size of
a portion of body lumen, or a surrogate thereof, using a transducer inserted therein, and based
on the estimate or surrogate thereof select and use one or more ultrasound treatment
parameters. Methods that are summarized with reference to FIG. 12 are for use with an
ultrasound transducer (e.g., 111) that is inserted into a portion of a body lumen, wherein the
ultrasound transducer includes a first transducer segment (e.g., 417) and a second transducer
segment (e.g., 416), wherein the first transducer segment (e.g., 417) has a first thickness (e.g.,

0.23 mm) and is configured to emit ultrasound energy having a first center frequency (e.g., 20
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MHz) in response to the ultrasound transducer being excited using an excitation signal having
the first center frequency, and wherein the second transducer segment (e.g., 416) has a second
thickness (e.g., 0.50 mm) and is configured to emit ultrasound energy having a second center
frequency (e.g., 9 MHz) in response to the ultrasound transducer being excited using an
excitation signal having the second center frequency (e.g., 9 MHz).

[00184] Referring to FIG. 12, operation 1202 involves exciting the ultrasound transducer
(e.g., 111) with an excitation signal having the first center frequency (e.g., 20 MHz) to
thereby cause the first transducer segment (e.g., 417) to emit ultrasound energy having the
first center frequency (e.g., 20 MHz). Operation 1202 can be performed by the controller 120,
and more specifically, by the controller 120 (or a processor thereof, e.g., 612) controlling an
ultrasound excitation source (618) to excite the ultrasound transducer with an excitation
signal having the first center frequency.

[00185] Operation 1204 involves receiving an ultrasound echo signal using the first
transducer segment (¢.g., 417), wherein the ultrasound echo signal comprises a portion of the
emitted ultrasound energy having the first center frequency (e.g., 20 MHz) that was reflected
back towards the ultrasound transducer by a wall of the portion of the body lumen in which
the ultrasound transducer is inserted.

[00186] Operation 1206 involves determining an estimate of a size of the portion of the
body lumen, or a surrogate thereof, based on the ultrasound echo signal that was received
using the first transducer segment. Example equations that could be used to estimate a body
lumen radius and a body lumen diameter, based on a delay between when an ultrasound pulse
is emitted and when a corresponding echo is received, were described above. The delay itself
is an example of a surrogate of the size of the portion of the body lumen, as would be a
calculated radius. A calculated diameter is an example of an estimate of the size of the
portion of the body lumen. Operation 1206 can be performed by the controller 120, or more
specifically, a processor thereof (e.g., 612).

[00187] Operation 1208 involves selecting at least one ultrasound treatment parameter, for
use in treating tissue surrounding the portion of the body lumen using the second transducer
segment (e.g., 416), based on the estimate of the size of the portion of the body lumen, or the
surrogate thereof, that was determined based on the ultrasound echo signal that was received
using the first transducer segment. Operation 1208 can be performed by the controller 120, or
more specifically, a processor thereof (e.g., 612). Operation 1210 involves exciting the
ultrasound transducer (e.g., 111) with an excitation signal having the second center frequency

and using the at least one ultrasound treatment parameter that was selected based on the
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estimate of the size of the portion of the body lumen, or the surrogate thereof, to thercby
cause the second transducer segment (e.g., 416) to emit ultrasound energy having the second
center frequency (e.g., 9 MHz) to treat at least a portion of tissue surrounding the portion of
the body lumen. Operation 1210 can be performed by the controller 120, and more
specifically, by the controller 120 (or a processor thereof, e.g., 612) controlling an ultrasound
excitation source (618) to excite the ultrasound transducer with an excitation signal having
the second center frequency (e.g., 9 MHz). An example of an ultrasound treatment parameter,
that is selected at operation 1208 and used at operation 1210, is an acoustic output power
level or a voltage level that is used to achieve that acoustic output power level. Other
examples of ultrasound treatment parameters, that can be selected at operation 1208 and used
at operation 1210, include a sonication duration, a cooling fluid flow rate during sonication,
and/an excitation signal duty cycle, but are not limited thereto. The system may further use
this information to determine and communicate (e.g., on a graphic user interface and/or audio
device) balloon pressure and/or balloon inflation diameter indicated according to a look-up-
table that correlated body lumen diameter with required balloon requirements, prior to
inflating the balloon 112 around the transducer 111. Tables 3 and 4, discussed above, are
examples of look-up-tables that can be used at operation 1208 to select ultrasound treatment
parameter(s) based on an estimate of a body lumen size, or a surrogate thereof. Similar look-
up-tables can be generated, saved, and used for other types of surrogates, such as the
aforementioned delay and/or estimated radius of the body lumen.

[00188] In certain embodiments, the ultrasound transducer (e.g., 111) with which the
methods summarized with reference to FIG. 12 can be used can have a cylindrical transducer
body (e.g., 201) made of piezoelectric material. The first transducer segment (e.g., 417) can
be a first longitudinal segment of the cylindrical transducer body, and the second transducer
segment (e.g., 416) can be a second longitudinal segment of the cylindrical transducer body,
which is adjacent to and concentric with the first transducer segment. In such an embodiment,
the first thickness (e.g., TH1) corresponds to a thickness (e.g., 0.23 mm) of the first
longitudinal segment (e.g., 417) of the cylindrical transducer body, between a respective
inner cylindrical surface and a respective outer cylindrical surface thereof. The second
thickness (e.g., TH2) corresponds to a thickness (e.g., 0.50 mm) of the second longitudinal
segment of the cylindrical transducer body, between a respective inner cylindrical surface and
a respective outer cylindrical surface thereof. In certain embodiments, the first thickness (e.g.,
0.23 mm) is less than the second thickness (e.g., 0.50 mm), and the first center frequency

(e.g., 20 MHz) is greater than the second center frequency (e.g., 9 MHz). In certain such
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embodiments, the first center frequency is at least twice the second center frequency. In other
embodiments, the first thickness is greater than the second thickness, and the first center
frequency is less than the second center frequency, e.g., second center frequency is at least
twice the first center frequency. In accordance with certain embodiments, the first
longitudinal segment (e.g., 417) of the cylindrical transducer body (e.g., 201) has a first
longitudinal length (e.g., 0.4 mm), and the second longitudinal segment (e.g., 416) of the
cylindrical transducer body has a second longitudinal length (e.g., 5.7 mm) that is at least
twice the first longitudinal length.

[00189] In accordance with certain embodiments, for the first transducer segment (e.g.,
417), one or more layers of backing materials, one or more layers of matching layers, and/or
one or more acoustic lens may be used to improve or shape the transducer spectrum and
sensitivity.

[00190] While in the example embodiments described above the first segment was
described as being thinner than the second segment, and the first segment was described as
having higher resonance frequency than the second segment, the opposite can instead be true,
so long as the first and second segments have different resonance frequencies and can be
selectively and separately excited.

[00191] In accordance with certain embodiments, the ultrasound transducer (used in the
methods summarized with reference to FIG. 12) is located within an interior of a balloon
(e.g., 112) through which cooling fluid is circulated, the balloon is configured to occlude the
body lumen, and the cooling fluid cools both the transducer and the lumen during sonications.
In other embodiments, the ultrasound transducer is located within an interior of a balloon
through which cooling fluid is circulated, the balloon does not occlude the body lumen during
sonications, and the cooling fluid cools only the transducer during sonications. In still other
embodiments, i.e., balloonless embodiments, the ultrasound transducer is not located within
an interior of a balloon, but rather, is located directly in the blood stream of a body lumen
such that the transducer comes into contact with blood.

[00192] In accordance with certain embodiments, instead of the ultrasound transducer 111
that is used for tissue treatment being used to determine an estimate of a size of a body
lumen, or a surrogate thereof, a separate ultrasound transducer that is located on a distal
portion of a guidewire that is used to determine an estimate of a size of a body lumen, or a
surrogate thereof, either before or after a catheter 102 with an ultrasound transducer 111
(used for treatment) is inserted over the guidewire and inserted into the body lumen. If the

separate ultrasound transducer (that is located on a distal portion of a guidewire) is used to
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determine an estimate of a size of a body lumen, or a surrogate thereof, before (i.e., prior to) a
catheter 102 with an ultrasound transducer 111 (used for tissue treatment) is inserted over the
guidewire and inserted into the body lumen, then in addition to the estimate of the size of the
body lumen, or the surrogate thercof, being used to select one or more ultrasound treatment
parameters, the estimate of the size of the body lumen, or the surrogate thereof, can be used
to select an appropriate one of a plurality of different catheters and/or balloons thereof. For
example, a first catheter may have a first balloon that is intended to be used with body lumen
sizes within a first range, a second catheter may have a second balloon that is intended to be
used with body lumen sizes within a second range, etc. Based on the estimate of the size of
the body lumen, or the surrogate thereof, the appropriate catheter can be selected to use for
tissue treatment and guided into the body lumen using the guidewire that has the ultrasound
transducer that was used to determine the estimate of the size of the body lumen, or the
surrogate thereof.

[00193] FIG. 13 is an example graph of normalized amplitude versus time for an
ultrasound echo signal that can be received by the transducer 111 (or the stepped portion 417
thereof) following an ultrasound pulse being emitted by the transducer 111 (or the stepped
portion 417 thereof). The point in the curve 1302, which is pointed to by the arrow in FIG.
13, is indicative of an initial point of reflection from the body lumen wall. The temporal delay
between when the ultrasound pulse was emitted and when the echo signal was received, as
explained above, can be used to determine an estimate the body lumen size, or a surrogate
thereof, which in-turn can be used to select one or more ultrasound treatment parameters.
Additionally, or alternatively, such a received echo signal can be used to determine whether
the transducer 111 is centered within the portion of the body lumen within which the
transducer 111 is inserted, as explained below with reference to FIGS. 14 and 15. The curve
or wave front 1302 of the echo signal shown in FIG. 13 is an example of what the wave front
may look like where the transducer 111 is centered within a portion of the body lumen, in
which case the reflections from different points about the generally circular circumferential
body lumen can be received by the transducer 111 (or the one or more stepped portions
thereof 417) at substantially the same time resulting in constructive interference. If by
contrast, the transducer 111 is not centered within a portion of the body lumen, but rather is
tilted or slanted within the portion of the body lumen, then the reflections from different
points about the generally circular circumferential body lumen can be received by the

transducer 111 (or the stepped portion thereof 417) at various different times resulting in
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destructive interference. In other words, when reflected signals come back from all
directions, the phase of echoes cannot be aligned unless the transducer is centered.

[00194] FIG. 14 is another example graph of normalized amplitude versus time for an
ultrasound echo signal that can be received by the transducer 111 (or the one or more stepped
portions 417 thereof) following an ultrasound pulse being emitted by the transducer 111 (or
the one or more stepped portions 417 thereof). FIG. 14 includes the same curve or wave front
1302 of the echo signal that was shown in FIG. 13, and also includes another curve or wave
front 1402 that shows what an echo signal might look like where the transducer 111 is not
centered within a portion of the body lumen. The controller 120 can be provided with the
echo signal received by the transducer 111, or a signal indicative of the echo signal, and can
perform a signal analysis to determine whether the transducer 111 is centered within a portion
of a body lumen. In certain embodiments, the controller 120 is provided with the echo signal
received by the transducer 111, or a signal indicative of the echo signal, performs a signal
analysis to determine the angle at which the transducer 111 is off-centered (the “angle of
tilt”) with respect to a longitudinal axis of the body lumen. The controller 120 may have a
memory comprising a look-up table that associates a certain curve or wave front 1302 with a
particular angle of tilt. The controller 120 may then use this angle of tilt to validate and/or
calibrate a body lumen diameter measurement. In a non-limiting example, if the transducer
111 has an angle of tilt greater than a threshold, e.g., 30°, the controller 120 may alert the
user that the catheter needs to be adjusted and/or diameter measurements using the transducer
are not sufficiently reliable. In certain embodiments, where multiple measurements are being
used to determine body lumen diameter, the echo measurement may be weighed less
depending on the magnitude of the angle of tilt up until the threshold, indicating the angle of
tilt renders the echo measurement unusable. For example, if the echo measurement and body
lumen measurement based on flow rate of cooling fluid are both being used to determine the
body lumen diameter, the controller 120 may weigh the cooling fluid measurement more
when doing a weighted average, and the greater the angle of tilt of the transducer 111, the
greater cooling fluid measurement may be weighed.

[00195] In some embodiments, the controller 120 includes memory having a look-up table
that includes the angle of tilt in determining the diameter of the body lumen size. Due to
destructive interference, the measured temporal delay between when the ultrasound pulse was
emitted and when the echo signal was received may appear smaller in amplitude the more the
transducer 111 is tilted. Therefore, the look-up table may take into account both the angle of

tilt and the temporal delay in determining body lumen diameter.
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[00196] The flowchart of FIG. 15 will now be used to summarize methods of the present
technology that can be used to determine whether a transducer (e.g., 111) is centered within a
portion of a body lumen within which the transducer is inserted. It will be appreciated that the
description of determining whether the transducer is centered within the body lumen is
independent of the description of determining or estimating a size of the body lumen. More
particularly, the tissue treatment system 100 may be used to determine either that the
transducer is centered or the estimated body lumen size. The determinations may be used in
combination (or not) during a procedure. That is, the system may be used to determine one or
both of whether the transducer is centered or the body lumen size. Accordingly, the
description of determining centering of the transducer is not intended to be limiting of the
description of determining the body lumen size, and vice versa.

[00197] Referring to FIG. 15, operation 1502 involves exciting the ultrasound transducer
with an excitation signal to thereby cause the ultrasound transducer to emit ultrasound
energy. Operation 1504 involves receiving an ultrasound echo signal using the ultrasound
transducer, wherein the ultrasound echo signal comprises a portion of the emitted ultrasound
energy that was reflected back towards ultrasound transducer by a wall of the portion of the
body lumen in which the ultrasound transducer is inserted. Operations 1506 and 1508 involve
performing signal analysis to determine, based on the ultrasound echo signal that is received,
whether the ultrasound transducer is centered within the portion of the body lumen. The
controller 120 can perform the signal analysis of the received echo signal to perform
operation 1506. If the answer to the question at operation 1508 is No (i.e., if it was
determining that the ultrasound transducer is not centered within the portion of the body
lumen), then operation 1510 can be performed, which involves repositioning the ultrasound
transducer within the portion of the body lumen or moving the ultrasound transducer to
another portion of the body lumen. Flow then returns to operation 1502 and the above
described operations are repeated to determine if repositioning or moving the transducer
resulted in the transducer being centered. After there is a determination that the ultrasound
transducer is centered within the portion of the body lumen, this portion of the method ends,
but thereafter, the ultrasound transducer can be used to emit further ultrasound energy that is
used to treat at least a portion of tissue surrounding the portion of the body lumen.

[00198] In accordance with certain embodiments, operations 1502, 1504, and 1506 can be
performed using the stepped portion 417 of the transducer 111. In other words, the methods
summarized with reference to FIG. 15 can be used with a transducer 111 that is the same as

or similar to the one shown in FIGS. 11A-11B, in which case operation 1502 can involve
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exciting the ultrasound transducer with an excitation signal having a first center frequency to
thereby cause a first transducer segment (e.g., 417) to emit ultrasound energy having the first
center frequency, and operation 1504 can involve receiving the ultrasound echo signal using
the first transducer segment (e.g., 417). In certain embodiments, once the transducer is
determined to be centered, a method summarized above with reference to FIG. 12 can be
performed to determine an estimate of a size of the portion of the lumen in which the
transducer is inserted, or a surrogate thereof, and one or more excitation parameters can then
be selected and used to treat tissue. Where certain operations are redundant, they need not be
repeated.

[00199] Referring briefly back to FIG. 11A, in the transducer 111 shown therein, the
transducer 111 includes only a single stepped portion 417, which is shown as being adjacent
to the proximal end of the transducer. In other embodiments, a transducer can include more
than one stepped portion.

[00200] FIG. 11B is a longitudinal (also referred to as a axial) cross-sectional view of the
ultrasound transducer 111 having several stepped segments, according to certain
embodiments of the present technology. In an embodiment, the transducer 111 includes a pair
of end transducer segments 417A and 417B , e.g., one at the proximal end of the transducer
and another at the distal end of the transducer. Accordingly, the transducer 111 can be
referred to as a dual stepped transducer. The thicknesses of the multiple stepped portions can
be the same as one another, in which case they would have the same frequency
characteristics. Alternatively, different stepped portions of the transducers can have different
thicknesses than one another, in which case they would have different frequency
characteristics, and can be separately used to emit pulses and receive echoes, and they can
have individual channels, in which case they can collectively operate as a transmitter and
receiver array that enables separate channels to be processed separately. Where different
stepped portions have different thicknesses, and there are multiple channels, band pass filters
(e.g., digital bandpass filters) can be designed to extract the signals from a specific receive
element.

[00201] In an embodiment, the catheter 102 includes one or more reflective elements 1150
disposed about the transducer 111. The reflective elements 1150 can include, for example,
rings, ring electrodes, patches arranged in a radial path about the transducer 111, etc. The
reflective elements 1150 can be formed from a material that is acoustically reflective or has
an acoustic impedance significantly different from that of water. Accordingly, the reflective

clements can be acoustically transparent.
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[00202] In an embodiment, the reflective elements includes metallic rings, which are
acoustically reflective. The metallic rings can be disposed on the balloon 112. The rings can,
for example, be printed, sputtered, etc. onto a surface of the balloon. The rings can make a
circumferential ring around the balloon. For example, two ring electrodes can be disposed on
an inner surface and/or an outer surface of the balloon. In an embodiment, the rings are
placed on the balloon such that they do not interfere with the acoustic signal of the non-
stepped portion of the transducer 111. More particularly, the rings can be located away from
an acoustic aperture of the transducer 111. The rings can accordingly reflect back the acoustic
signals of the stepped portions 417A and 417B when the signals reach the balloon surface,
however, the rings may be placed in a null region of the acoustic intensity field distribution of
a medial transducer segment 416. It is contemplated that the use of the rings can increase the
echo signal reflected back to step portions 417A and 417B.

[00203] The transducer 111 can include a medial transducer segment 416 between the pair
of end transducer segments 417A, 417B. The medial transducer segment 416 can have a
respective center frequency, as described above with respect to FIG. 11A. Accordingly, the
end transducer segments 417A, 417B can emit respective center frequenc(ies) that differ from
a frequency emitted by the medial transducer segment 416. Although the reflective elements
1150 are illustrated as being radially around the pair of end transducer segments 417A, 417B,
it will be appreciated that a reflective element could be longitudinally aligned with the medial
transducer segment 416. In such case, the reflective element may be located in a null or non-
peak region of the acoustic intensity field distribution of the medial transducer segment 416
to improve accuracy of lumen size determination while minimally affecting the ultrasonic
energy being delivered to the vessel wall for treatment.

[00204] Certain embodiments of the present technology are specifically for use with a
catheter 102 that includes a transducer 111 surrounded by a balloon 112, wherein the balloon
is configured to be inflated such that is comes into apposition with a portion of a body lumen,
such as the renal artery, within which the transducer 111 and balloon 112 are positioned.
Cooling fluid can be circulated through the balloon to cool the transducer during use. In such
an embodiment, an example of which is shown in FIG. 16A, it is the balloon 112 that is used
to center the transducer 111 within the body lumen. FIG. 16A shows a distal portion 210 of
the catheter 102 inserted into a body lumen, such as a renal artery, such that the balloon 112
when sufficiently inflated with cooling fluid is in apposition with the body lumen. In
alternative embodiments, the balloon 112 may surround the transducer 111 in order to cool

the transducer during sonications, but the balloon 112 may not contact or occlude the body
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lumen, and the blood within the body lumen may be relied upon to cool the body lumen
instead of the cooling fluid. Referring to FIG. 16B, in certain such embodiments, instead of
relying on the balloon 112 to center the transducer 111, one or more flexible baskets 1605
and/or extensions 1606 that expand distal and/or proximal of the transducer 111 may be used
to center the transducer 111. In an embodiment, the one or more flexible baskets 1605
comprises an array of electrodes, and impedance measurements may be made between the
clectrodes to determine a diameter of a portion of a body lumen. In an embodiment, the
extensions 1606 may each comprise an electrode, and impedance measurements may be
made between the electrodes to determine a diameter of a portion of a body lumen. In an
alternative embodiment, at least one balloon that expands proximal and/or distal of the
transducer 111 may be used to center the transducer 111.

[00205] Referring to FIG. 16C, in another embodiment, a basket 1610 that surrounds the
transducer 111 and the balloon 112 may be used to center the transducer 111, which basket
1610 is preferably mounted to the catheter at a location that does not interfere with the
acoustic field of the transducer 111, e.g., proximal, distal, and/or between the lobes of the
acoustic field. In other embodiments, the basket 1610 is made of a material, or has a
structure, that does not interfere with the sonications. For example, the material may be
acoustically transparent, such as carbon, carbon nanotubes, high impact polystyrene. The
structure can include acoustic windows or openings that can be positioned between the
transducer 111 and a target ablation region. Accordingly, acoustic lobes emitted by the
transducer 111 can pass through the windows or openings without encountering the basket
1610, and thus, the structure does not interfere with sonications.

[00206] One of the methods described above with reference to FIG. 15 can be used to
determine whether the baskets, extensions, balloons, and/or the like, properly centered the
transducer 111 within a portion of a body lumen, and if not, the transducer 111 may be
maneuvered until confirmation of proper centering within the body lumen is confirmed. In
certain embodiments, the one or more flexible baskets 1605 could comprise electrodes
configured to deliver RF energy and/or sense for nerve activity. In certain embodiments, a
spiral member 1612 may be used in lieu of baskets 1605 and/or extensions 1606 to center the
transducer 111. The spiral member 1612 may comprise electrodes configured to measure
nerve activity.

[00207] In certain embodiments, a spiral member 1612 may comprise electrodes to
determine body lumen diameter. For example, impedance measurements may be made

between electrodes to determine diameter in a portion of a body lumen.
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Nerve Mapping/Sensing

[00208] In embodiments that utilize a balloon (e.g., 112), balloon inflation causes transient
ischemia in the kidney or other organ supplied by the blood vessel. This transient ischemia
can increase sympathetic nerve traffic. In certain embodiments, the controller 120 may inflate
the balloon 112 such as to augment nerve signaling, which may be detected using a nerve
probe and method according to US Patent No. 9,999,463, US Patent Publication No.
2020/0077907, and US Patent Publication No. 2022/0095979. Specifically, inflating the
balloon to intentionally create end organ ischemia can be employed to increase signaling to
improve nerve detection by a nerve sensing technology. It could be done before, during, or
after an ablation as a physiologic challenge to better detect nerve activity. In some
circumstances, the balloon inflation could be performed in branches to better assay nerve
activity for a specific region of the end-organ (e.g., kidney). In certain embodiments, if the
nerve signal is not sufficiently strong, a user may deflate the balloon 112 and move it to a
different location and retest the nerve signal at the new location. If the nerve signal is
sufficiently strong, the probe may either communicate with the user, the controller 120, or
both with an indication that a target area for ablation has been reached and the ablation may
be commenced. In certain embodiments that include multiple balloon configurations, the
balloons may be inflated sequentially or at the same time, and the strength of the signal(s)
may be used by the user or automatically by the controller 120 to determine ablation sites.
According to certain embodiments, the balloon inflation method may be used to map the
artery prior to beginning ablation, where the balloon may be inflated, deflated, moved to
another location, and inflated at multiple locations to test the sympathetic nerve activity at
multiple locations along the, e.g., renal artery, and/or accessory arteries. In certain
embodiments, the nerve probe may be in communication with the controller 120 or may be
otherwise integrated with the nerve probe, such that either the controller 120 or the probe
accumulates a nerve map with inputted data from the tests. In certain embodiments, a graphic
user interface may be created that displays the nerve map, which may include icons or other
indications for ideal ablation targets. In certain embodiments, the increase in nerve traffic can
be used to detect balloon apposition with the artery wall, which can then be used to determine
artery diameter and ablation parameters, as disclosed herein.

[00209] One or more of the foregoing techniques can be combined to provide for a more
accurate, user-friendly treatment plan. For example, as depicted in FIG. 17, according to
certain embodiments, at operation 1701 a nerve probe may be inserted into the body lumen,

e.g., renal artery, and nerve activity may be sensed. In certain embodiments, this initial
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assessment may be done to determine whether the patient is a good candidate for denervation.
For example, the nerve probe may determine whether the patient has a hyper-stimulated
nerves in the body lumen and/or determine that the anatomy of the nerves is appropriate for
denervation, e.g., the ablation energy used by the catheter is likely to reach the target
sufficiently to treat the patient. In certain embodiments, operation 1701 may be omitted,
performed in a different sequence, e.g., after operation 1702 (which is also optional), and/or
the nerve probe may be integrated with catheter 102.

[00210] According to certain embodiments, at operation 1702 conventional imaging
techniques, such as fluoroscopy, computed tomography, or intravascular diagnostic
ultrasound may be used to measure the length and diameter of one or more portions (e.g.,
distal, mid, and proximal) of the renal artery. In certain embodiments a nerve probe may be
used to sense and/or map nerve activity before and/or after one or more renal artery diameters
and length are measured. In certain embodiments, a separate nerve probe is used to measure
nerve activity before and/or after the treatment catheter is inserted into the patient. In certain
embodiments, one or more electrodes on the balloon 112 are used to sense nerve activity.
Optionally, a user may input measurements of nerve activity, body lumen diameter, and body
lumen length into a graphical user interface of the controller 120, and the controller 120 may
propose a treatment plan (e.g., location and quantity of ablations, required balloon size,
balloon volume, power level, cooling fluid flow rate, balloon pressure, etc.) using the user
input and present this plan through the graphical user interface (at operation 1704).

[00211] In certain embodiments, the controller 120 takes into account the compliance
curve(s) and/or minimum and maximum inflation diameters of a balloon 112 in determining a
treatment plan. For example, if a sufficient number of ablations along the main renal artery
and/or renal artery branches can be made using the same catheter, the controller 120 may set
a preference for these locations. In certain embodiments, the balloon 112 comprises material,
e.g., Isothane® 55D, such that the compliance curve shifts upwards with each sonication in a
consistent and predictable manner, as depicted in Figure 18. The diameter of the balloon gets
larger at a given pressure with each sonication because the material is becoming permanently
stretched. Fig. 18 shows the balloon can be inflated to the first inflation diameter to have a
first diameter-pressure curve 1801 when the tissue treatment system is introduced into a renal
artery before the first sonication. The balloon may be inflated one or more additional times to
treat different regions along a length of the renal artery and may have a second compliance
curve 1802, a third compliance curve 1803, a fourth compliance curve 1804, a fifth

compliance curve 18035, and sixth compliance curve 1806, after the first, second, third, fourth,
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etc., sonications, respectively. The controller may compensate for this known increase in
diameter by lowering the amount of pressure applied to the balloon in order to reach a similar
diameter, except that once the pressure is lowered below a threshold, the balloon may not be
able to center the transducer 111, cool the body lumen wall, and/or hold the electrodes with
sufficient pressure along the body lumen wall. The controller 120 may also set a preference
for ablating smaller diameter locations along the body lumen first, so as to minimize the
exchange of catheters, with a preference for only using one catheter during the procedure, and
to minimize required changes in pressure.

[00212] The controller 120 may determine multiple ablation patterns along the body lumen
in order to account for multiple contingencies (e.g., an inaccurate BL diameter measurement,
as detected by another measuring technique described herein, and/or an inadequate change in
the nerve signal after one or more sonications, etc.) and display these contingencies, ¢.g., as
dotted lines, along with the preferred treatment plan. The treatment plan can be displayed on
a screen, monitor, or other type of display in real-time for a user to view during and/or after a
procedure.

[00213] The controller 120 may also suggest one or more catheters (e.g., having a balloon
112 of a certain nominal diameter or compliance curve) to be used and the order in which the
catheters 102 are to be used, if applicable. In certain embodiments, each catheter 102 has a
color associated with a specific balloon characteristic and the graphic user interface uses a
matching color to indicate the catheter 102 to be used. In certain embodiments, the controller
120 may additionally or alternatively have an LED light at the electrical port where the
catheter cable 102 plugs into the controller 120 that changes color in coordination with the
suggested catheter 102. The user interface may prompt the user to plug in the catheter 102 to
the controller 120 and/or LED light may begin to blink and then change to a solid color once
the catheter 102 is plugged in. Alternatively, a catheter 102 having a compliant balloon 112
capable of treating a full range of body lumen sizes (e.g., renal arteries that typically range
from 2 mm to 8 mm) may be used.

[00214] After the selection of the catheter 102 (if applicable), the distal end of the catheter
102 may then be inserted into the body lumen at a first proposed treatment site (at operation
1706). In certain embodiments, the method omits operations 1702 and 1704, and a catheter
102 is inserted into a body lumen (at operation 1706) without these measurements or
treatment plan.

[00215] The controller 120 may then determine the angle of the transducer 111 with

respect to the longitudinal axis body lumen by using the transducer 111 to emit and receive
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an ultrasound echo signal and use the amplitude of the received signal to determine an
orientation of the transducer. The controller 120 may include a memory having a look-up
table that associates amplitudes of a received signal with transducer angles within a body
lumen. As described with respect to FIG. 14, the controller 120 may use the transducer 111 to
measure the diameter of the body lumen at the first proposed treatment site and use the
measured transducer angle to calibrate this measurement (at operation 1708). In embodiments
where diameter measurements are taken at operation 1702 as well as operation 1708, the
diameter measurement at operation 1708 may be compared to the measurement taken at
operation 1702. If the difference between measurements exceeds a threshold, the user may be
prompted to use fluoroscopy again to confirm the measurement. The controller 120 then
determines whether to move the catheter 102 (at operation 1710) based on the diameter
measurement. For example, if the body lumen diameter is determined to be too small or too
large for catheter 102, catheter 102 may be moved and operation 1708 may be repeated.
[00216] If the portion of the body lumen is determined to be within an appropriate range,
the balloon may be inflated using cooling fluid at operation 1712. During inflation, the
pressure and/or the flow rate of cooling fluid being supplied to the balloon 112 and/or the
flow rate of the cooling fluid being removed from the balloon 112, and/or the flow rate of the
blood 112 within the body lumen may be sensed to determine apposition of the balloon 112
to the body lumen and again confirm body lumen diameter (at operation 1714). Alternatively,
or in addition, during, after, or before inflation of the balloon 112, the controller 120 may
activate the transducer to emit ultrasound energy (at operation 1716). The transducer may
then receive a return ultrasound echo signal and the controller 120 may use this return
ultrasound echo signal to determine the orientation of transducer (the degree of tilt) and
produce echo measurements of diameter of portion of body lumen. Also, alternatively, or in
addition, during, after, or before inflation of the balloon 112, and during, after, or before the
echo measurements, the controller 112 may prompt a user to use fluoroscopy to produce
measurements of the diameter of the portion of the body lumen and input this data into the
graphic user interface of the controller 120 (at operation 1718).

[00217] The controller 120 may use body lumen diameter measurements taken at
operation(s) 1714, 1716, and/or 1718 to determine a diameter of the portion of the body
lumen (at operation 1720). In certain embodiments, the controller 120 uses the body lumen
diameter measurements taken at operation(s) 1702, 1708, 1714, 1716, and/or 1718 to
determine a diameter of the portion of the body lumen (at operation 1720). The controller 120

may average or use a weighted average to determine the body lumen diameter.
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[00218] In certain embodiments, the controller 120 may then use the diameter
measurement determined at operation 1720 to determine whether the balloon should be
deflated and moved and operations 1712 and one or more of operations 1714, 1716, or 1718
repeated. If the diameter of the body lumen is determined to be within a threshold range at
operation 1722, the controller 112 may move to operation 1724 or alternatively, may skip to
operation 1728.

Optionally, at operation 1724, the controller 120 may automatically inflate the balloon 112
such as to augment nerve signaling, or the controller 120 may suggest to a user through the
graphic user interface to inflate the balloon 112 for the purpose of augmenting the nerve
signal. According to certain embodiments, the resulting nerve signal may be detected using
nerve probes and methods according to US Patent No. 9,999,463 and US Patent Publication
No. 2020/0077907. If the nerve signal is not sufficiently strong, the system may suggest
deflating the balloon 112 and moving it to a different location and retesting the nerve signal
at the new location (at operation 1726). In an embodiment, if the nerve signal is sufficiently
strong, the controller 120 may deflate the balloon to a diameter that is optimal for sonication
(the diameter of the balloon prior to operation 1724). The controller 120 may then use the
diameter measurement determined at operation 1720 (either alone or together with the
previous diameter measurements) to determine treatment parametets, €.g., a power level,
balloon inflation size, fluid flow rate, balloon pressure, etc. Controller 120 may then
automatically excite the ultrasound transducer using the ultrasound treatment parameter(s)
selected (at operation 1728) based on an estimate of size of a portion of body lumen, or
surrogate thereof, to thereby cause transducer to emit ultrasound energy having frequency to
treat at least portion of tissue surrounding portion of body lumen. Alternatively, the controller
may prompt the user to choose delivery of sonication using the parameters or user
modifications using the graphic user interface.

[00219] Optionally, the controller 120 may then again measure a nerve signal (at operation
1732) using a nerve probe and provide the measurement to the user interface. If the detected
nerve signal after sonication is satisfactory (e.g., the nerve signal has decreased to below a
threshold or is no longer detectable), the controller may prompt the user to move on to the
next sonication or to end the procedure all together because sufficient denervation has been
achieved. If the detected nerve signal after sonication is not satisfactory (e.g., the nerve signal
remains above a threshold and/or is detectable), the controller 120 may reassess the treatment
plan. For example, the controller 120 may determine that the artery length is sufficient to

deliver more ablations then initially proposed (e.g., four ablations instead of three along the
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main renal artery). Or the controller 120 may simply store the information and reassess the
treatment plan after the final planned sonication.

[00220] Some of the sizing techniques described above include generating parameter
curves and identifying inflections to drive determinations of balloon size at particular points
in time. Such techniques can be performed in real time without reference to prior inflations of
the balloon. In some instances, however, it may be advantageous to compare the parameter
curve of a balloon to prior inflations of the same or other balloons.

[00221] Referring to FIG. 19A, a flowchart of a method of sizing a body lumen is shown
in accordance with an embodiment. As described below, the sizing determination may be
made by comparing a parameter curve of a balloon to a reference curve to identify and draw
conclusions from differences in the curves. Due to variability from balloon to balloon, it may
be that reference curves of one balloon do not reliably represent the parameter curve of
another balloon. Accordingly, optionally, operations 1902-1906 can be performed to generate
a reference curve that is specific to a balloon being deployed in a medical procedure. More
particularly, a reference curve for a balloon being inflated outside of a body lumen can be
generated for comparison to a parameter curve later generated when the balloon is deployed
inside of the body lumen.

[00222] At operation 1902, a cooling fluid is circulated through a balloon prior to inserting
the balloon into a body lumen. In an embodiment, the balloon is submersed in a heated water
bath when circulating the cooling fluid through the balloon. For example, the water bath can
include water heated to 37 degrees Celsius, or another temperature near body temperature.
Inflation of the balloon within the water bath provides a reference inflation for the particular
balloon that is planned to be deployed into the body lumen.

[00223] At operation 1904 a fluid parameter of the cooling fluid is detected prior to
inserting the balloon into the body lumen. While the balloon is immersed in the heated water,
the fluid parameter, e.g., a pressure of the cooling fluid, can be measured. Measurement of
the fluid pressure can be performed according to the techniques described above.

[00224] At operation 1906, a reference curve is generated based on the detected fluid
parameter. The reference curve can plot the fluid parameter, e.g., pressure, against an
independent variable such as time. Alternatively, the independent variable may be volume of
the circulated cooling fluid during the inflation cycle. The generated pressure versus time (P-
t) or pressure versus volume (P-V) reference curve can provide the reference curve that
describes how the balloon is expected to behave when inflated into a heated fluid bath

without a tubular restriction (such as a vessel wall). The reference curve effectively
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represents how the balloon would expand if deployed into the body without contacting the
vessel wall.

[00225] Referring to FIG. 19B, a flowchart of a method of sizing a body lumen is shown
in accordance with an embodiment. The operations of FIG. 19B are described with respect to
FIG. 20 below. Accordingly, the operations provided in the following description refer back
to FIG. 19B.

[00226] Referring to FIG. 20, a graphical representation of a parameter curve and a
reference curve is shown in accordance with an embodiment. The graph includes a reference
curve 2002, which is generated according to operation 1906. The reference curve 2002 plots
the pressure within the balloon versus the independent variable, e.g., time or volume, when
the balloon is inflated within the heated water bath. The volume may be calculated rather than
measured. More particularly, time may be measured and then multiplied by a known or
measured fluid flow rate to determine the volume of the circulated cooling fluid.
Accordingly, the independent variable, e.g., time, may be measured or calculated from
measured values, e.g., volume of the circulated cooling fluid based on time and flow rate.
More particularly, in an embodiment, the flow rate of the cooling fluid can be 5 mL/min
when inflating the balloon within a range of 0 to 10 psi, and thus, the injected volume (in mL)
can be determined by multiplying 5 mL/min by the amount of time (in minutes) that the
balloon is inflated. After the reference curve 2002 is generated, the catheter of the tissue
treatment system is tracked through the body lumen to a target site. When disposed at the
target site, the tissue treatment system can be ready for deployment to sonicate the
surrounding tissue.

[00227] At operation 1908, cooling fluid is circulated through the balloon within the body
lumen over a period of time. Circulating the cooling fluid can inflate the balloon to bring the
balloon wall toward apposition with the surrounding vessel wall.

[00228] At operation 1910, the fluid parameter of the cooling fluid may be detected over a
period of time. Detection can occur while the cooling fluid inflates the balloon within the
body lumen.

[00229] At operation 1912, a parameter curve 2004 can be determined. The parameter
curve 2004 can be generated as a curve that plots the fluid parameter, e.g., pressure, against
an independent variable over the period of time. For example, the parameter curve 2004 can
plot the pressure against time. Alternatively, the parameter curve 2004 can plot the pressure

against volume. The volume may be calculated, rather than measured. For example, as
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described above, a known flow rate may be multiplied by a measured time to determine the
calculated inflation volume.

[00230] At operation 1914, the parameter curve 2004 of the fluid parameter can be
compared to the reference curve 2002. Comparing the parameter curve 2004 to the reference
to curve may include determining a ratio of an inflection 2006 of the parameter curve 2004 to
a reference inflection 2008 of the reference curve 2002. As described above, the inflection
2006 points of each curve may be locations on the curve at which the rate of change of the
curve increased above a predetermined threshold. The ratio of inflection 2006 points can be
determined by dividing the value of the independent variable of the inflection 2006 of the
parameter curve 2004 by the value of the independent variable of the reference inflection
2008. The ratio of the illustrated curve can be seen to be about 0.5, by inspection, even
without labeled values.

[00231] Alternatively, comparing the parameter curve 2004 to the reference curve 2002
can include determining a ratio of an end point 2010 of the parameter curve 2004 to a
reference endpoint 2012 of the reference curve 2002. The end points can be points on the
curves at which the balloon has reached a predetermined pressure. For example, the
parameter curve 2004 representing the balloon inflated within the anatomy can have the end
point corresponding to a time or volume when the balloon has a pressure of 10 psi, or another
predetermined pressure. Similarly, the reference curve 2002 representing the balloon inflated
within the heated water bath can have the end point corresponding to a time or volume when
the balloon has a pressure of 10 psi, or the other predetermined pressure. The ratio of end
points can be determined by dividing the value of the independent variable of the end point
2010 of the reference curve 2002 by the value of the independent variable of the reference
endpoint 2012. The ratio of the illustrated curve can be seen to be about 0.5, by inspection,
even without labeled values.

[00232] At operation 1916, the size of the body lumen is determined based on the
comparison of the curves. In an embodiment, determining the size of the body lumen is based
on the ratio calculated from the comparison of the curves. The ratio can be compared or
identified in a lookup table that models relative volume of balloons to balloon size. More
particularly, the model can represent, for a particular ratio of inflection points or endpoints,
what the body lumen size is expected to be. By way of example, ratios of the inflection points
or endpoints for a balloon inflated in a range of vessels may vary from 0.3 to 1.0. Those
ratios can correspond to balloon sizes of 3.5 to 8 mm. More particularly, a ratio of 0.3 can

indicate that the balloon has been inflated within a 3.5 mm vessel, based on the point in time
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at which the inflection point occurred. Similarly, a ratio of 1.0 can indicate that the balloon
has been inflated within an 8 mm vessel, based on the point in time at which the inflection
point occurred. Accordingly, the comparison of curves and, more particularly, specific points
along the curves can be used to estimate the body lumen size within which the balloon is
inflated.

[00233] The particular ratio that is used to estimate body lumen size may be based on a
known nominal diameter of the balloon. The nominal diameter can be the diameter at which
the balloon expands without stretching. For example, at a nominal pressure of, e.g., 2 psi, the
balloon may reach a first diameter without the balloon wall stretching from its native
geometry. As additional pressure is applied, the balloon can stretch to expand to a larger
diameter.

[00234] In an embodiment, when the nominal diameter of the balloon is less than a
predetermined body lumen size, the ratio of inflection points from the curves may be used to
estimate the body lumen size. In such case, the nominal diameter may be determined, e.g., by
receiving a user input of the balloon type or size, and the processor of the tissue treatment
system can input the ratio of the inflection points to the model to determine body lumen size.
Use of the inflection point ratio can be used when the vessel diameter is anticipated to be
smaller than the nominal diameter. In such cases, the ratio of inflection points is expected to
be more predictive of body lumen size.

[00235] In an embodiment, when the nominal diameter of the balloon is greater than a
predetermined body lumen size, the ratio of endpoints from the curves may be used to
estimate the body lumen size. In such case, the nominal diameter may be determined, e.g., by
receiving a user input of the balloon type or size, and the processor of the tissue treatment
system can input the ratio of the endpoints to the model to determine body limits size. Use of
the end point ratio can be used when the vessel diameter is anticipated to be smaller than the
nominal diameter. In such cases, the ratio of end points is expected to be more predictive of
body lumen size.

[00236] At operation 1918, a neuromodulation parameter is selected based on the size of
the body lumen. For example, at least one ultrasound treatment parameter for use in treating
tissue surrounding the portion of the body lumen may be selected based on the estimate of the
size of the portion of the body lumen, or the surrogate thereof. In certain embodiments, an
acoustic output power is selected at operation 1918. Alternatively, or additionally, other types

of ultrasound treatment parameters can be selected at operation 1918, including, but not
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limited to, sonication duration, cooling fluid flow rate during sonication, and/or excitation
signal duty cycle.

[00237] It will be appreciated that the selection of the neuromodulation parameter may be
performed directly as a determination at operation 1916. More particularly, rather than first
estimating a size of the body lumen and then selecting the parameter based on the size, the
neuromodulation parameter can be determined directly based on the comparison. For
example, the ratios calculated through the comparison can be correlated to neuromodulation
parameters in a lookup table that is referenced to go directly from the comparison of the
curves to the neuromodulation parameters. Accordingly, the selection of the neuromodulation
parameter as a secondary operation of estimating the body lumen size is illustrative and not
limiting.

[00238] At operation 1920, neuromodulation energy is generated based on the
neuromodulation parameter. The selected neuromodulation parameter is used to generate the
neuromodulation energy to treat the tissue surrounding the body lumen. Generation of the
neuromodulation energy involves exciting the ultrasound transducer, using the at least one
ultrasound treatment parameter.

[00239] In certain embodiments of the present technology, some or all of the operations
summarized above with reference to FIGS. 19A-19B are performed fully- or semi-
autonomously by the controller 120. Furthermore, as described above, application of the
sizing method may be driven by a determination of a balloon type. More particularly, the
processor may determine whether the balloon is a compliant balloon or a non-compliant
balloon. Such determination may include receiving a user input of the balloon type, model,
etc. In response to determining that the balloon is a compliant balloon, the method of
determining the size of the body lumen based on the comparison of curves may be applied.
[00240] Additional curves, other than the parameter curve 2004 and the reference curve
2002, are shown in FIG. 20. These curves can correspond to additional parameter curves
2004 that the balloon would exhibit if deployed in different artery sizes. For example, a
parameter curve 2020 can correspond to the parameter curve that would result from
deploying the balloon in a 3 mm vessel. Alternatively, a parameter curve 2022 can
correspond to the parameter curve 2004 that would result from deploying the balloon in a 6
mm vessel. It will be appreciated then that the inflection points and end points can vary for
the balloon based on the anatomy that it is deployed within, making the method described
above an effect way to estimate the body lumen size based on the measured balloon

parameters.
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[00241] Referring to FIG. 21, a side view of a distal portion of a tissue treatment system is
shown in accordance with an embodiment. A tissue treatment system can incorporate a
catheter designed to integrate vessel measurement electrodes with an ultrasound therapy
transducer. The integrated electrodes can accurately determine a size of a vessel or other
body lumen. Accordingly, a treatment dose can be planned according to the measured vessel
size.

[00242] In an embodiment, the balloon 112 is mounted on the catheter shaft 214 and
contains the transducer 111, as described above. One or more sizing mechanisms are
mounted on the catheter shaft. The sizing mechanism may use electrical impedance to
determine the vessel size. The sizing mechanism can include a pair of electrodes, e.g., a
proximal electrode 2102 and a distal electrode 2104. The proximal electrode 2102 can be
mounted on the catheter shaft proximal to the transducer, and the distal electrode 2104 can be
mounted on the catheter shaft distal to the transducer.

[00243] The tissue treatment system may be configured to detect an impedance between
the pair of electrodes. The impedance is inversely proportional to an area or a square radius
of the balloon. Accordingly, by detecting the impedance, one or more processors of the tissue
treatment system can determine or calculate the balloon diameter and/or a diameter of the
body lumen, based on the impedance.

[00244] Referring to FIG. 22, a side view of a distal portion of a tissue treatment system is
shown in accordance with an embodiment. The sizing mechanism may include two pairs of
electrodes. In an embodiment, a first pair of electrodes includes the proximal electrode 2102
and the distal electrode 2104. The sizing mechanism may also include a second pair of
electrodes including a second proximal electrode 2202 and a second distal electrode 2204.
The second proximal electrode 2202 can be mounted on the catheter shaft proximal to the
transducer. The second distal electrode 2204 may be mounted on the catheter shaft distal to
the transducer. Both pairs of electrodes can be contained within the balloon.

[00245] The sizing mechanism can use impedance planimetry. A constant current can be
injected from the second pair of electrodes (the second proximal electrode 2202 and the
second distal electrode 2204). A voltage may then be measured between the first pair of
electrodes (the proximal electrode 2102 and the distal electrode 2104). By injecting constant
current from the outer electrodes and measuring the voltage between the inner electrodes, the
measured voltage may be used to determine and impedance. More particularly, the measured
voltage can be proportional to the impedance, and inversely proportional to the square radius

of the balloon. Accordingly, one or more processors of the tissue treatment system can use
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the determined impedance to determine the balloon diameter and/or a diameter of the body
lumen.

[00246] Using the sizing mechanisms of FIGS. 21-22, as with any of the sizing
mechanisms or methods described herein, an automatic balloon inflation algorithm can be
formed. For example, if the impedance and/or the determined balloon size indicates that a
size of the balloon has stopped increasing, the system may determine that the balloon has
achieved apposition with the vessel wall. The sizing mechanism can signal the system to
discontinue inflation. By stopping inflation, the sizing mechanism cannot only provide
information for dose planning, it can also improve safety of balloon inflation by preventing
overstretching of a target vessel.

[00247] To expand on the previous point, any of the balloon sizing techniques described
above may be used to drive a decision about and/or control an inflation process. More
particularly, control of the inflation of the tissue treatment system can be based on a
determination about whether the balloon has made contact with a vessel wall. When contact
is detected, e.g., by determining that an inflection of an inflation curve or a predetermined
impedance has been reached, a processor of the tissue treatment system can stop the inflation
of the balloon. In an embodiment, stopping the inflation is immediately upon detecting the
vessel contact event. In an embodiment, stopping the inflation includes continuing to inflate
the balloon for a predetermined period of time or by a predetermined pressure following the
event. For example, the balloon may be inflated for an additional 0.5 second or 2 psi after
vessel contact is made to ensure that the balloon is secured against the vessel wall during both
systole and diastole.

[00248] The transducers, apparatuses, the systems, and methods described herein may be
used to treat any suitable tissue, which tissue may be referred to as a target anatomical
structure. For example, use of the present systems to treat (e.g., neuromodulate) the renal
nerve is described above. It should be appreciated that body lumens, in which the present
systems may be positioned for treating tissue, are not necessarily limited to naturally
occurring body lumens. For example, the treatment may include creating a body lumen
within tissue (e.g., using drilling, a cannula, laser ablation, or the like) and then positioning
suitable components within such a body lumen. Other suitable applications for the present
system include ablation of pulmonary nerve and tissue responsible veins or cardiac
arrhythmia, nerves within that intervertebral disk, nerves within or outside of that
intervertebral disk, basivertebral nerves within that vertebral bone, nerves within the brain

tissue, tissue responsible for cardiac arrhythmia within the cardiac tissue, nerves along the
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bronchial tree, one or more esophageal branches of the vagus nerve, and one or more nerves
surrounding the bladder.

[00249] Although several embodiments and examples are disclosed herein, the present
application extends beyond the specifically disclosed embodiments to other alternative
embodiments and/or uses of the inventions and modifications and equivalents thereof. It is
also contemplated that various combinations or subcombinations of the specific features and
aspects of the embodiments may be made and still fall within the scope of the inventions.
Accordingly, it should be understood that various features and aspects of the disclosed
embodiments can be combined with or substituted for one another in order to form varying
modes of the disclosed inventions. Thus, it is intended that the scope of the present inventions
herein disclosed should not be limited by the particular disclosed embodiments described
above, but should be determined only by a fair reading of the claims that follow.

[00250] Embodiments of a tissue treatment system are described above. More particularly,
embodiments of the tissue treatment system are described, either explicitly or implicitly. The
following paragraphs summarize some of the described embodiments.

[00251] In an embodiment, a method includes filling a balloon with fluid within a body
lumen. The method includes detecting a fluid parameter of the fluid over a period of time.
The method includes determining a parameter curve of the fluid parameter. The parameter
curve includes the fluid parameter versus an independent variable over the period of time.
The parameter curve includes several inflections corresponding to changes in the fluid
parameter. The method includes determining, based on one or more of the several inflections,
a size of the body lumen or a neuromodulation parameter corresponding to the size of the
body lumen.

[00252] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00253] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is volume of the fluid.

[00254] In an embodiment, the fluid parameter is a differential flow rate of the fluid. The
independent variable is time.

[00255] In an embodiment, the differential flow rate is a difference between an injection
flow rate of the fluid being injected into the balloon and a withdrawal flow rate of the fluid
being withdrawn from the balloon.

[00256] In an embodiment, the parameter curve includes a minimal slope segment between

a first inflection and a second inflection. Determining the size of the body lumen or the
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neuromodulation parameter corresponding to the size of the body lumen is based on a
duration between the first inflection and the second inflection.

[00257] In an embodiment, the parameter curve includes a third inflection after the second
inflection. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen is based on at least a portion of a duration
between the second inflection and the third inflection.

[00258] In an embodiment, the parameter curve includes a first slope between the first
inflection and the second inflection, and a second slope between the second inflection and the
third inflection. The second slope is greater than the first slope.

[00259] In an embodiment, the method further includes selecting the neuromodulation
parameter based on the size of the body lumen. The method further includes generating
neuromodulation energy based on the neuromodulation parameter to treat tissue surrounding
the body lumen.

[00260] In an embodiment, the method further includes determining the balloon is a non-
compliant balloon. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the one or more of the several
inflections is in response to the balloon being the non-compliant balloon.

[00261] In an embodiment, a tissue treatment system includes a catheter comprising a
balloon mounted on a catheter shaft. The tissue treatment system includes one or more
syringes to fill the balloon with fluid. The tissue treatment system include a non-transitory
computer readable memory storing instructions. The tissue treatment system includes one or
more processors configured to execute the stored instructions to cause the tissue treatment
system to perform a method including filling a balloon with fluid within a body lumen. The
method includes detecting a fluid parameter of the fluid over a period of time. The method
includes determining a parameter curve of the fluid parameter. The parameter curve includes
the fluid parameter versus an independent variable over the period of time. The parameter
curve includes a several inflections corresponding to changes in the fluid parameter. The
method includes determining, based on one or more of the several inflections, a size of the
body lumen or a neuromodulation parameter corresponding to the size of the body lumen.
[00262] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00263] In an embodiment, the fluid parameter is a pressure of the fluid. The independent

variable is volume of the fluid.
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[00264] In an embodiment, the fluid parameter is a differential flow rate of the fluid. The
independent variable is time.

[00265] In an embodiment, the differential flow rate is a difference between an injection
flow rate of the fluid being injected into the balloon and a withdrawal flow rate of the fluid
being withdrawn from the balloon.

[00266] In an embodiment, the parameter curve includes a minimal slope segment between
a first inflection and a second inflection. Determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen is based on a
duration between the first inflection and the second inflection.

[00267] In an embodiment, the parameter curve includes a third inflection after the second
inflection. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen is based on at least a portion of a duration
between the second inflection and the third inflection.

[00268] In an embodiment, the parameter curve includes a first slope between the first
inflection and the second inflection, and a second slope between the second inflection and the
third inflection. The second slope is greater than the first slope.

[00269] In an embodiment, the one or more processors are further configured to execute
the stored instructions to cause the tissue treatment system to perform a method including
selecting the neuromodulation parameter based on the size of the body lumen. The method
includes generating neuromodulation energy based on the neuromodulation parameter to treat
tissue surrounding the body lumen.

[00270] In an embodiment, the one or more processors are further configured to execute
the stored instructions to cause the tissue treatment system to determine the balloon is a non-
compliant balloon. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the one or more of the several
inflections is in response to the balloon being the non-compliant balloon.

[00271] In an embodiment, the catheter further includes an ultrasound transducer within
the balloon.

[00272] In an embodiment, a non-transitory computer readable medium storing
instructions, which when executed by one or more processors of a tissue treatment system,
cause the tissue treatment system to perform a method filling a balloon with fluid within a
body lumen. The method includes detecting a fluid parameter of the fluid over a period of
time. The method includes determining a parameter curve of the fluid parameter. The

parameter curve includes the fluid parameter versus an independent variable over the period
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of time. The parameter curve includes several inflections corresponding to changes in the
fluid parameter. The method includes determining, based on one or more of the several
inflections, a size of the body lumen or the neuromodulation parameter corresponding to the
size of the body lumen.

[00273] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00274] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is volume of the fluid.

[00275] In an embodiment, the fluid parameter is a differential flow rate of the fluid. The
independent variable is time.

[00276] In an embodiment, the differential flow rate is a difference between an injection
flow rate of the fluid being injected into the balloon and a withdrawal flow rate of the fluid
being withdrawn from the balloon.

[00277] In an embodiment, the parameter curve includes a minimal slope segment between
a first inflection and a second inflection. Determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen is based on a
duration between the first inflection and the second inflection.

[00278] In an embodiment, the parameter curve includes a third inflection after the second
inflection. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen is based on at least a portion of a duration
between the second inflection and the third inflection.

[00279] In an embodiment, the parameter curve includes a first slope between the first
inflection and the second inflection, and a second slope between the second inflection and the
third inflection. The second slope is greater than the first slope.

[00280] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further including selecting the neuromodulation parameter based on the size of the body
lumen. The method includes generating neuromodulation energy based on the
neuromodulation parameter to treat tissue surrounding the body lumen.

[00281] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further includes determining the balloon is a non-compliant balloon. Determining the size of

the body lumen or the neuromodulation parameter corresponding to the size of the body
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lumen based on the one or more of the several inflections is in response to the balloon being
the non-compliant balloon.

[00282] In an embodiment, a method includes filling a balloon with a fluid within a body
lumen. The method includes detecting a fluid parameter of the fluid over a period of time.
The method includes determining a parameter curve of the fluid parameter. The parameter
curve includes the fluid parameter versus an independent variable over the period of time.
The method includes comparing the parameter curve of the fluid parameter to a reference
curve. The method includes determining, based on the comparison, a size of the body lumen
or the neuromodulation parameter corresponding to the size of the body lumen.

[00283] In an embodiment, the method includes filling the balloon with fluid prior to
inserting the balloon into the body lumen. The method includes detecting the fluid parameter
of the fluid prior to inserting the balloon into the body lumen. The method includes
generating the reference curve based on the detected fluid parameter prior to inserting the
balloon into the body lumen.

[00284] In an embodiment, the balloon is submersed in a heated water bath when filling
the balloon with fluid prior to inserting the balloon into the body lumen.

[00285] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00286] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is volume of the fluid.

[00287] In an embodiment, the method includes comparing the parameter curve to the
reference curve includes determining a ratio of an inflection of the parameter curve to a
reference inflection of the reference curve. Determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen is based on the ratio.
[00288] In an embodiment, the method includes determining a nominal diameter of the
balloon. Determining the ratio is based on the nominal diameter of the balloon being less than
a predetermined body lumen size.

[00289] In an embodiment, the method includes comparing the parameter curve to the
reference curve includes determining a ratio of an end point of the parameter curve to a
reference end point of the reference curve. Determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen is based on the ratio.
[00290] In an embodiment, the method includes determining a nominal diameter of the
balloon. Determining the ratio is based on the nominal diameter of the balloon being greater

than a predetermined body lumen size.
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[00291] In an embodiment, the method includes determining the balloon is a compliant
balloon; and wherein determining the size of the body lumen or the neuromodulation
parameter corresponding to the size of the body lumen based on the comparison is in
response to the compliant balloon.

[00292] In an embodiment, a tissue treatment system includes a catheter comprising a
balloon mounted on a catheter shaft. The tissue treatment system includes one or more
syringes to fill the balloon with a fluid. The tissue treatment system includes a non-transitory
computer readable memory storing instructions. The tissue treatment system includes one or
more processors configured to execute the stored instructions to cause the tissue treatment
system to perform a method including filling the balloon with the fluid within a body lumen.
The method includes detecting a fluid parameter of the fluid over a period of time. The
method includes determining a parameter curve of the fluid parameter. The parameter curve
includes the fluid parameter versus an independent variable over the period of time. The
method includes comparing the parameter curve of the fluid parameter to a reference curve.
The method includes determining, based on the comparison, a size of the body lumen or a
neuromodulation parameter corresponding to the size of the body lumen.

[00293] In an embodiment, the one or more processors are further configured to execute
the stored instructions to cause the tissue treatment system to perform a method including
filling the balloon with fluid prior to inserting the balloon into the body lumen. The method
includes detecting the fluid parameter of the fluid prior to inserting the balloon into the body
lumen. The method includes generating the reference curve based on the detected fluid
parameter prior to inserting the balloon into the body lumen.

[00294] In an embodiment, the balloon is submersed in a heated water bath when filling
the balloon with the fluid prior to inserting the balloon into the body lumen.

[00295] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00296] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is volume of the fluid.

[00297] In an embodiment, comparing the parameter curve to the reference curve includes
determining a ratio of an inflection of the parameter curve to a reference inflection of the
reference curve. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen is based on the ratio.

[00298] In an embodiment, the one or more processors are further configured to execute

the stored instructions to cause the tissue treatment system to perform a method includes
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determining a nominal diameter of the balloon. Determining the ratio is based on the nominal
diameter of the balloon being less than a predetermined body lumen size.

[00299] In an embodiment, comparing the parameter curve to the reference curve includes
determining a ratio of an end point of the parameter curve to a reference end point of the
reference curve. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen is based on the ratio.

[00300] In an embodiment, the one or more processors are further configured to execute
the stored instructions to cause the tissue treatment system to determine a nominal diameter
of the balloon. Determining the ratio is based on the nominal diameter of the balloon being
greater than a predetermined body lumen size.

[00301] In an embodiment, the one or more processors are further configured to execute
the stored instructions to cause the tissue treatment system to determine the balloon is a
compliant balloon. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the comparison is in response to the
compliant balloon.

[00302] In an embodiment, the catheter further includes an ultrasound transducer within
the balloon.

[00303] In an embodiment, a non-transitory computer readable medium storing
instructions, which when executed by one or more processors of a tissue treatment system,
cause the tissue treatment system to perform a method including filling a balloon with a fluid
within a body lumen. The method includes detecting a fluid parameter of the fluid over a
period of time. The method includes determining a parameter curve of the fluid parameter.
The parameter curve includes the fluid parameter versus an independent variable over the
period of time. The method includes comparing the parameter curve of the fluid parameter to
a reference curve. The method includes determining, based on the comparison, a size of the
body lumen or a neuromodulation parameter corresponding to the size of the body lumen.
[00304] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further including filling the balloon with the fluid prior to inserting the balloon into the body
lumen. The method includes detecting the fluid parameter of the fluid prior to inserting the
balloon into the body lumen. The method includes generating the reference curve based on
the detected fluid parameter prior to inserting the balloon into the body lumen.

[00305] In an embodiment, the balloon is submersed in a heated water bath when filling

the balloon with the fluid prior to inserting the balloon into the body lumen.
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[00306] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is time.

[00307] In an embodiment, the fluid parameter is a pressure of the fluid. The independent
variable is volume of the fluid.

[00308] In an embodiment, the method includes comparing the parameter curve to the
reference curve includes determining a ratio of an inflection of the parameter curve to a
reference inflection of the reference curve. The method includes determining the size of the
body lumen or the neuromodulation parameter corresponding to the size of the body lumen is
based on the ratio.

[00309] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further including determining a nominal diameter of the balloon. Determining the ratio is
based on the nominal diameter of the balloon being less than a predetermined body lumen
size.

[00310] In an embodiment, the method includes comparing the parameter curve to the
reference curve includes determining a ratio of an end point of the parameter curve to a
reference end point of the reference curve. Determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen is based on the ratio.
[00311] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further including determining a nominal diameter of the balloon. Determining the ratio is
based on the nominal diameter of the balloon being greater than a predetermined body lumen
size.

[00312] In an embodiment, the instructions, when executed by the one or more processors
of the tissue treatment system, cause the tissue treatment system to perform the method
further including determining the balloon is a compliant balloon. Determining the size of the
body lumen or the neuromodulation parameter corresponding to the size of the body lumen
based on the comparison is in response to the compliant balloon.

[00313] In an embodiment, a method includes detecting pressure of a fluid used to inflate a
balloon within a body lumen over a period of time. The method includes determining a
pressure-versus-time curve of the fluid based on the pressure over the period of time. The
pressure-versus-time curve includes a minimal slope segment between a first non-minimal

slope segment and a second non-minimal slope segment. The method includes determining a
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size of the body lumen or a neuromodulation parameter corresponding to the size of the body
lumen based on a duration of the minimal slope segment.

[00314] In an embodiment, a method includes detecting pressure of a fluid used to inflate a
balloon within a body lumen over a period of time. The method includes determining a
pressure-versus-time curve of the fluid based on the pressure over the period of time. The
pressure-versus-time curve includes a minimal slope environmental pressure segment before
two or more non-minimal slope elevated pressure segments. The method includes
determining a size of the body lumen or a neuromodulation parameter corresponding to the
size of the body lumen based on a duration of the minimal slope segment.

[00315] In an embodiment, the method includes determining the size of the body lumen or
the neuromodulation parameter corresponding to the size of the body lumen based on at least
a portion of a duration of the two or more non-minimal slope elevated pressure segments.
[00316] In an embodiment, the method includes the non-minimal slope elevated pressure
segments have respective grades increasing sequentially after the minimal slope
environmental pressure segment.

[00317] In an embodiment, a method includes detecting pressure of a fluid used to inflate a
balloon within a body lumen over a period of time. The method includes determining a
pressure-versus-time curve of the fluid based on the pressure over the period of time. The
pressure-versus-time curve includes a first non-minimal slope segment between a minimal
slope segment and a second non-minimal slope segment. The method includes determining,
in response to the first minimal slope segment having a lesser grade than the second minimal
slope segment, a size of the body lumen or a neuromodulation parameter corresponding to the
size of the body lumen based on a duration of the minimal slope segment.

[00318] In an embodiment, the method includes determining the balloon is a non-
compliant balloon. The method includes determining the size of the body lumen or the
neuromodulation parameter corresponding to the size of the body lumen based on the
duration of the minimal slope segment is based on the balloon being the non-compliant
balloon.

[00319] In an embodiment, a method includes detecting pressure of a fluid used to inflate a
balloon within a body lumen over a period of time. The method includes determining a
pressure-versus-time curve of the fluid based on the pressure over the period of time. The
pressure-versus-time curve includes a minimal slope segment before a non-zero slope
segment. The method includes determining, in response to the balloon being the compliant

balloon, a non-aberrant portion of the non-zero slope segment and an aberrant portion of the
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non-zero slope segment. The non-aberrant portion matches a predetermined expected
balloon-pressure time curve. The aberrant portion differs from the predetermined balloon-
pressure time curve. The method includes determining a size of the body lumen or a
neuromodulation parameter corresponding to the size of the body lumen based on a combined
duration of the minimal slope segment and the non-aberrant portion of the first non-minimal
slope segment.

[00320] In an embodiment, the method includes determining the balloon is a compliant
balloon. Determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the combined duration of the minimal
slope segment and the non-aberrant portion of the first non-minimal slope segment is based
on the balloon being the compliant balloon.

[00321] In an embodiment, a method includes detecting pressure of a fluid used to inflate a
balloon within a body lumen over a period of time. The method includes determining a
pressure-versus-time curve based on the pressure over the period of time. The method
includes determining a difference between the pressure-versus-time curve and a
predetermined balloon-pressure time curve. The method includes displaying, in response to
the difference, an error message indicating that the balloon is improperly sized for the body
lumen.

[00322] In an embodiment, the pressure-versus-time curve and the predetermined balloon-
pressure time curve include respective minimal slope segments before respective non-
minimal slope segments. Determining the difference includes determining whether the
minimal slope segment of the pressure-versus-time curve matches the minimal slope segment
of the predetermined balloon-pressure time curve.

[00323] In an embodiment, determining the difference includes determining whether the
non-minimal slope segment of the pressure-versus-time curve matches the non-minimal slope
segment of the predetermined balloon-pressure time curve.

[00324] In an embodiment, a method includes detecting, over a period of time, a difference
between an injection flow rate of a fluid being injected into a balloon and a withdrawal flow
rate of the fluid being withdrawn from the balloon while the balloon is within a body lumen.
The method includes determining a differential flow rate-versus-time curve based on the
difference over the period of time. The differential flow rate-versus-time curve includes a
minimal slope segment between a first non-minimal slope segment and a second non-minimal

slope segment. The method includes determining a size of the body lumen or a
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neuromodulation parameter corresponding to the size of the body lumen based on a duration
of the minimal slope segment.

[00325] In an embodiment, a method incudes exciting, at a first time, an ultrasound
transducer to cause a first transducer segment of the ultrasound transducer to emit a first
center frequency based on a first thickness of the first transducer segment and to cause a
second transducer segment of the ultrasound transducer to emit a second center frequency
based on a second thickness of the second transducer segment. The second thickness is
different than the first thickness. The method includes receiving, by the first transducer
segment of the ultrasound transducer at a second time, an ultrasound echo signal having the
first center frequency. The method includes determining a size of the body lumen or a
neuromodulation parameter corresponding to the size of the body lumen based on a
difference between the first time and the second time.

[00326] In an embodiment, the first thickness is less than the second thickness, and
wherein the first center frequency is greater than the second center frequency.

[00327] In an embodiment, the first center frequency is at least twice the second center
frequency.

[00328] In an embodiment, the method includes selecting an ultrasound treatment
parameter based on the size of the body lumen. The method includes exciting the ultrasound
transducer using the ultrasound treatment parameter to cause the second transducer segment
of the ultrasound transducer to emit ultrasound energy having the second center frequency to
treat tissue surrounding the body lumen.

[00329] In an embodiment, a method includes exciting, at a first time, an ultrasound
transducer to cause a pair of end transducer segments of the ultrasound transducer to emit a
first center frequency based on a first thickness of the pair of end transducer segments and to
cause a medial transducer segment of the ultrasound transducer to emit a second center
frequency based on a second thickness of the medial transducer segment. The second
thickness is different than the first thickness. The method includes receiving, by one or more
of the pair of end transducer segments of the ultrasound transducer at a second time, an
ultrasound echo signal having the first center frequency. The method includes determining a
size of the body lumen or a neuromodulation parameter corresponding to the size of the body
lumen based on a difference between the first time and the second time.

[00330] In an embodiment, the method includes the first thickness is less than the second

thickness. The first center frequency is greater than the second center frequency.
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[00331] In an embodiment, the first center frequency is at least twice the second center
frequency.

[00332] In an embodiment, the method includes selecting an ultrasound treatment
parameter based on the size of the body lumen. The method includes exciting the ultrasound
transducer using the ultrasound treatment parameter to cause the second transducer segment
of the ultrasound transducer to emit ultrasound energy having the second center frequency to
treat tissue surrounding the body lumen.

[00333] In an embodiment, a method includes exciting an ultrasound transducer to cause a
first transducer segment of the ultrasound transducer to emit a first center frequency based on
a first thickness of the first transducer segment and to cause a second transducer segment of
the ultrasound transducer to emit a second center frequency based on a second thickness of
the second transducer segment. The second thickness is different than the first thickness. The
method includes receiving, by the first transducer segment of the ultrasound transducer, a
first ultrasound echo signal and a second ultrasound echo signal. The first ultrasound echo
signal and the second ultrasound echo signal have a first center frequency. The first
ultrasound echo signal has a first delay and the second ultrasound echo signal has a second
delay. The method includes determining whether the ultrasound transducer is centered within
a body lumen based on the first delay and the second delay.

[00334] In an embodiment, a method includes inflating a balloon between a first time and
a second time within a body lumen. The balloon is mounted at a distal end of a catheter. The
method includes detecting, by a sensor located distal to the balloon at the second time, a
change in flow within the body lumen. The method includes determining, in response to
detecting the change in flow at the second time, a size of the body lumen or a
neuromodulation parameter corresponding to the size of the body lumen based on a
difference between the first time and the second time.

[00335] In an embodiment, the sensor is located on a guidewire used to deliver a catheter
having the balloon into the body lumen.

[00336] In an embodiment, the sensor is located on a guide sheath used to deliver a
catheter having the balloon into the body lumen.

[00337] In an embodiment, a method includes receiving map information for several
locations within at least one body lumen. The map information includes respective body
lumen sizes at each of the several locations. The method includes determining a treatment
plan for the at least one body lumen based on several compliance curves of a balloon. The

several compliance curves correspond to sequential deployments of the balloon. The several
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compliance curves increase at each sequential deployment. The treatment plan includes
deploying the balloon at the several locations in sequence from a first location having a
smallest body lumen size to an nth location having a largest body lumen size. The method
includes presenting the treatment plan on a display.

[00338] In an embodiment, the nth location is a fifth or greater location.

[00339] In an embodiment, the nth location is a second or greater location.

[00340] In an embodiment, the at least one body lumen includes at least one renal artery.
[00341] In an embodiment, the at least one body lumen includes at least one renal artery
and at least one hepatic artery.

[00342] In an embodiment, the at least one body lumen includes at least one renal artery,
hepatic artery, splenic artery, celiac trunk, superior mesenteric artery, or inferior mesenteric
artery.

[00343] In an embodiment, the method includes ablating nerves of a patient, wherein the
ablating nerves results in a decrease of sympathetic nerve activity in a patient.

[00344] In an embodiment, the method includes ablating renal nerves of a patient, wherein
the ablating renal nerves results in lowering renal sympathetic nerve activity.

[00345] In an embodiment, the method includes ablating nerves of a patient using
intravascular ultrasound ablation. The ablating nerves results in a decrease of sympathetic
nerve activity in a patient without injury to the body lumen.

[00346] In an embodiment, the method includes ablating renal nerves of a patient.
Ablating the renal nerves results in a therapeutically beneficial reduction in clinical
symptoms of hypertension in the patient.

[00347] In an embodiment, the method includes ablating renal nerves using thermal
ultrasound ablation. Ablating the renal nerves results in a therapeutically beneficial reduction
in clinical symptoms of hypertension in the patient.

[00348] In an embodiment, the method includes ablating one or more nerves of a hepatic
artery by delivering ablative radiofrequency energy or ultrasound to one or more nerves. The
ablating results in disruption of neural communication.

[00349] In an embodiment, a method includes receiving map information for several
locations within at least one body lumen. The map information includes respective body
lumen sizes at each of the several locations. The method includes determining a treatment
plan for the at least one body lumen based on several compliance curves of a balloon. The
several compliance curves correspond to sequential deployments of the balloon. The several

compliance curves increase at each sequential deployment. The treatment plan includes
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deploying the balloon at the several locations in sequence from a first location having a
smallest body lumen size to an nth location having a largest body lumen size. The method
includes selecting a first ablation location within one of the at least one body lumen. The
method includes displaying the first ablation location on a user interface.

[00350] In an embodiment, the nth location is a third or greater location.

[00351] In an embodiment, the nth location is a fifth or greater location.

[00352] In an embodiment, the nth location is a second or greater location.

[00353] In an embodiment, the at least one body lumen includes at least one renal artery.
[00354] In an embodiment, the at least one body lumen includes at least one renal artery
and at least one hepatic artery.

[00355] In an embodiment, the at least one body lumen includes at least one renal artery,
hepatic artery, splenic artery, celiac trunk, superior mesenteric artery, and/or inferior
mesenteric artery.

[00356] In an embodiment, a tissue treatment system, includes a catheter including a
balloon mounted on a catheter shaft, and an ultrasound transducer within the balloon. The
tissue treatment system includes a fluid transfer cartridge having one or more syringes to
inject or withdraw fluid from the balloon. The tissue treatment system includes a non-
transitory computer readable memory storing instructions. The tissue treatment system
includes one or more processors configured to execute the stored instructions to cause the
control unit to perform a method including receiving map information for several locations
within at least one body lumen. The map information includes respective body lumen sizes at
cach of the several locations. The method includes determining a treatment plan for the at
least one body lumen based on several compliance curves of a balloon. The several
compliance curves correspond to sequential deployments of the balloon. The several
compliance curves increase at each sequential deployment. The treatment plan includes
deploying the balloon at the several locations in sequence from a first location having a
smallest body lumen size to an nth location having a largest body lumen size. The method
includes presenting the treatment plan on a display.

[00357] In an embodiment, the balloon has a durometer of 55D.

[00358] In an embodiment, the balloon includes Isothane® having a durometer of 55D.
[00359] In an embodiment, a tissue treatment system, includes a catheter including a
balloon mounted on a catheter shaft, and an ultrasound transducer within the balloon. The
tissue treatment system includes a fluid transfer cartridge having one or more syringes to

inject or withdraw fluid from the balloon. The tissue treatment system includes a non-
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transitory computer readable memory storing instructions. The tissue treatment system
includes one or more processors configured to execute the stored instructions to cause the
system to perform a method including receiving map information for several locations within
at least one body lumen. The map information includes respective body lumen sizes at each
of the several locations. The method includes determining a treatment plan for the at least one
body lumen based on several compliance curves of a balloon. The several compliance curves
correspond to sequential deployments of the balloon. The several compliance curves increase
at each sequential deployment. The treatment plan includes deploying the balloon at the
several locations in sequence from a first location having a smallest body lumen size to an nth
location having a largest body lumen size. The treatment plan includes selecting a first
ablation location within one of the at least one body lumen, and displaying the first ablation
location on a user interface.

[00360] In an embodiment, the nth location is a third or greater location.

[00361] In an embodiment, the nth location is a fifth or greater location.

[00362] In an embodiment, the nth location is a second or greater location.

[00363] In an embodiment, the at least one body lumen includes at least one renal artery.
[00364] In an embodiment, the at least one body lumen includes at least one renal artery
and at least one hepatic artery.

[00365] In an embodiment, the at least one body lumen includes at least one renal artery,
hepatic artery, splenic artery, celiac trunk, superior mesenteric artery, or inferior mesenteric
artery.

[00366] In an embodiment, a tissue treatment system includes a catheter including a
balloon mounted on a catheter shaft. The tissue treatment system includes a fluid transfer
cartridge including one or more syringes to inject or withdraw fluid from the balloon. The
tissue treatment system includes a non-transitory computer readable memory storing
instructions. The tissue treatment system includes one or more processors configured to
execute the stored instructions to cause the tissue treatment system to performs any of the
methods described above.

[00367] In an embodiment, the catheter further includes an ultrasound transducer within
the balloon.

[00368] In an embodiment, the catheter further includes several electrodes coupled to the
balloon.

[00369] In an embodiment, a method for use with a tissue treatment system that includes a

user interface and a catheter comprising a balloon and a fluid supply subsystem configured to
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provide fluid to the balloon. The method includes: (a) while the balloon is inserted into a
portion of a body lumen of a patient, inflating the balloon using fluid; (b) while the balloon is
being inflated, using one or more sensors to produce sensor measurements indicative of at
least one of pressure or flow rate of the fluid being supplied to the balloon and/or being
removed from the balloon; (¢) determining, based on one or more of the sensor
measurements, a time t1 when the balloon is sufficiently inflated such that the pressure of the
balloon transitions from a vacuum pressure to an environmental pressure and a time t2 when
the balloon is sufficiently inflated such that the balloon becomes in apposition with the
portion of the body lumen; (d) determining an estimate of a size of the portion of the body
lumen, or a surrogate thereof, based on at least one said sensor measurement obtained based
on an amount of time between time t1 and time t2; and (e) displaying, on the user interface,
the estimated size of the portion of the body lumen, or the surrogate thereof.

[00370] In an embodiment, the method includes (f) selecting at least one neuromodulation
treatment parameter, for use in treating tissue surrounding the portion of the body lumen,
based on the estimate of the size of the portion of the body lumen, or the surrogate thercof;
and (g) generating a neuromodulation energy, using the at least one neuromodulation
treatment parameter that is selected based on the estimate of the size of the portion of the
body lumen, or the surrogate thereof, to thereby treat at least a portion of tissue surrounding
the portion of the body lumen.

[00371] In an embodiment, the method includes (f) choosing a balloon catheter, for use in
treating tissue surrounding the portion of the body lumen, based on the estimate of the size of
the portion of the body lumen, or the surrogate thereof; and (g) inserting the balloon catheter
into the body lumen.

[00372] In an embodiment, operation (b) includes using a first flow rate sensor to produce
first flow rate measurements indicative of flow rate of the fluid being supplied to the balloon,
and using a second flow rate sensor to produce second flow rate measurements indicative of
flow rate of the fluid being removed from the balloon; and operation (c) includes determining
differential flow rate measurements based on the first and second flow rate measurements,
and determining, based on the differential flow rate measurements, when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the portion of the body
lumen.

[00373] In an embodiment, operation (b) includes using a flow rate sensor to produce flow
rate measurements indicative of a flow rate of blood within the body lumen in which the

ultrasound transducer and the balloon are inserted; and operation (c) includes determining,
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based on the flow rate measurements, when the balloon is sufficiently inflated such that the
balloon becomes in apposition with the portion of the body lumen.

[00374] In an embodiment, the flow rate sensor is located on a distal portion of a guide
sheath or a guidewire that is used for inserting a distal portion of the catheter into the body
lumen.

[00375] In an embodiment, operation (d) includes: (d.1) determining an estimate of a
volume of the balloon when the balloon is sufficiently inflated such that the balloon becomes
in apposition with the body lumen; and (d.2) determining the estimate of the size of the
portion of the body lumen, or the surrogate thercof, based on the estimate of the volume of
the balloon when the balloon is sufficiently inflated such that the balloon becomes in
apposition with the body lumen.

[00376] In an embodiment, operation (d) includes: determining the estimate of the size of
the portion of the body lumen, or the surrogate thereof, based on the volume of fluid supplied
to the balloon between time t1 and time t2.

[00377] In an embodiment, the duration between t1 and t2 includes the surrogate of the
estimate of the size of the portion of the body lumen; and operation (e) includes selecting the
at least one ultrasound treatment parameter, for use in treating tissue surrounding the portion
of the body lumen, based on the duration between t1 and t2.

[00378] In an embodiment, a tissue treatment system, includes a catheter including a
catheter shaft having a distal end and a proximal end, first and second lumens extending
longitudinally through the catheter shaft between the distal and the proximal ends thereof, an
ultrasound transducer distally positioned relative to the distal end of the catheter shaft, and a
balloon surrounding the ultrasound transducer; a fluid supply subsystem fluidically coupled
to the first and second lumens of the catheter shaft and configured to provide fluid to the
balloon via the first lumen and remove fluid from the balloon via the second lumen. The
tissue treatment system includes one or more sensors configured to produce sensor
measurements indicative of at least one of pressure or flow rate of the fluid being supplied to
the balloon and/or being removed from the balloon, or of at least one of pressure or flow rate
of blood within a body lumen in which the ultrasound transducer and the balloon are inserted.
The tissue treatment system includes a controller configured to receive sensor measurements
from the one or more sensors and to control the fluid supply subsystem and the ultrasound
transducer. While the ultrasound transducer and the balloon are inserted into a portion of a
body lumen of a patient, the controller is configured to: inflate the balloon using fluid;

determine, based on one or more of the sensor measurements, when the balloon is sufficiently
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inflated such that the balloon becomes in apposition with the portion of the body lumen;
determine an estimate of a size of the portion of the body lumen, or a surrogate thereof, based
on at least one said sensor measurement obtained when the balloon is sufficiently inflated
such that the balloon becomes in apposition with the body lumen, or based on an amount of
time it took for the balloon to be sufficiently inflated such that the balloon becomes in
apposition with the body lumen; and select at least one ultrasound treatment parameter, for
use in treating tissue surrounding the portion of the body lumen, based on the estimate of the
size of the portion of the body lumen, or the surrogate thereof; and excite the ultrasound
transducer, using the at least one ultrasound treatment parameter that is selected based on the
estimate of the size of the portion of the body lumen, or the surrogate thereof, to thereby treat
at least a portion of tissue surrounding the portion of the body lumen.

[00379] In an embodiment, the one or more sensors include one or more pressure Sensors
configured to produce pressure measurements indicative of pressure of the fluid being
supplied to the balloon and/or of the fluid being removed from the balloon. The controller is
configured to determine, based on the pressure measurements, when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the portion of the body
lumen.

[00380] In an embodiment, the one or more sensors include a pressure sensor configured
to produce pressure measurements indicative of pressure of blood within the body lumen in
which the ultrasound transducer and the balloon are inserted; and the controller is configured
to determine, based on the pressure measurements, when the balloon is sufficiently inflated
such that the balloon becomes in apposition with the portion of the body lumen.

[00381] In an embodiment, the system further includes a guide sheath and a guidewire that
are used to insert a distal portion of the catheter shaft into the body lumen. The pressure
sensor is located on a distal portion of the guide sheath or the guidewire.

[00382] In an embodiment, the one or more sensors include a first flow rate sensor
configured to produce first flow rate measurements indicative of flow rate of the fluid being
supplied to the balloon, and a second flow rate sensor configured to produce second flow rate
measurements indicative of flow rate of the fluid being removed from the balloon. The
controller is configured to determine differential flow rate measurements based on the first
and second flow rate measurements, and determine, based on the differential flow rate
measurements, when the balloon is sufficiently inflated such that the balloon becomes in

apposition with the portion of the body lumen.
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[00383] In an embodiment, the one or more sensors include a flow rate sensor configured
to produce flow rate measurements indicative of a flow rate of blood within the body lumen
in which the ultrasound transducer and the balloon are inserted. The controller is configured
to determine, based on the flow rate measurements, when the balloon is sufficiently inflated
such that the balloon becomes in apposition with the portion of the body lumen.

[00384] In an embodiment, the system further includes a guide sheath and a guidewire that
are used to insert a distal portion of the catheter shaft into the body lumen. The flow rate
sensor is located on a distal portion of the guide sheath or the guidewire.

[00385] In an embodiment, the controller is configured to determine an estimate of a
volume of the balloon when the balloon is sufficiently inflated such that the balloon becomes
in apposition with the body lumen. The controller is configured to determine the estimate of
the size of the portion of the body lumen, or the surrogate thercof, based on the estimate of
the volume of the balloon when the balloon is sufficiently inflated such that the balloon
becomes in apposition with the body lumen.

[00386] In an embodiment, the controller is configured to determine the estimate of the
size of the portion of the body lumen, or the surrogate thereof, based on the amount of time it
took for the balloon to be sufficiently inflated such that the balloon becomes in apposition
with the body lumen.

[00387] In an embodiment, the controller is configured to: determine, as the surrogate of
the estimate of the size of the portion of the body lumen, the amount of time it took for the
balloon to be sufficiently inflated such that the balloon becomes in apposition with the body
lumen includes. The controller is configured to select the at least one ultrasound treatment
parameter, for use in treating tissue surrounding the portion of the body lumen, based on the
amount of time it took for the balloon to be sufficiently inflated such that the balloon
becomes in apposition with the body lumen.

[00388] In an embodiment, a method for use with a tissue treatment system that includes a
catheter including a catheter shaft having a distal end and a proximal end, first and second
lumens extending longitudinally through the catheter shaft between the distal and the
proximal ends thercof, an ultrasound transducer distally positioned relative to the distal end
of the catheter shaft, a balloon surrounding the ultrasound transducer, and a fluid supply
subsystem. The first lumen is configured to provide fluid from the fluid supply subsystem to
the balloon, and the second lumen is configured to return fluid from the balloon to the fluid
supply subsystem, the method comprising: (a) while the ultrasound transducer and the

balloon are inserted into a portion of a body lumen of a patient, inflating the balloon using
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fluid; (b) while the balloon is being inflated, using one or more sensors to produce sensor
measurements indicative of at least one of pressure or flow rate of the fluid being supplied to
the balloon and/or being removed from the balloon, or of at least one of pressure or flow rate
of blood within the body lumen in which the ultrasound transducer and the balloon are
inserted; (c) determining, based on one or more of the sensor measurements, when the
balloon is sufficiently inflated such that the balloon becomes in apposition with the portion of
the body lumen; (d) determining an estimate of a size of the portion of the body lumen, or a
surrogate thereof, based on at least one said sensor measurement obtained when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the body lumen, or
based on an amount of time it took for the balloon to be sufficiently inflated such that the
balloon becomes in apposition with the body lumen; and (e) selecting at least one ultrasound
treatment parameter, for use in treating tissue surrounding the portion of the body lumen,
based on the estimate of the size of the portion of the body lumen, or the surrogate thercof;
and (f) exciting the ultrasound transducer, using the at least one ultrasound treatment
parameter that is selected based on the estimate of the size of the portion of the body lumen,
or the surrogate thereof, to thereby treat at least a portion of tissue surrounding the portion of
the body lumen.

[00389] In an embodiment, operation (b) includes using one or more pressure sensors to
produce pressure measurements indicative of pressure of the fluid being supplied to the
balloon and/or of the fluid being removed from the balloon; and operation (c) includes
determining, based on the pressure measurements, when the balloon is sufficiently inflated
such that the balloon becomes in apposition with the portion of the body lumen.

[00390] In an embodiment, operation (b) includes using a pressure sensor to produce
pressure measurements indicative of pressure of blood within the body lumen in which the
ultrasound transducer and the balloon are inserted; operation (¢) includes determining, based
on the pressure measurements, when the balloon is sufficiently inflated such that the balloon
becomes in apposition with the portion of the body lumen.

[00391] In an embodiment, the pressure sensor is located on a distal portion of a guide
sheath or a guidewire that is used for inserting a distal portion of the catheter into the body
lumen.

[00392] In an embodiment, operation (b) includes using a first flow rate sensor to produce
first flow rate measurements indicative of flow rate of the fluid being supplied to the balloon,
and using a second flow rate sensor to produce second flow rate measurements indicative of

flow rate of the fluid being removed from the balloon; and operation (c) includes determining
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differential flow rate measurements based on the first and second flow rate measurements,
and determining, based on the differential flow rate measurements, when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the portion of the body
lumen.

[00393] In an embodiment, operation (b) includes using a flow rate sensor to produce flow
rate measurements indicative of a flow rate of blood within the body lumen in which the
ultrasound transducer and the balloon are inserted. Operation (c) includes determining, based
on the flow rate measurements, when the balloon is sufficiently inflated such that the balloon
becomes in apposition with the portion of the body lumen.

[00394] In an embodiment, the flow rate sensor is located on a distal portion of a guide
sheath or a guidewire that is used for inserting a distal portion of the catheter into the body
lumen.

[00395] In an embodiment, operation (d) includes: (d.1) determining an estimate of a
volume of the balloon when the balloon is sufficiently inflated such that the balloon becomes
in apposition with the body lumen; and (d.2) determining the estimate of the size of the
portion of the body lumen, or the surrogate thercof, based on the estimate of the volume of
the balloon when the balloon is sufficiently inflated such that the balloon becomes in
apposition with the body lumen.

[00396] In an embodiment, operation (d) includes determining the estimate of the size of
the portion of the body lumen, or the surrogate thereof, based on the amount of time it took
for the balloon to be sufficiently inflated such that the balloon becomes in apposition with the
body lumen.

[00397] In an embodiment, the amount of time it took for the balloon to be sufficiently
inflated such that the balloon becomes in apposition with the body lumen includes the
surrogate of the estimate of the size of the portion of the body lumen; and operation (e)
includes selecting the at least one ultrasound treatment parameter, for use in treating tissue
surrounding the portion of the body lumen, based on the amount of time it took for the
balloon to be sufficiently inflated such that the balloon becomes in apposition with the body
lumen.

[00398] In an embodiment, a tissue treatment system includes a catheter including a
catheter shaft having a distal end and a proximal end, first and second lumens extending
longitudinally through the catheter shaft between the distal and the proximal ends thereof.
The tissue treatment system includes an ultrasound transducer distally positioned relative to

the distal end of the catheter shaft, and a balloon surrounding the ultrasound transducer. The
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tissue treatment system includes a fluid supply subsystem fluidically coupled to the first and
second lumens of the catheter shaft and configured to provide fluid to the balloon via the first
lumen and remove fluid from the balloon via the second lumen. The tissue treatment system
includes one or more sensors configured to produce sensor measurements indicative of at
least one of pressure or flow rate of the fluid being supplied to the balloon and/or being
removed from the balloon, or of at least one of pressure or flow rate of blood within a body
lumen in which the ultrasound transducer and the balloon are inserted. The tissue treatment
system includes a controller configured to receive sensor measurements from the one or more
sensors and to control the fluid supply subsystem and the ultrasound transducer. While the
ultrasound transducer and the balloon are inserted into a portion of a body lumen of a patient,
the controller is configured to: inflate the balloon using fluid; determine, based on one or
more of the sensor measurements, when the balloon is sufficiently inflated such that the
balloon becomes in apposition with the portion of the body lumen; determine an estimate of a
size of the portion of the body lumen, or a surrogate thereof, based on at least one said sensor
measurement obtained when the balloon is sufficiently inflated such that the balloon becomes
in apposition with the body lumen, or based on an amount of time it took for the balloon to be
sufficiently inflated such that the balloon becomes in apposition with the body lumen; select
at least one ultrasound treatment parameter, for use in treating tissue surrounding the portion
of the body lumen, based on the estimate of the size of the portion of the body lumen, or the
surrogate thereof; and excite the ultrasound transducer, using the at least one ultrasound
treatment parameter that is selected based on the estimate of the size of the portion of the
body lumen, or the surrogate thereof, to thereby treat at least a portion of tissue surrounding
the portion of the body lumen.

[00399] In an embodiment, the one or more sensors include one or more pressure Sensors
configured to produce pressure measurements indicative of pressure of the fluid being
supplied to the balloon and/or of the fluid being removed from the balloon. The controller is
configured to determine, based on the pressure measurements, when the balloon is
sufficiently inflated such that the balloon becomes in apposition with the portion of the body
lumen.

[00400] In an embodiment, the one or more sensors include a pressure sensor configured
to produce pressure measurements indicative of pressure of blood within the body lumen in
which the ultrasound transducer and the balloon are inserted. The controller is configured to
determine, based on the pressure measurements, when the balloon is sufficiently inflated such

that the balloon becomes in apposition with the portion of the body lumen.
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[00401] In an embodiment, the system further includes a guide sheath and a guidewire that
are used to insert a distal portion of the catheter shaft into the body lumen. The pressure
sensor is located on a distal portion of the guide sheath or the guidewire.

[00402] In an embodiment, the one or more sensors include a first flow rate sensor
configured to produce first flow rate measurements indicative of flow rate of the fluid being
supplied to the balloon, and a second flow rate sensor configured to produce second flow rate
measurements indicative of flow rate of the fluid being removed from the balloon. The
controller is configured to determine differential flow rate measurements based on the first
and second flow rate measurements, and determine, based on the differential flow rate
measurements, when the balloon is sufficiently inflated such that the balloon becomes in
apposition with the portion of the body lumen.

[00403] In an embodiment, the one or more sensors include a flow rate sensor configured
to produce flow rate measurements indicative of a flow rate of blood within the body lumen
in which the ultrasound transducer and the balloon are inserted. The controller is configured
to determine, based on the flow rate measurements, when the balloon is sufficiently inflated
such that the balloon becomes in apposition with the portion of the body lumen.

[00404] In an embodiment, the system further includes a guide sheath and a guidewire that
are used to insert a distal portion of the catheter shaft into the body lumen. The flow rate
sensor is located on a distal portion of the guide sheath or the guidewire.

[00405] In an embodiment, the controller is configured to determine an estimate of a
volume of the balloon when the balloon is sufficiently inflated such that the balloon becomes
in apposition with the body lumen. The controller is configured to determine the estimate of
the size of the portion of the body lumen, or the surrogate thercof, based on the estimate of
the volume of the balloon when the balloon is sufficiently inflated such that the balloon
becomes in apposition with the body lumen.

[00406] In an embodiment, the controller is configured to determine the estimate of the
size of the portion of the body lumen, or the surrogate thereof, based on the amount of time it
took for the balloon to be sufficiently inflated such that the balloon becomes in apposition
with the body lumen.

[00407] In an embodiment, the controller is configured to determine, as the surrogate of
the estimate of the size of the portion of the body lumen, the amount of time it took for the
balloon to be sufficiently inflated such that the balloon becomes in apposition with the body
lumen includes. The controller is configured to select the at least one ultrasound treatment

parameter, for use in treating tissue surrounding the portion of the body lumen, based on the
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amount of time it took for the balloon to be sufficiently inflated such that the balloon
becomes in apposition with the body lumen.

[00408] In an embodiment, a method for use with an ultrasound transducer that is inserted
into a portion of a body lumen, wherein the ultrasound transducer includes a first transducer
segment and a second transducer segment, the first transducer segment having a first
thickness and configured to emit ultrasound energy having a first center frequency in
response to the ultrasound transducer being excited using an excitation signal having the first
center frequency, the second transducer segment having a second thickness and configured to
emit ultrasound energy having a second center frequency in response to the ultrasound
transducer being excited using an excitation signal having the second center frequency, the
method including (a) exciting the ultrasound transducer with an excitation signal having the
first center frequency to thereby cause the first transducer segment to emit ultrasound energy
having the first center frequency. The method includes (b) receiving an ultrasound echo
signal using the first transducer segment. The ultrasound echo signal includes a portion of the
emitted ultrasound energy having the first center frequency that was reflected back towards
the ultrasound transducer by a wall of the portion of the body lumen in which the ultrasound
transducer is inserted. The method includes (¢) determining an estimate of a size of the
portion of the body lumen, or a surrogate thereof, based on the ultrasound echo signal that
was received using the first transducer segment. The method includes (d) selecting at least
one ultrasound treatment parameter, for use in treating tissue surrounding the portion of the
body lumen using the second transducer segment, based on the estimate of the size of the
portion of the body lumen, or the surrogate thercof, that was determined based on the
ultrasound echo signal that was received using the first transducer segment. The method
includes (e) exciting the ultrasound transducer with an excitation signal having the second
center frequency and using the at least one ultrasound treatment parameter that was selected
based on the estimate of the size of the portion of the body lumen, or the surrogate thereof, to
thereby cause the second transducer segment to emit ultrasound energy having the second
center frequency to treat at least a portion of tissue surrounding the portion of the body
lumen.

[00409] In an embodiment, the at least one ultrasound treatment parameter, that is selected
at operation (d) and used at operation (e), includes an acoustic output power level or a voltage
level that is used to achieve that acoustic output power level.

[00410] In an embodiment, the ultrasound transducer includes cylindrical transducer body

made of piezoelectric material. The first transducer segment includes a first longitudinal
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segment of the cylindrical transducer body. The second transducer segment includes a second
longitudinal segment of the cylindrical transducer body, which is adjacent to and concentric
with the first transducer segment. The first thickness corresponds to a thickness of the first
longitudinal segment of the cylindrical transducer body, between a respective inner
cylindrical surface and a respective outer cylindrical surface thereof. The second thickness
corresponds to a thickness of the second longitudinal segment of the cylindrical transducer
body, between a respective inner cylindrical surface and a respective outer cylindrical surface
thereof.

[00411] In an embodiment, the first thickness is less than the second thickness. The first
center frequency is greater than the second center frequency.

[00412] In an embodiment, the first center frequency is at least twice the second center
frequency.

[00413] In an embodiment, the first thickness is greater than the second thickness. The
first center frequency is less than the second center frequency.

[00414] In an embodiment, the second center frequency is at least twice the first center
frequency.

[00415] In an embodiment, the first longitudinal segment of the cylindrical transducer
body has a first longitudinal length; and the second longitudinal segment of the cylindrical
transducer body has a second longitudinal length that is at least twice the first longitudinal
length.

[00416] In an embodiment, the ultrasound transducer is located within an interior of a
balloon within which the fluid is filled.

[00417] In an embodiment, a method for use with an ultrasound transducer that is inserted
into a portion of a body lumen, the method including (a) exciting the ultrasound transducer
with an excitation signal to thereby cause the ultrasound transducer to emit ultrasound
energy. The method includes (b) receiving an ultrasound echo signal using the ultrasound
transducer. The ultrasound echo signal includes a portion of the emitted ultrasound energy
that was reflected back towards ultrasound transducer by a wall of the portion of the body
lumen in which the ultrasound transducer is inserted. The method includes (c¢) determining,
based on the ultrasound echo signal that is received, whether the ultrasound transducer is
centered within the portion of the body lumen.

[00418] In an embodiment, the method includes (d) in response to determining that the
ultrasound transducer is not centered within the portion of the body lumen, repositioning the

ultrasound transducer within the portion of the body lumen or moving the ultrasound
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transducer to another portion of the body lumen, and then repeating operations (a), (b), and
(©).

[00419] In an embodiment, after there is a determination that the ultrasound transducer is
centered within the portion of the body lumen, the method further includes using the
ultrasound transducer to emit further ultrasound energy that is used to treat at least a portion
of tissue surrounding the portion of the body lumen.

[00420] In an embodiment, the ultrasound transducer includes a first transducer segment
and a second transducer segment, the first transducer segment having a first thickness and
configured to emit ultrasound energy having a first center frequency in response to the
ultrasound transducer being excited using an excitation signal having the first center
frequency, the second transducer segment having a second thickness and configured to emit
ultrasound energy having a second center frequency in response to the ultrasound transducer
being excited using an excitation signal having the second center frequency. Operation (a)
includes exciting the ultrasound transducer with the excitation signal having the first center
frequency to thereby cause the first transducer segment to emit ultrasound energy having the
first center frequency. Operation (b) includes receiving the ultrasound echo signal using the
first transducer segment.

[00421] In an embodiment, after there is a determination that the ultrasound transducer is
centered within the portion of the body lumen, the method further includes: (d) determining
an estimate of a size of the portion of the body lumen, or a surrogate thereof, based on the
ultrasound echo signal, or a further ultrasound echo signal, that is received using the first
transducer segment; () selecting at least one ultrasound treatment parameter, for use in
treating tissue surrounding the portion of the body lumen using the second transducer
segment, based on the estimate of the size of the portion of the body lumen, or the surrogate
thereof, that was determined at operation (d); and (f) exciting the ultrasound transducer with
an excitation signal having the second center frequency and using the at least one ultrasound
treatment parameter that was selected based on the estimate of the size of the portion of the
body lumen, or the surrogate thereof, to thereby cause the second transducer segment to emit
ultrasound energy having the second center frequency to treat at least a portion of tissue
surrounding the portion of the body lumen.

[00422] In an embodiment, a tissue treatment system, comprising: a catheter including a
catheter shaft and an ultrasound transducer distally positioned relative to a distal end of the
catheter shaft. The tissue treatment system includes a controller and an excitation source

configured to generate, under control of the controller, excitation signals that are used to
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excite the ultrasound transducer. The excitation source may be part of the controller. The
ultrasound transducer including a first transducer segment and a second transducer segment,
the first transducer segment having a first thickness and configured to emit ultrasound energy
having a first center frequency in response to the ultrasound transducer being excited using an
excitation signal having the first center frequency, the second transducer segment having a
second thickness and configured to emit ultrasound energy having a second center frequency
in response to the ultrasound transducer being excited using an excitation signal having the
second center frequency. The controller is configured to control the excitation source to
excite the ultrasound transducer with an excitation signal having the first center frequency to
thereby cause the first transducer segment to emit ultrasound energy having the first center
frequency while the ultrasound transducer is inserted into a portion of a body lumen; the first
transducer segment configured to receive an ultrasound echo signal that includes a portion of
the emitted ultrasound energy having the first center frequency that was reflected back
towards the ultrasound transducer by a wall of the portion of the body lumen in which the
ultrasound transducer is inserted; the controller further configured to receive the ultrasound
echo signal, or a signal indicative thereof, from the ultrasound transducer, and based thereon,
determine an estimate of a size of the portion of the body lumen, or a surrogate thereof. The
controller is configured to select at least one ultrasound treatment parameter, for use in
treating tissue surrounding the portion of the body lumen using the second transducer
segment, based on the estimate of the size of the portion of the body lumen, or the surrogate
thereof, that was determined based on the ultrasound echo signal that was received using the
first transducer segment. The controller is configured to control the excitation source to excite
the ultrasound transducer with an excitation signal having the second center frequency and
having the at least one ultrasound treatment parameter that was selected based on the estimate
of the size of the portion of the body lumen, or the surrogate thereof, to thereby cause the
second transducer segment to emit ultrasound energy having the second center frequency to
treat at least a portion of tissue surrounding the portion of the body lumen.

[00423] In an embodiment, the at least one ultrasound treatment parameter includes an
acoustic output power level or a voltage level that is used to achieve that acoustic output
power level.

[00424] In an embodiment, the ultrasound transducer includes cylindrical transducer body
made of piezoelectric material. The first transducer segment includes a first longitudinal
segment of the cylindrical transducer body. The second transducer segment includes a second

longitudinal segment of the cylindrical transducer body, which is adjacent to and concentric
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with the first transducer segment. The first thickness corresponds to a thickness of the first
longitudinal segment of the cylindrical transducer body, between a respective inner
cylindrical surface and a respective outer cylindrical surface thereof. The second thickness
corresponds to a thickness of the second longitudinal segment of the cylindrical transducer
body, between a respective inner cylindrical surface and a respective outer cylindrical surface
thereof.

[00425] In an embodiment, the first thickness is less than the second thickness. The first
center frequency is greater than the second center frequency.

[00426] In an embodiment, the first center frequency is at least twice the second center
frequency.

[00427] In an embodiment, the first longitudinal segment of the cylindrical transducer
body has a first longitudinal length. The second longitudinal segment of the cylindrical
transducer body has a second longitudinal length that is at least twice the first longitudinal
length.

[00428] In an embodiment, a system includes a balloon within which the fluid is filled and
the ultrasound transducer is located.

[00429] In an embodiment, a tissue treatment system includes a catheter including a
catheter shaft and an ultrasound transducer distally positioned relative to a distal end of the
catheter shaft. A tissue treatment system includes a controller and an excitation source
configured to generate, under control of the controller, excitation signals that are used to
excite the ultrasound transducer, wherein the excitation source may be part of the controller.
The controller is configured to control the excitation source to excite the ultrasound
transducer with an excitation signal to thereby cause the ultrasound transducer to emit
ultrasound energy. The transducer is configured to receive an ultrasound echo signal that
includes a portion of the emitted ultrasound energy that was reflected back towards the
ultrasound transducer by a wall of a portion of a body lumen in which the ultrasound
transducer is inserted. The controller is further configured to receive the ultrasound echo
signal, or a signal indicative thereof, from the ultrasound transducer, and based thereon,
determine whether the ultrasound transducer is centered within the portion of the body lumen.
[00430] In an embodiment, after the controller determines that the ultrasound transducer is
centered within the portion of the body lumen, the controller is further configured to control
the excitation source to excite the ultrasound transducer with a further excitation signal to

thereby cause the ultrasound transducer to emit further ultrasound energy that is used to treat
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at least a portion of tissue surrounding the portion of the body lumen in which the transducer
is inserted.

[00431] In an embodiment, the ultrasound transducer includes a first transducer segment
and a second transducer segment, the first transducer segment having a first thickness and
configured to emit ultrasound energy having a first center frequency in response to the
ultrasound transducer being excited using an excitation signal having the first center
frequency, the second transducer segment having a second thickness and configured to emit
ultrasound energy having a second center frequency in response to the ultrasound transducer
being excited using an excitation signal having the second center frequency. The controller is
configured to control the excitation source to excite the ultrasound transducer with an
excitation signal having the first center frequency to thereby cause the first transducer
segment to emit ultrasound energy having the first center frequency while the ultrasound
transducer is inserted into the portion of the body lumen. The first transducer segment is
configured to receive the ultrasound echo signal that includes a portion of the emitted
ultrasound energy having the first center frequency that was reflected back towards the
ultrasound transducer by a wall of the portion of the body lumen in which the ultrasound
transducer is inserted. The controller is further configured to receive the ultrasound echo
signal, or a signal indicative thereof, from the ultrasound transducer, and based thereon,
determine an estimate of a size of the portion of the body lumen, or a surrogate thereof; select
at least one ultrasound treatment parameter, for use in treating tissue surrounding the portion
of the body lumen using the second transducer segment, based on the estimate of the size of
the portion of the body lumen, or the surrogate thereof, that was determined based on the
ultrasound echo signal that was received using the first transducer segment. The controller is
configured to control the excitation source to excite the ultrasound transducer with an
excitation signal having the second center frequency and having the at least one ultrasound
treatment parameter that was selected based on the estimate of the size of the portion of the
body lumen, or the surrogate thereof, to thereby cause the second transducer segment to emit
ultrasound energy having the second center frequency to treat at least a portion of tissue
surrounding the portion of the body lumen.

[00432] In an embodiment, the at least one ultrasound treatment parameter includes an
acoustic output power level or a voltage level that is used to achieve that acoustic output
power level.

[00433] In an embodiment, the ultrasound transducer includes cylindrical transducer body

made of piezoelectric material. The first transducer segment includes a first longitudinal



WO 2023/002327 PCT/IB2022/056563
111

segment of the cylindrical transducer body. The second transducer segment includes a second
longitudinal segment of the cylindrical transducer body, which is adjacent to and concentric
with the first transducer segment. The first thickness corresponds to a thickness of the first
longitudinal segment of the cylindrical transducer body, between a respective inner
cylindrical surface and a respective outer cylindrical surface thereof. The second thickness
corresponds to a thickness of the second longitudinal segment of the cylindrical transducer
body, between a respective inner cylindrical surface and a respective outer cylindrical surface
thereof.

[00434] In an embodiment, the first thickness is less than the second thickness. The first
center frequency is greater than the second center frequency.

[00435] In an embodiment, the first center frequency is at least twice the second center
frequency.

[00436] In an embodiment, the first longitudinal segment of the cylindrical transducer
body has a first longitudinal length. The second longitudinal segment of the cylindrical
transducer body has a second longitudinal length that is at least twice the first longitudinal
length.

[00437] In an embodiment, a system includes a balloon within which the fluid is filled and
the ultrasound transducer is located.

[00438] In an embodiment, a tissue treatment system, comprising: a catheter including a
balloon mounted on a catheter shaft, and an ultrasound transducer within the balloon. The
tissue treatment system includes a fluid transfer cartridge having one or more syringes to
inject or withdraw fluid from the balloon; a non-transitory computer readable memory storing
instructions. The tissue treatment system includes one or more processors configured to
execute the stored instructions to cause the system to: detect a sound of the balloon beginning
to expand (t1), detect that blood flow has stopped distal to the balloon (t2), determine a body
lumen size based on the time between t1 and t2.

[00439] In an embodiment, a system includes means for detecting that a balloon has
transitioned from a vacuum pressure to an environmental pressure (t1). The system includes
means for detecting that the balloon is in apposition with a body lumen (t2). The system
includes means for determining a body lumen diameter based on the difference between t1
and t2.

[00440] In an embodiment, a method for use with a tissue treatment system that includes a
user interface and a catheter comprising a balloon and a fluid supply subsystem configured to

provide fluid to the balloon, includes: inflating, while the balloon is inserted into a portion of
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a body lumen of a patient, the balloon using fluid; using, while the balloon is being inflated,
one or more sensors to produce sensor measurements indicative of at least one of pressure or
flow rate of the fluid being supplied to the balloon and/or being removed from the balloon;
determining, based on one or more of the sensor measurements, a time t1 when the balloon is
sufficiently inflated such that the pressure of the balloon transitions from a vacuum pressure
to an environmental pressure and a time t2 when the balloon is sufficiently inflated such that
the balloon becomes in apposition with the portion of the body lumen; determining an
estimate of a size of the portion of the body lumen, or a surrogate thereof, based on at least
one said sensor measurement obtained based on an amount of time between time t1 and time
t2; and displaying, on the user interface, the estimated size of the portion of the body lumen,
or the surrogate thereof.

[00441] In the foregoing specification, the invention has been described with reference to
specific exemplary embodiments thereof. It will be evident that various modifications may be
made thereto without departing from the scope of the invention as set forth in the following
claims. The specification and drawings are, accordingly, to be regarded in an illustrative

sense rather than a restrictive sense.
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CLAIMS
1. A tissue treatment system (100), comprising:
a catheter (102) comprising a balloon (112) mounted on a catheter shaft (212);
one or more syringes (542a) to fill the balloon (112) with a fluid (213);
a non-transitory computer readable memory (614) storing instructions; and
one or more processors (612) configured to execute the stored instructions to cause
the tissue treatment system (100) to:
fill the balloon (112) with the fluid (213) within a body lumen;
detect a fluid parameter of the fluid (213) over a period of time;
determine a parameter curve (2004) of the fluid parameter, wherein the
parameter curve (2004) includes the fluid parameter versus an independent variable
over the period of time;
compare the parameter curve (2004) of the fluid parameter to a reference
curve (2002); and
determining, based on the comparison, a size of the body lumen or a

neuromodulation parameter corresponding to the size of the body lumen.

2. The tissue treatment system of claim 1, wherein the one or more processors (612) are
further configured to execute the stored instructions to cause the tissue treatment system
(100) to:

fill the balloon (112) with the fluid (213) prior to inserting the balloon (112) into the
body lumen;

detect the fluid parameter of the fluid (213) prior to inserting the balloon (112) into
the body lumen; and

generate the reference curve (2002) based on the detected fluid parameter prior to

inserting the balloon (112) into the body lumen.

3. The tissue treatment system of claim 2, wherein the balloon (112) is submersed in a
heated water bath when filling the balloon (12) prior to inserting the balloon (112) into the

body lumen.

4. The tissue treatment system of any of the claims 1 to 3, wherein
the fluid parameter is a pressure of the fluid (213), and

the independent variable is time or volume of the fluid (213).
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5. The tissue treatment system of any one of the claims 1 to 4, wherein the one or more
processors (612) are configured to execute the stored instructions to cause the tissue
treatment system (100) to:

determine a ratio of an inflection (2006) of the parameter curve (2004) to a reference
inflection (2008) of the reference curve (2002), and

determine the size of the body lumen or the neuromodulation parameter

corresponding to the size of the body lumen based on the ratio.

6. The tissue treatment system of claim 5, wherein the one or more processors (612) are
further configured to execute the stored instructions to cause the tissue treatment system
(100) to:

determine a nominal diameter of the balloon (112), and

determine the ratio based on the nominal diameter of the balloon (112) being less than

a predetermined body lumen size.

7. The tissue treatment system of any one of claims 1 to 4, wherein the one or more
processors (612) are configured to execute the stored instructions to cause the tissue
treatment system (100) to:

determine a ratio of an end point (2010) of the parameter curve (2004) to a reference
end point (2012) of the reference curve (2002), and

determine the size of the body lumen or the neuromodulation parameter

corresponding to the size of the body lumen based on the ratio.

8. The tissue treatment system of claim 7, wherein the one or more processors (612) are
further configured to execute the stored instructions to cause the tissue treatment system
(100) to:

determine a nominal diameter of the balloon (112), and

determine the ratio based on the nominal diameter of the balloon (112) being greater

than a predetermined body lumen size.

9. The tissue treatment system of any one of claims 1 to 8, wherein the one or more
processors (612) are further configured to execute the stored instructions to cause the tissue

treatment system (100) to:
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determine the balloon (112) is a compliant balloon, and
determine the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the comparison in response to the

balloon (112) being a compliant balloon.

10. The tissue treatment system of any one of claims 1 to 9, wherein the catheter (102)

further comprises an ultrasound transducer (111) within the balloon (112).

11. A non-transitory computer readable medium (614) storing instructions, which when
executed by one or more processors (612) of a tissue treatment system (100), cause the tissue
treatment system (100) to:

fill a balloon (112) with fluid (213) within a body lumen;

detect a fluid parameter of the fluid (213) over a period of time;

determine a parameter curve (2004) of the fluid parameter, wherein the parameter
curve (2004) includes the fluid parameter versus an independent variable over the period of
time;

compare the parameter curve (2004) of the fluid parameter to a reference curve
(2002); and

determine, based on the comparison, a size of the body lumen or the neuromodulation

parameter corresponding to the size of the body lumen.

12. The non-transitory computer readable medium of claim 11, wherein the instructions,
when executed by the one or more processors (612) of the tissue treatment system (100),
cause the tissue treatment system (100) to:

fill the balloon (112) with the fluid (213) prior to inserting the balloon (112) into the
body lumen;

detect the fluid parameter of the fluid (213) prior to inserting the balloon (112) into
the body lumen; and

generate the reference curve (2002) based on the detected fluid parameter prior to

inserting the balloon (112) into the body lumen.

13. The non-transitory computer readable medium of claim 12, wherein the balloon (112)
is submersed in a heated water bath when filling the balloon (112) prior to inserting the

balloon (112) into the body lumen.
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14. The non-transitory computer readable medium of any of claims 11 to 13, wherein the
fluid parameter is a pressure of the fluid (213), and wherein the independent variable is time

or volume of the fluid (213).

15. The non-transitory computer readable medium of any one of claims 11 to 14, wherein
the instructions, when executed by the one or more processors (612) of the tissue treatment
system (100), cause the tissue treatment system (100) to:

determine a ratio of an inflection (2006) of the parameter curve (2004) to a reference
inflection (2008) of the reference curve (2002), and

determine the size of the body lumen or the neuromodulation parameter

corresponding to the size of the body lumen based on the ratio.

16. The non-transitory computer readable medium of claim 15, wherein the instructions,
when executed by the one or more processors (612) of the tissue treatment system (100),
cause the tissue treatment system (100) to:

determine a nominal diameter of the balloon (112), and

determine the ratio based on the nominal diameter of the balloon (112) being less than

a predetermined body lumen size.

17. The non-transitory computer readable medium of any one of claims 11 to 14, wherein
the instructions, when executed by the one or more processors (612) of the tissue treatment
system (100), cause the tissue treatment system (100) to:

determine a ratio of an end point (2010) of the parameter curve (2004) to a reference
end point (2012) of the reference curve (2002), and

determine the size of the body lumen or the neuromodulation parameter

corresponding to the size of the body lumen based on the ratio.

18. The non-transitory computer readable medium of claim 17, wherein the instructions,
when executed by the one or more processors (612) of the tissue treatment system (100),
cause the tissue treatment system (100) to:

determine a nominal diameter of the balloon (112), and

determine the ratio based on the nominal diameter of the balloon (112) being greater

than a predetermined body lumen size.



WO 2023/002327 PCT/IB2022/056563
117

19. The non-transitory computer readable medium of any one of the claims 11 to 17,
wherein the instructions, when executed by the one or more processors (612) of the tissue
treatment system (100), cause the tissue treatment system (100) to:

determine the balloon (112) is a compliant balloon; and

determine the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the comparison in response to the

balloon (112) being a compliant balloon.

20. A method, comprising:
filling a balloon (112) within a body lumen with a fluid (213);
detecting a fluid parameter of the fluid (213) over a period of time;
determining a parameter curve of the fluid parameter, wherein the parameter curve
includes the fluid parameter versus an independent variable over the period of time;
comparing the parameter curve of the fluid parameter to a reference curve; and
determining, based on the comparison, a size of the body lumen or a neuromodulation

parameter corresponding to the size of the body lumen.

21. The method of claim 20 further comprising:

filling the balloon (112) with the fluid (213) prior to inserting the balloon (112) into
the body lumen;

detecting the fluid parameter of the fluid (213) prior to inserting the balloon (112) into
the body lumen; and

generating the reference curve based on the detected fluid parameter prior to inserting

the balloon (112) into the body lumen.

22. The method of claim 21, wherein the balloon (112) is submersed in a heated water

bath when filling the balloon (112) with the fluid (213) prior to inserting the balloon (112)
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into the body lumen.

23. The method of claim 20, wherein the fluid parameter is a pressure of the fluid (213),

and wherein the independent variable is time.

24. The method of claim 20, wherein the fluid parameter is a pressure of the fluid (213),

and wherein the independent variable is volume of the fluid (213).

25. The method of claim 20, wherein comparing the parameter curve to the reference
curve includes determining a ratio of an inflection of the parameter curve to a reference
inflection of the reference curve, and wherein determining the size of the body lumen or the

neuromodulation parameter corresponding to the size of the body lumen is based on the ratio.

26. The method of claim 25 further comprising determining a nominal diameter of the
balloon (112), wherein determining the ratio is based on the nominal diameter of the balloon

(112) being less than a predetermined body lumen size.

27. The method of claim 20, wherein comparing the parameter curve to the reference
curve includes determining a ratio of an end point of the parameter curve to a reference end
point of the reference curve, and wherein determining the size of the body lumen or the

neuromodulation parameter corresponding to the size of the body lumen is based on the ratio.

28. The method of claim 27 further comprising determining a nominal diameter of the
balloon (112), wherein determining the ratio is based on the nominal diameter of the balloon

(112) being greater than a predetermined body lumen size.
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29. The method of claim 20 further comprising:

determining the balloon (112) is a compliant balloon; and

wherein determining the size of the body lumen or the neuromodulation parameter
corresponding to the size of the body lumen based on the comparison is in response to the

compliant balloon.
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