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(57) ABSTRACT

A method and apparatus for treating abnormal mucosa in the
esophagus is disclosed, such that the depth of the treated
tissue is controlled. The depth of ablation is controlled by
monitoring the tissue impedance and/or the tissue tempera-
ture. A desired ablation depth is also achieved by controlling
the energy density or power density, and the amount of time
required for energy delivery. A method and apparatus is
disclosed for measuring an inner diameter of a body lumen,
where a balloon is inflated inside the body lumen at a fixed
pressure.
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METHODS AND SYSTEMS FOR DETERMINING
PHYSIOLOGIC CHARACTERISTICS FOR
TREATMENT OF THE ESOPHAGUS

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
commonly assigned, co-pending U.S. patent application Ser.
No. 10/754,452 filed Jan. 9, 2004, which is a continuation-
in-part of U.S. application Ser. No. 10/370,645 filed Feb. 19,
2003, which is a divisional of Ser. No. 09/714,344 filed Nov.
16, 2000, now U.S. Pat. No. 6,551,310, which claims the
benefit under 35 USC 119(e) of U.S. Provisional Application
No. 60/165,678 filed Nov. 16, 1999, the full disclosure of
which are fully incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates generally to medical
methods and systems. More particularly, the invention is
directed to methods and systems for treating and determin-
ing physiologic characteristics of body lumens such as the
esophagus.

[0004] The human body has a number of internal body
lumens or cavities located within, many of which have an
inner lining or layer. These inner linings can be susceptible
to disease. In some cases, surgical intervention can be
required to remove the inner lining in order to prevent the
spread of disease to otherwise healthy tissue located nearby.

[0005] Those with persistent problems or inappropriate
relaxation of the lower esophageal sphincter can develop a
condition known as gastro esophageal reflux disease, mani-
fested by classic symptoms of heartburn and regurgitation of
gastric and intestinal contents. The causative agent for such
problems may vary. Patients with severe forms of gastroe-
sophageal reflux disease, no matter what the cause, can
sometimes develop secondary damage of the esophagus due
to the interaction of gastric or intestinal contents with
esophageal cells not designed to experience such interaction.

[0006] The esophagus is composed of three primary tissue
layers; a superficial mucosal layer lined by squamous epi-
thial cells, a middle submucosal layer and a deeper muscle
layer. When gastroesophageal reflux occurs, the superfacial
squamous epithelial cells are exposed to gastric acid, along
with intestinal bile acids and enzymes. This exposure may
be tolerated, but in some cases can lead to damage and
alteration of the squamous cells, causing them to change into
taller, specialized columnar epithelial cells. This metaplastic
change of the mucosal epithelium from squamous cells to
columnar cells is called Barrett’s esophagus, named after the
British surgeon who originally described the condition.

[0007] Barrett’s esophagus has important clinical conse-
quences, since the Barrett’s columnar cells can, in some
patients, become dysplastic and then progress to a certain
type of deadly cancer of the esophagus. The presence of
Barrett’s esophagus is the main risk factor for the develop-
ment of adenocarcinoma of the esophagus.

[0008] Accordingly, attention has been focused on iden-
tifying and removing this abnormal Barrett’s columnar
epithelium in order to mitigate more severe implications for

May 4, 2006

the patient. Devices and methods for treating abnormal body
tissue by application of various forms of energy to such
tissue have been described, such as radio frequency ablation.
However, without precise control of the depth of penetration
of the energy means, these methods and devices are defi-
cient. Uncontrolled energy application can penetrate too
deeply into the esophageal wall, beyond the mucosa and
submucosal layers, into the muscularis externa, potentially
causing esophageal perforation, stricture or bleeding.
Accordingly, proper administration of the correct amount of
treatment energy to the tissue can be facilitated by knowl-
edge of the size of the esophagus and area to be treated.

[0009] Additionally, medical procedures for treating Bar-
rett’s esophagus typically involve deployment of an expand-
able catheter inside the esophagus. Expandable catheters are
preferred because the profile of the catheter is ideally as
small as possible to allow for ease of delivery, while
treatment of the esophagus is most efficiently performed
when the catheter is at or slightly larger than the diameter of
the esophageal wall. Proper sizing and/or pressurization of
the delivery device is therefore desirable to prevent over-
distension of the organ, which could result in harm to the
organ, or under-expansion of the catheter, which often
results in incomplete treatment. Accordingly, accurate and
simple measurement of the size of the lumen and control of
the pressure of the catheter on the lumen surface promotes
the proper engagement and delivery of energy to the luminal
wall so that a uniform and controlled depth of treatment can
be administered. In addition to calculating luminal dimen-
sions, the compliance of the lumen can be determined by
measuring the cross section of the lumen at two or more
pressure values.

[0010] Therefore, it would be advantageous to have meth-
ods and systems for accurately determining in vivo the size
and optionally the compliance of a body lumen such as the
esophagus. In addition, it would be desirable to provide a
method and system for treating the body lumen once having
determined its size. At least some of these objectives will be
met by the present invention.

[0011] 2. Description of the Background Art

[0012] U.S. Pat. No. 5,275,169 describes apparatus and
methods for determining physiologic characteristics of
blood vessels. The device measures the diameter and wall
compliance of the blood vessel, and does not administer
treatment. Additionally, the method relies on using only an
incompressible fluid to inflate a balloon inside a blood
vessel. Other patents of interest include U.S. Pat. No.
6,010,511; 6,039,701; and 6,551,310.

BRIEF SUMMARY OF THE INVENTION

[0013] The present invention comprises methods and sys-
tems for sizing a body lumen, such as the esophagus.
Methods and systems are also provided for treating the body
lumen once the proper measurements have been made.

[0014] Although the following description will focus on
embodiments configured for treatment of the esophagus,
other embodiments may be used to treat any other suitable
lumen in the body. In particular, the methods and systems of
the present invention may be used whenever accurate mea-
surement of a body lumen or uniform delivery of energy is
desired to treat a controlled depth of tissue in a lumen or
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cavity of the body, especially where such body structures
may vary in size. Therefore, the following description is
provided for exemplary purposes and should not be con-
strued to limit the scope of the invention.

[0015] In general, in one aspect, the invention features a
method for measuring an inner diameter of a body lumen
including inserting a balloon in the body lumen; inflating the
balloon inside the body lumen using an expansion medium;
and monitoring a mass of the expansion medium inside the
balloon.

[0016] Implementations of the invention can include one
or more of the following features. Monitoring the mass of
the expansion medium can be performed using a mass flow
sensor. Additionally, the expansion medium can be a gas or
a liquid. The balloon can be inflated at a fixed pressure, and
the fixed pressure can be approximately 4 psig.

[0017] In general, in another aspect, the invention features
a method for treating tissue in a body lumen including
deploying a selected electrode structure at the surface of the
tissue; delivering energy to the electrode structure to ablate
the tissue to a depth from the surface; and controlling the
depth of ablated tissue by monitoring a change in tissue
impedance.

[0018] Controlling the depth of ablated tissue can include
monitoring when the tissue impedance reaches a targeted
impedance value. In one implementation, the targeted
impedance value ranges from approximately 0.5 ohms to 10
ohms. In another implementation, controlling the depth of
ablated tissue can additionally include monitoring when the
tissue impedance changes a specified percentage from an
initial tissue impedance level. In a further implementation,
controlling the depth of ablated tissue can include monitor-
ing when the tissue impedance reaches its minimum value.
In a particular implementation, the desired depth of ablated
tissue is approximately between 0.5 mm and 1 mm.

[0019] In general, in another aspect, the invention features
a method for treating tissue of a body lumen, including:
deploying an electrode structure at a surface of the tissue;
delivering energy to the electrode structure to ablate the
tissue to a depth from the surface; and controlling the depth
of tissue ablation of the tissue by monitoring a change in the
tissue temperature.

[0020] In one embodiment of this aspect of the invention,
controlling the depth of tissue ablation includes monitoring
when the tissue temperature reaches a target range. The
temperature target range can be between approximately 65°
and 95° C., and the energy can be delivered as long as the
measured tissue temperature does not exceed a maximum
temperature. In one implementation, the maximum tempera-
ture is approximately 95° C.

[0021] In general, in another aspect, the invention features
a method for treating abnormal tissue inside a body lumen,
including: automatically determining an inner diameter of
the body lumen at a location proximal to the abnormal
tissue; deploying an electrode structure at a surface of the
tissue at the proximal location; and delivering energy to the
electrode structure for treating the tissue.

[0022] In one embodiment of this aspect of the invention,
the inner diameter of the body lumen can be determined by
automatically inflating and deflating a balloon inside the
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body lumen using an expansion medium. This embodiment
can further include monitoring a mass of the expansion
medium inside the balloon and controlling a depth of treated
tissue. In one implementation, controlling the depth of
treated tissue includes controlling an amount of power
delivered to the tissue over time. In other implementations,
controlling the depth of treated tissue includes normalizing
power delivered to the tissue over time; and/or controlling
the depth of treated tissue by controlling an amount of
energy delivered to the tissue over time; and/or controlling
the depth of treated tissue by controlling delivered energy
density; and/or controlling the depth of treated tissue by
monitoring and controlling tissue impedance over time;
and/or controlling the depth of treated tissue by monitoring
and controlling tissue temperature over time.

[0023] Implementations of the invention can include one
or more of the following features. Controlling an amount of
power delivered to the tissue by rapidly increasing the power
until it reaches a set target value and/or controlling the
amount of power delivered by using a proportional integral
derivative controller.

[0024] In general, in another aspect, the invention features
an apparatus for treating a tissue inside a body lumen
including: an electrode structure adapted to be positioned at
a surface of the tissue inside the body lumen, wherein the
electrode structure is coupled to an expansion member; and
a generator for producing and delivering energy to the
electrode structure; wherein the generator is adapted to
automatically inflate the expansion member inside the body
lumen and control the pressure inside the expansion member
during treatment of the tissue.

[0025] Implementations of the invention can include one
or more of the following features. The expansion member
can be a balloon coupled to a catheter. The apparatus can
further include a storage device for storing generator set-
tings. In one implementation, the storage device is an
EEPROM. The apparatus can further include a pump for
automatically inflating and deflating the expansion member.

[0026] The generator of the apparatus can be adapted to
determine an inner diameter of the body lumen using an
inflatable balloon. In one implementation, the generator is
adapted to control the amount of energy delivered to the
tissue over time based on the measured diameter of the
esophagus. In another implementation, the generator is
adapted to normalize the density of energy delivered to the
tissue based on the measured diameter of the esophagus. In
yet another implementation, the generator is adapted to
control the amount of power delivered to the tissue over time
based on the measured diameter of the esophagus. In another
implementation, the generator is adapted to control the
energy delivered to the electrode structure. In another imple-
mentation, the generator is adapted to control the power
delivered to the electrode structure. In yet another imple-
mentation, the generator is adapted to normalize the amount
of power delivered to the tissue over time based on the
measure diameter of the esophagus. In a further implemen-
tation the generator is adapted to detect whether a catheter
is attached thereto and to identify a characteristic of the
attached catheter. In a related implementation, the apparatus
can further include a storage device adapted to store infor-
mation about the attached catheter.

[0027] The apparatus can further include a footswitch
coupled to the generator and adapted to control the energy
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delivered to the electrode structure and/or a display for
displaying information to a user.

[0028] In another implementation, the generator is adapted
to be manually controlled by a user such that the user
controls the energy delivered to the electrode structure over
time.

[0029] The apparatus can further include a proportional
integral derivative controller adapted to gradually increase
power delivered to the electrode structure until it reaches a
set target value.

[0030] In general, in another aspect, the invention features
an apparatus for treating a tissue inside a body lumen
including: an electrode structure adapted to be positioned at
a surface of the tissue inside the body lumen, wherein the
electrode structure is coupled to an expansion member; and
a generator for producing, delivering and controlling energy
delivered to the electrode structure; wherein the generator is
adapted to determine an inner diameter of the body lumen..

[0031] Inone aspect of the invention, a method for treating
a body lumen at a treatment location comprises measuring a
luminal dimension at the treatment location of the lumen,
selecting an electrode deployment device having an array of
electrodes or other electrode structure with a pre-selected
deployed size which corresponds to the measured dimen-
sion, positioning the electrode deployment device at the
treatment location within the lumen, deploying the electrode
array to the pre-selected deployed state to engage a wail of
the lumen, and delivering energy to the electrodes for
treatment of the luminal tissue.

[0032] In some embodiments, measuring the luminal
dimension comprises positioning a sizing member at the
treatment location within the lumen, expanding the sizing
member until it engages an inside wall of the lumen, and
calculating the luminal dimension at the treatment location
of the esophagus based on the expansion of the sizing
member. Often, expanding the sizing member comprises
inflating a sizing balloon by introducing an expansion
medium. The expansion medium may be a compressible or
non-compressible fluid. In some embodiments, the lumen
dimensions are calculated by determining the amount of the
expansion medium introduced to the sizing balloon while it
is inflated. For example, the mass or volume of the expan-
sion medium can be measured by use of a mass-flow meter
or the like. Optionally, a pressure sensor may be coupled to
the sizing balloon, so that the luminal dimension can be
calculated from the measured amount of expansion medium
introduced to the balloon at a given pressure. Alternatively,
the sizing member may comprise a basket, plurality of struts,
or calipers, or the like. The lumen may also be measured by
ultrasound, optical, or fluoroscopic imaging or by use of
measuring strip.

[0033] In embodiments where a sizing balloon is
employed, the sizing balloon may comprise any material or
configuration. In general, the sizing balloon is cylindrical
and has a known length and a diameter that is greater than
the diameter of the target lumen. In this configuration, the
sizing balloon is non-distensible, such as a bladder having a
diameter in its fully expanded form that is larger than the
lumen diameter. Suitable materials for the balloon may
comprise a polymer such as polyimide or polyethylene
terephthalate (PET). Alternatively, the balloon may com-
prise a mixture of polymers and elastomers.
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[0034] Once the lumen dimensions are determined, an
electrode deployment device matching the measured lumi-
nal dimension may be selected from an inventory of devices
having different electrode deployment sizes. In some
embodiments, the electrode deployment device is transe-
sophageally delivered to a treatment area within the esopha-
gus. For example, delivering the device may be facilitated
by advancing a catheter through the esophagus, wherein the
catheter carries the electrode array and an expansion mem-
ber. The expansion member may comprise any of the
materials or configurations of the sizing member, such as an
inflatable cylindrical balloon comprising a polymer such as
polyimide or PET.

[0035] In some aspects of the invention, the array of
electrodes or other electrode structure is arranged on a
surface of a dimensionally stable support such as a non-
distensible, electrode backing. The backing may comprise a
thin, rectangular sheet of polymer materials such as poly-
imide, polyester or other flexible thermoplastic or thermo-
setting polymer film, polymer covered materials, or other
nonconductive materials. The backing may also comprise an
electrically insulating polymer, with an electro-conductive
material, such as copper, deposited onto a surface. For
example, an electrode pattern can be etched into the material
to create an array of electrodes. The electrode pattern may be
aligned in an axial or traverse direction across the backing,
formed in a linear or non-linear parallel array or series of
bipolar pairs, or other suitable pattern. In many embodi-
ments, delivering energy comprises applying radiofrequency
(RF) energy to tissue of the body lumen, through the
electrodes. Depending on the desired treatment effect, the
electrodes may be arranged to control the depth and pattern
of treatment. For treatment of esophageal tissue, the elec-
trode widths are less than 3 mm, typically a width in the
range from 0.1 mm to 3 mm, preferably 0.1 mm to 0.3 mm,
and adjacent electrodes are spaced apart less than 3 mm,
typically in the range from 0.1 mm to 3 mm, preferably from
0.1 mm to 0.3 mm. Alternatively, energy may be delivered
by use of structures other than those having an array of
electrodes. For example, the electrode structure may com-
prise a continuous electrode arranged in a helical pattern
over the balloon.

[0036] In another method of the present invention, the
measurement of the luminal dimension may be used to
determine the amount of energy delivered to the tissue of the
lumen. For example, a method for treating the tissue of a
body lumen at a treatment location comprises measuring a
luminal dimension at a location of the lumen, positioning an
electrode deployment device at that location, deploying the
expansion member to engage an electrode array to a wall of
the lumen; and delivering sufficient energy to the electrode
array for treatment of the luminal tissue based on the
measured dimension of the lumen. In general, the amount of
power delivered to the electrodes will vary depending on the
type of treatment and the overall surface area of the luminal
tissue to be treated. In some embodiments, the expansion
member can variably expand to engage the wall of the lumen
independent of the size of the lumen. For esophageal treat-
ment, the expansion member may comprise a balloon that
can expand to a range of diameters between 12 mm and 50
mm. Typically, the total energy density delivered to the
esophageal tissue will be in the range from 1 J/em® to 50
J/em?, usually being from 5 J/em? to 15 J/em?®. In order to
effectively ablate the mucosal lining of the esophagus and
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allow re-growth of a normal mucosal lining without creating
damage to underlying tissue structures, it is preferable to
deliver the radiofrequency energy over a short time span in
order to reduce the effects of thermal conduction of energy
to deeper tissue layers, thereby creating a “searing” effect. It
is preferable to deliver the radiofrequency energy within a
time span of less than 5 seconds. An optimal time for
effective treatment is less than 1 second, and preferably less
than 0.5 second or 0.25 seconds. The lower bound on time
may be limited by the ability of the RF power source to
deliver high powers.

[0037] In one aspect of the invention, a method for mea-
suring an internal dimension at a location in a body lumen
comprises positioning a cylindrical balloon at a location
within the lumen, inflating the balloon with an expansion
medium to engage an inside wall of the lumen, monitoring
the extent of engagement of the balloon, determining the
amount of expansion medium in the balloon while inflated
at the location, and calculating the internal dimension of the
esophagus based on the length of the balloon and the
measured amount of expansion medium inside the balloon.
In some embodiments, the balloon is transesophageally
delivered to a treatment area within the esophagus by
advancing a catheter carrying the balloon through the
esophagus. Often, the balloon is non-distensible and has a
diameter that is greater than the diameter of the inside wall
of the lumen. The balloon may be filled with an expansion
medium that is a compressible fluid, such as air.

[0038] Monitoring the extent of engagement comprises
determining the expansion of the balloon via a pressure
sensor coupled to the balloon, wherein the extent of engage-
ment is determined by the internal pressure exerted from the
expansion medium as measured by the pressure sensor and
by visual verification. The pressure sensor may comprise
any device for determining the pressure inside a vessel, such
as a strain gauge. Alternatively, the extent of engagement
may be monitored by determining the expansion of the
balloon via visual inspection. In some embodiments, the
balloon may be expanded to apply pressure to the inside wall
of the lumen, thereby causing the lumen to stretch.

[0039] In one aspect of the invention, a method for deter-
mining wall compliance of an esophagus comprises posi-
tioning a balloon at a location within the esophagus, inflating
the balloon with a compressible fluid, measuring the static
pressure within the balloon, measuring the total amount of
fluid within the balloon at least two static pressure values,
and calculating the wall compliance based on the variation
in the amount of fluid between a first measured pressure and
a second measured pressure. For esophageal treatment, the
static pressure values to be used are typically below 10 psig,
and preferably at or below 7 psig.

[0040] In another aspect, a system for treating tissue of a
body lumen comprises a sizing member for measuring the
cross section at a location of the lumen and a catheter having
a set of individual treatment devices, each device compris-
ing an electrode array adapted to treat a target location,
wherein at least some of the arrays are adapted to treat
locations having different sizes determined by the sizing
member. In some embodiments, the sizing member com-
prises an inflatable, noncompliant sizing balloon that is
oversized with respect to the inside wall of the lumen. The
sizing balloon may be cylindrical with a diameter that is

May 4, 2006

oversized with respect to the inside wall of the lumen. The
sizing balloon may further be coupled to a pressure sensor
for determining the internal pressure in the balloon from the
introduction of the expansion medium. In addition, the
system may further comprise a measuring means, such as a
mass flow meter, for determining the amount of fluid in the
sizing balloon.

[0041] Insome embodiments, each of the individual treat-
ment devices further include an expansion member com-
prising an inflatable balloon. Generally, each balloon is
cylindrical and ranges in diameter from 12 mm to 50 mm
when expanded. A balloon within the range is selected based
on the measurement made from the sizing balloon so that
when the balloon is expanded to its fully inflated shape, it
properly engages the wall of the lumen. Typically, the
expansion member is inflated with the same medium as the
sizing balloon. Optionally, the treatment device may further
include a pressure sensor as an extra precaution against
over-distension of the organ.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG. 1 is a schematic view of portions of an upper
digestive tract in a human.

[0043] FIG. 2 is a cross sectional view of a device of the
invention inserted in to an esophagus in its relaxed, col-
lapsed state.

[0044] FIG. 3 is a cross-sectional view of a device of the
invention deployed in an expanded configuration in the
esophagus.

[0045] FIG. 4 is a schematic view of a sizing device of the
invention.

[0046] FIG. 5 is a flow chart of a method of the invention
for sizing a luminal dimension.

[0047] FIG. 6 is a flow chart of a method of the invention
for treating luminal tissue

[0048] FIG. 7 is a chart of test results performed on
calculating the diameter of a vessel by measuring the
volume of air used to inflate the balloon.

[0049] FIG. 8 is a chart of test results for the air mass
required to achieve various pressure levels in differently
sized rigid containers.

[0050] FIG.9 is a schematic view of a treatment device of
the invention in a compressed configuration in the esopha-
gus.

[0051] FIG. 10 is a schematic view of a treatment device
of the invention in an expanded configuration in the esopha-
gus.

[0052] FIG. 11 is a schematic view of another embodi-
ment of a treatment device of the invention.

[0053] FIG. 12 shows a top view and a bottom view of an
electrode pattern of the device of FIG. 11.

[0054] FIG. 13a-c shows the electrode patterns that may
be used with a treatment device of the invention.

[0055] FIG. 14a-d shows additional electrode patterns
that may be used with a treatment device of the invention.
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[0056] FIG. 15 shows a flow chart of a method of the
invention for determining the wall compliance of a lumen.

[0057] FIG. 16 illustrates a flow chart of a method for size
estimation.

[0058] FIG. 17 illustrates an exemplary schematic of a
mechanism for performing balloon sizing using a mass flow
meter and pressure sensors.

[0059] FIG. 18 is an exemplary flowchart of the ablation
method.
[0060] FIG. 19 illustrates a graphical representation of

tissue impedance over time.

[0061] FIG. 20 illustrates a graphical representation of the
tissue temperature over time.

[0062] FIG. 21 illustrates an exemplary front panel of the
generator.

INCORPORATION BY REFERENCE

[0063] All publications and patent applications mentioned
in this specification are herein incorporated by reference to
the same extent as if each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

DETAILED DESCRIPTION OF THE
INVENTION

[0064] In various embodiments, the present invention pro-
vides methods and systems for measuring, and treating at a
controlled and uniform depth, the inner lining of a lumen
within a patient. It will be appreciated that the present
invention is applicable to a variety of different tissue sites
and organs, including but not limited to the esophagus. A
treatment apparatus including a sizing member and a treat-
ment device comprising an expandable electrode array is
provided. The sizing member is first positioned at a treat-
ment site within the lumen. Once in place, the sizing
member is expanded to engage the wall of the lumen to
obtain the dimensions of the lumen. The sizing member is
removed, and at least a portion of the treatment device is
positioned at the tissue site, where the electrode array is
expanded to contact the tissue surface according to the
measurements made by the sizing member. Sufficient energy
is then delivered from the electrode array to impart a desired
therapeutic effect, such as cell necrosis, to a discrete layer of
tissue.

[0065] Certain disorders can cause the retrograde flow of
gastric or intestinal contents from the stomach 12, into the
esophagus 14, as shown by arrows A and B in FIG. 1.
Although the causation of these problems are varied, this
retrograde flow may result in secondary disorders, such as
Barrett’s Esophagus, which require treatment independent
of and quite different from treatments appropriate for the
primary disorder-such as disorders of the lower esophageal
sphincter 16. Barrett’s esophagus is an inflammatory disor-
der in which the stomach acids, bile acids and enzymes
regurgitated from the stomach and duodenum enter into the
lower esophagus causing damage to the esophageal mucosa.
When this type of retrograde flow occurs frequently enough,
damage may occur to esophageal epithelial cells 18. In some
cases the damage may lead to the alteration of the squamous
cells, causing them to change into taller specialized colum-
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nar epithelial cells 20. This metaplastic change of the
mucosal epithelium from squamous cells to columnar cells
is called Barrett’s esophagus. Although some of the colum-
nar cells may be benign, others may result in adenocarci-
noma.

[0066] In one aspect, the present invention provides meth-
ods and systems for sizing the esophagus and treating the
epithelium of selected sites of the esophagus in order to
mitigate more severe implications for the patient. In many
therapeutic procedures according to the present invention,
the desired treatment effect is ablation of the tissue. The term
“ablation” as used herein means thermal damage to the
tissue causing tissue or cell necrosis. However, some thera-
peutic procedures may have a desired treatment effect that
falls short of ablation, e.g. some level of agitation or damage
that is imparted to the tissue to inure a desired change in the
cellular makeup of the tissue, rather than necrosis of the
tissue. With the present invention, a variety of different
energy delivery devices can be utilized to create a treatment
effect in a superficial layer of tissue, while preserving intact
the function of deeper layers, as described hereafter.

[0067] Cell or tissue necrosis can be achieved with the use
of energy, such as radiofrequency energy, at appropriate
levels to accomplish ablation of mucosal or submucosal
level tissue, while substantially preserving muscularis tis-
sue. In a particular aspect, such ablation is designed to
remove the entire mucosal lining in the treatment region,
including the abnormal columnar growths 20 from the
portions of the esophagus 14 so affected, and allow re-
growth of a normal mucosal lining.

[0068] As illustrated in a cross-sectional view in FIG. 2,
the esophagus in its collapsed, relaxed state does not form a
perfect, cylindrical tube. Rather, the walls of the esophagus
14 undulate into a plurality of folds. In this state, the
diameter of the esophagus is difficult to determine, espe-
cially by use of visualization techniques such as ultrasound
or optical imaging. Additionally, uniform treatment of target
tissue areas is also difficult because of the irregular surface
contours of the esophageal wall.

[0069] In one embodiment of the invention, as illustrated
in FIGS. 2, 3 and 4 and the flow chart of FIG. 5, a method
is disclosed for utilizing a sizing device to measure luminal
dimensions. The sizing device 40 is first delivered to the
treatment region in the body lumen, as shown at block 70.
For esophageal sizing as shown in FIG. 2, the esophagus 14
will be in a relaxed or collapsed configuration during
delivery of the sizing device. The sizing device 40 is in a
collapsed configuration during the delivery of the device to
the treatment site in the esophagus. The low profile of the
collapsed sizing device 40, as shown in FIG. 2, eases the
delivery of the device into the esophagus and minimizes
discomfort to the patient. Once the sizing device is oriented
in the proper treatment area, an expansion fluid is injected
into the balloon, as shown at block 72. The balloon is
inflated until it engages the inside wall of the lumen, as
shown in FIG. 3. During the infusion of the expansion
medium, the extent of engagement of the balloon is moni-
tored, as well as the amount of expansion medium being
injected into the balloon, as shown by block 74. Once the
balloon properly engages the lumen wall (shown at block
76), the final mass or volume of expansion medium is
recorded so that the internal dimension of the esophagus
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may be calculated, shown at blocks 78, 82. The sizing
balloon is then deflated so that it can be readily removed
from the treatment site, shown at block 80.

[0070] Referring to FIGS. 2, 3, 4, a device of the present
invention comprises a sizing device 40 for determining the
dimensions of a treatment lumen. The device 40 has an
expansion member 42 that is inserted into a lumen in a
collapsed configuration and expanded upon proper place-
ment at a pre-selected treatment area. In a preferred con-
figuration, the expansion member 42 is a cylindrical balloon
with a native diameter that is oversized so that it will be
larger in its fully expanded configuration than the expected
diameter of the treatment lumen. The balloon 42 comprises
a thin, flexible, bladder made of a polymer material, for
example polyimide, polyurethane, PET, or the like. The
balloon is attached to a catheter sleeve 44, wherein the
balloon is disposed on the distal end 46 of the catheter sleeve
for infusing an expansion medium into the balloon from an
infusion source IS. Infusion source is connected to an access
port 50 of a y-connector located at the proximal end 48 of
the catheter sleeve 44.

[0071] Ideally, the expansion medium comprises a com-
pressible fluid, such as air. The expansion medium may
alternatively comprise an incompressible fluid, such as
water, saline solution, or the like. It would be understood by
one of skill in the art that sizing a body lumen by monitoring
the mass of an expansion medium advantageously can be
accomplished using either compressible or incompressible
fluids. Infusion of the expansion medium into the sizing
balloon may be accomplished by a positive displacement
device such as a fluid-infusion pump or calibrated syringe
driven by stepper motor or by hand. Alternatively, for a
compressible expansion medium, pressurized air or gas may
also be used. In many embodiments, the sizing device also
comprises a means for determining the amount of expansion
fluid transferred to the balloon, such as a calibrated syringe.
A mass or volume flow meter may be coupled to the fluid
delivery source for simultaneously measuring the amount of
fluid in the balloon as it is inflated.

[0072] As the expansion medium is injected into balloon
42, the balloon expands radially from its axis to engage the
wall of the lumen. For esophageal treatment, the walls of the
esophagus 14 unfold to form a more cylindrical shape as
balloon 42 expands, as illustrated in FIG. 3. In this con-
figuration, internal diameter D1 of the esophagus 14 is
readily calculated based on the length L. of the balloon and
the measured amount of expansion medium inside the
balloon. Balloon 42 is oversized so that the diameter D2 of
the balloon when unrestrained and fully inflated is larger
than the diameter of the balloon when constrained in the
lumen. Although an inflatable balloon is generally preferred,
the sizing member may comprise a basket, plurality of struts,
calipers, or the like instrument for determining the internal
diameter of a tubular member.

[0073] Tests were performed to calculate the inside diam-
eter of a member by using volume flow measurements.
Various types and sizes of tubes were tested by measuring
the mass of air used to inflate an oversized bladder inside the
tube. As shown in FIG. 7, the diameter of the tube can be
repeatably estimated by measuring the volume of air deliv-
ered into the balloon.

[0074] In some embodiments of the invention, a pressure
sensor may be coupled to the sizing device, wherein the
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extent of engagement is determined by the internal pressure
exerted from the expansion medium as measured by the
pressure sensor or visual verification.

[0075] The pressure sensor may comprise any device for
determining the pressure inside a vessel, such as a strain
gauge. In FIG. 4, the pressure sensor PS is located at access
port 52 at the proximal end of the catheter sleeve 44.
Alternatively, the pressure sensor can be located inside the
balloon 42. As the balloon expands to engage the wall of the
lumen, the pressure in the balloon increases as a result of the
constraint on the balloon from the lumen wall.

[0076] Because the balloon is oversized and not at its fully
extended diameter when contacting the lumen wall, the
pressure in the balloon is equal to the contact force per unit
area against the lumen wall. Therefore, the pressure inside
the balloon is directly proportional to the contact force on
the lumen wall. Furthermore, the balloon may be expanded
to apply pressure to the inside wall of the lumen, thereby
causing the lumen to stretch. Generally, the sizing balloon
will be inflated to a pressure corresponding to the desired
pressure for treatment of the lumen. For esophageal treat-
ment, it is desirable to expand the treatment device suffi-
ciently to occlude the vasculature of the submucosa, includ-
ing the arterial, cappillary, or venular vessels. The pressure
to be exerted to do so should therefore be greater than the
pressure exerted by such vessels, typically from 1 psig to 10
psig, preferably from 4 psig to 7 psig and more preferably
from 2 psig to 3 psig.

[0077] In some embodiments, the measurement of the
pressure inside the balloon may be used to monitor the
extent of engagement of the balloon with the lumen wall.
Alternatively, the extent of engagement may be monitored
by determining the expansion of the balloon via visual
inspection with use of an endoscope, or by ultrasound,
optical, or fluoroscopic imaging (not shown).

[0078] Tests were performed on different sized rigid tubes
to calculate the amount of mass required to inflate an
oversized balloon in a constrained tube at various pressures.
As shown in FIG. 8, the test results showed predictable
linear relationships between the measured inflated air mass
and the tube diameter for each pressure range tested.

[0079] As shown in the flow chart of FIG. 6, a method and
system of the present invention is disclosed for treating a
luminal tissue. Similar to the method described in FIG. 5, a
sizing device is used to calculate the internal diameter of the
lumen, as shown at block 84. The measurement obtained
from the sizing device is then used to select a treatment
device from an array of different sized catheters, shown at
block 86. The device is then inserted into the body lumen
and delivered to the treatment site, as shown at block 88. An
expansion fluid is then injected into the device by an
infusion source like that of the sizing device as shown in
block 90. Because the catheter is selected to have an outer
diameter when fully expanded that appropriately distends
the luminal wall, it is not necessary to monitor the expansion
of the catheter. However, the pressure and fluid volume of
expansion medium delivered to the treatment device can be
monitored as a precautionary measure, as shown in blocks
92 and 94. With the catheter properly engaged to the luminal
wall at the treatment site, energy, such as RF energy, is
delivered to the catheter for treatment of the luminal tissue,
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as shown at block 96. Once treatment has been administered,
the catheter is deflated for removal from the lumen as shown
in block 98.

[0080] As illustrated in FIGS. 9 and 10, a treatment
device 10 constructed in accordance with the principles of
the present invention, includes an elongated catheter sleeve
22 that is configured to be inserted into the body in any of
various ways selected by the medical provider. For treatment
of the esophagus, the treatment device may be placed, (i)
endoscopically, e.g. through esophagus 14, (ii) surgically or
(iii) by other means.

[0081] When an endoscope (not shown) is used, catheter
sleeve 22 can be inserted in the lumen of the endoscope, or
catheter sleeve 22 can be positioned on the outside of the
endoscope. Alternately, an endoscope may be used to visu-
alize the pathway that catheter 22 should follow during
placement. As well, catheter sleeve 22 can be inserted into
esophagus 1014 after removal of the endoscope.

[0082] An electrode support 24 is provided and can be
positioned at a distal end 26 of catheter sleeve 22 to provide
appropriate energy for ablation as desired. Electrode support
24 has a plurality of electrode area segments 32 attached to
the surface of the support. The electrodes 32 can be con-
figured in an array 30 of various patterns to facilitate a
specific treatment by controlling the electrode size and
spacing (electrode density). In various embodiments, elec-
trode support 24 is coupled to an energy source configured
for powering the array 30 at levels appropriate to provide the
selectable ablation of tissue to a predetermined depth of
tissue. The energy may be delivered circumferentially about
the axis of the treatment device in a single step, i.e., all at one
time. Alternatively, the energy may be delivered to different
circumferential and/or axial sections of the esophageal wall
sequentially.

[0083] In many embodiments, the support 24 may com-
prise a flexible, non-distensible backing. For example, the
support 24 may comprise of a thin, rectangular sheet of
polymer materials such as polyimide, polyester or other
flexible thermoplastic or thermosetting polymer film. The
support 24 may also comprise polymer covered materials, or
other nonconductive materials. Additionally, the backing
may include an electrically insulating polymer, with an
electro-conductive material, such as copper, deposited onto
a surface so that an electrode pattern can be etched into the
material to create an array of electrodes.

[0084] Electrode support 24 can be operated at a con-
trolled distance from, or in direct contact with the wall of the
tissue site. This can be achieved by coupling electrode
support 24 to an expandable member 28, which has a
cylindrical configuration with a known, fixed length, and a
diameter sized to match at its expanded state the calculated
diameter of the expanded (not collapsed) lumen. Suitable
expandable members include but are not limited to a bal-
loon, non-compliant balloon, balloon with a tapered geom-
etry, cage, frame, basket, plurality of struts, expandable
member with a furled and an unfurled state, one or more
springs, foam, bladder, backing material that expands to an
expanded configuration when unrestrained, and the like. For
esophageal treatment, it is desirable to expand the expand-
able member to distend the lumen sufficiently to occlude the
vasculature of the submucosa, including the arterial, capil-
lary, or venular vessels. The pressure to be exerted to do so

May 4, 2006

should therefore be greater than the pressure exerted by such
vessels, typically from 1 psig to 10 psig, preferably from 4
psig to 7 psig and more preferably from 2 psig to 3 psig.
Generally, the expandable member for the treatment device
will be selected to match the diameter measured by the
sizing device at the desired pressure. Under this configura-
tion, full expansion of the expandable member will result in
a pressure that properly distends the luminal wall. In some
embodiments, it may be desirable to employ a pressure
sensor or mass flow meter (not shown) as a precautionary
measure so that over-distension of the lumen does not occur.

[0085] As shown in FIGS. 9 and 10, the electrode support
24 is wrapped around the circumference of expandable
member 28. In one system of the present invention, a
plurality of expandable members can be provided wherein
the diameter of the expandable member varies from 12 mm
to 50 mm when expanded. Accordingly, the system may
include a plurality of electrode supports, each sized differ-
ently corresponding to the different sized expandable mem-
bers. Alternatively, the electrode support 24 may be over-
sized to be at least large enough to cover the circumference
of the largest expandable member. In such a configuration,
the electrode support overlaps itself as it is wrapped around
the circumference of the expandable member, similar to the
electrode support of device 100 illustrated in 1, discussed
infra.

[0086] In another embodiment, expandable member 28 is
utilized to deliver the ablation energy itself. An important
feature of this embodiment includes the means by which the
energy is transferred from distal end 26 to expandable
member 28. By way of illustration, one type of energy
distribution that can be utilized is disclosed in U.S. Pat. No.
5,713,942, incorporated herein by reference, in which an
expandable balloon is connected to a power source, which
provides radio frequency power having the desired charac-
teristics to selectively heat the target tissue to a desired
temperature. Expandable member 28 may be constructed
from electrically insulating polymer, with an electro-con-
ductive material, such as copper, deposited onto a surface so
that an electrode pattern can be etched into the material to
create an array of electrodes.

[0087] Electrode support 24 can deliver a variety of dif-
ferent types of energy including but not limited to, radio
frequency, microwave, ultrasonic, resistive heating, chemi-
cal, a heatable fluid, optical including without limitation,
ultraviolet, visible, infrared, collimated or non-collimated,
coherent or incoherent, or other light energy, and the like. It
will be appreciated that the energy, including but not limited
to optical, can be used in combination with one or more
sensitizing agents.

[0088] The depth of treatment obtained with treatment
device 10 can be controlled by the selection of appropriate
treatment parameters by the user as described in the
examples set forth herein. One important parameter in
controlling the depth of treatment is the electrode density of
the array 30. As the spacing between electrodes decreases,
the depth of treatment of the affected tissue also decreases.
Very close spacing of the electrodes assures that the current
and resulting ohmic heating in the tissue is limited to a very
shallow depth so that injury and heating of the submucosal
layer are minimized. For treatment of esophageal tissue
using RF energy, it may be desirable to have a width of each
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RF electrode to be no more than, (i) 3 mm, (i) 2 mm, (iii)
1 mm (iv) 0.5 mm or (v) 0.3 mm (vi) 0.1 mm and the like.
Accordingly, it may be desirable to have a spacing between
adjacent RF electrodes to be no more than, (i) 3 mm, (ii) 2
mm, (iii) 1 mm (iv) 0.5 mm or (v) 0.3 mm (vi) 0.1 mm and
the like. The plurality of electrodes can be arranged in
segments, with at least a portion of the segments being
multiplexed. An RF electrode between adjacent segments
can be shared by each of adjacent segments when multi-
plexed.

[0089] The electrode patterns of the present invention may
be varied depending on the length of the site to be treated,
the depth of the mucosa and submucosa, in the case of the
esophagus, at the site of treatment and other factors. The
electrode pattern 30 may be aligned in axial or traverse
direction across the electrode support 24, or formed in a
linear or non-linear parallel matrix or series of bipolar pairs
or monopolar electrodes. One or more different patterns may
be coupled to various locations of expandable member 28.
For example, an electrode array, as illustrated in FIGS. 13(a)
through 13(c), may comprise a pattern of bipolar axial
interlaced finger electrodes 68, six bipolar rings 62 with 2
mm separation, or monopolar rectangles 65 with 1 mm
separation. Other suitable RF electrode patterns which may
be used include, without limitation, those patterns shown in
FIGS. 14(a) through 14(d) as 54, 56, 58 and 60, respectively.
Pattern 54 is a pattern of bipolar axial interlaced finger
electrodes with 0.3 mm separation. Pattern 56 includes
monopolar bands with 0.3 mm separation. Pattern 60
includes bipolar rings with 0.3 mm separation. Pattern 58 is
electrodes in a pattern of undulating electrodes with 0.2548
mm separation.

[0090] A probe sensor may also be used with the system
of the present invention to monitor and determine the depth
of ablation. In one embodiment, one or more sensors (not
shown), including but not limited to thermal and the like, can
be included and associated with each electrode segment 32
in order to monitor the temperature from each segment and
then be used for control. The control can be by way of an
open or closed loop feedback system. In another embodi-
ment, the electroconductive member can be configured to
permit transmission of microwave energy to the tissue site.
Treatment apparatus 10 can also include steerable and
directional control devices, a probe sensor for accurately
sensing depth of ablation, and the like.

[0091] Referring to FIG. 11, one embodiment of the
invention comprises an electrode deployment device 100
having an electrode support 110 furled around the outside of
an inflatable balloon 116 that is mounted on a catheter sleeve
118. Support 110 has an electrode array 112 etched on its
surface, and is aligned between edges 120 that intersect the
taper region located at the distal and proximal ends of
balloon 116. Support 110 may be attached at a first end 122
to balloon 116 with an adhesive. The second end 124 of the
support is furled around the balloon, overlapping the first
end 122. Alternatively, support 110 may be retained in a
compressed furled state around balloon 116 by an elastic
band. In such a configuration, the adhesive need not be
applied to attach first end 122 to balloon 116, thus allowing
for rapid placement or exchange of the appropriately sized
balloon 116 to match measurements made from the sizing
device 10 illustrated in FIG. 4.
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[0092] FIG. 12 shows a bottom view 150 and a top view
152 of the electrode array 112 of support 110. In this
embodiment, the array 112 has 20 parallel bars, 0.25 mm
wide, separated by gaps of 0.3 mm. The bars on the circuit
form twenty complete continuous rings around the circum-
ference of balloon 116. Electrode array 112 can be etched
from a laminate consisting of copper on both sides of a
polyimide substrate. One end of each copper bar has a small
plated through hole 128, which allows signals to be passed
to these bars from 1 of 2 copper junction blocks 156 and 158,
respectively, on the back of the laminate. One junction block
156 is connected to all of the even numbered bars, while the
other junction block 158 is connected to all of the odd
numbered bars.

[0093] As shown in FIGS. 11 and 12, each junction block
156 and 158 is then wired to a bundle of AWG wires 134.
The wiring is external to balloon 116, with the distal circuit
wires affixed beneath the proximal circuit. Upon meeting the
catheter sleeve of the device, these bundles 134 can be
soldered to three litz wire bundles 136. One bundle 136
serves as a common conductor for both circuits while the
other two bundles 136 are wired individually to each of the
two circuits. The litz wires are encompassed with heat shrink
tubing along the entire length of the catheter sleeve 118 of
the device. Upon emerging from the proximal end of the
catheter sleeve, each of these bundles 136 is individually
insulated with heat shrink tubing before terminating to a
mini connector plug 138. Under this configuration, power
can be delivered to either or both of the two bundles so that
treatment can be administered to a specific areca along the
array.

[0094] The y connector 142 at the proximal end of the
catheter sleeve includes access ports for both the thru lumen
144 and the inflation lumen 146. The thru lumen spans the
entire length of the balloon catheter and exits through lumen
tip 148 at the distal end of balloon 116. The inflation lumen
146 is coupled to balloon 116 so that the balloon can be
inflated by delivery of a liquid, gaseous solution such as air,
or the like.

[0095] In some embodiments, for delivery of apparatus
100, support 110 is tightly furled about deflated balloon 116
and placed with within a sheath (not shown). During deploy-
ment, this sheath is retracted along the shaft to expose
support 110. In alternative embodiments, an elastic member
(not shown) may be coupled to the support 110 to keep the
support furled around balloon 116 during deployment of
apparatus 100.

[0096] In order to ensure good contact between the esoph-
ageal wall and electrode array 112, slight suction may be
applied to the through lumen tube to reduce the air pressure
in the esophagus 14 distal to balloon 116. The application of
this slight suction can be simultaneously applied to the
portion of the esophagus 14 proximal to balloon 116. This
suction causes the portion of the esophageal wall distended
by balloon 116 to be pulled against electrode arrays 112
located on balloon 116.

[0097] Apparatus 100, illustrated in FIG. 11, is designed
for use with the RF energy methods as set forth herein.
Electrode array 112 can be activated with approximately 300
watts of radio frequency power for the length of time
necessary to deliver an energy density from 1 J/em? to 50
J/em®. To determine the appropriate level of energy, the
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diameter of the lumen is evaluated so that the total treatment
area can be calculated. A typical treatment area of 10 cm?
will require total energy ranging from 10 J to 500 J. In one
embodiment, controlling the depth of treated tissue can
include normalizing the amount of power delivered to the
tissue over time. In this context, normalizing power deliv-
ered means equivalent power densities (i.e., power unit area
of electrode surface area {W/cm?}) are delivered to
esophagi of differing diameters. In another embodiment,
controlling the depth of treated tissue comprises controlling
the amount of delivered energy density. Such can be accom-
plished by normalizing the amount of energy delivered to
tissue over time so that equivalent energy densities (i.e.,
energy per unit area of electrode surface area {J/cm?®}) are
delivered to esophagi of differing diameters.

[0098] 1In order to effectively ablate the mucosal lining of
the esophagus and allow re-growth of a normal mucosal
lining without creating damage to underlying tissue struc-
tures, it is preferable to deliver the radiofrequency energy
over a short time span in order to reduce the effects of
thermal conduction of energy to deeper tissue layers, thereby
creating a “searing” effect. It is preferable to deliver the
radiofrequency energy within a time span of less than 5
seconds. An optimal time for effective treatment is less than
1 second and preferably less than 0.5 second or 0.25 second.
The lower bound on time may be limited by the ability of the
RF power source to deliver high powers, or alternatively by
the required depth of treatment. Since the electrode area and
consequently the tissue treatment area can be as much as
several square centimeters, RF powers of several hundred
watts would be required in order to deliver the desired
energy density in short periods of time. This may pose a
practical limitation on the lower limit of time. However, an
RF power source configured to deliver a very short, high
power, pulse of energy could be utilized. Using techniques
similar to those used for flash lamp sources, or other types
of capacitor discharge sources, a very high power, short
pulse of RF energy can be created. This would allow
treatment times of a few msec, or less. While this type of
approach is feasible, in practice a more conventional RF
source with a power capability of several hundred watts may
be preferred.

[0099] The energy source may be manually controlled by
the user and is adapted to allow the user to select the
appropriate treatment time and power setting to obtain a
controlled depth of ablation. The energy source can be
coupled to a controller (not shown), which may be a digital
or analog controller for use with the energy source, includ-
ing but not limited to an RF source, or a computer with
software. When the computer controller is used it can
include a CPU coupled through a system bus. The system
may include a keyboard, a disk drive, or other non volatile
memory system, a display and other peripherals known in
the art. A program memory and a data memory will also be
coupled to the bus.

[0100] In some embodiments of the present invention,
systems and methods are disclosed for treating luminal
tissue with a single treatment device that variably expands to
accommodate a number of different sized lumens. Prefer-
ably, the treatment device comprises a furled electrode
support that variably engages the luminal wall while keeping
the electrode density constant. Such approaches are
described in detail in co-pending application Ser. No.
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10/754,444 (Attorney Docket No 021827-00400US), the
full disclosure of which is incorporated herein by reference.
For example, for the treatment device 100 shown in FIG. 11,
which employs a variable exposed-length electrode array
112, balloon 116 may be oversized with respect to the size
of the lumen so that it can be expanded to accommodate
differing luminal dimensions from patient to patient. Mea-
surements from sizing device 10 can be used to scale as
needed the desired power and energy settings to deliver the
same power and energy per unit area. These changes can be
made either automatically or from user input to the RF
power source. If different treatment depths are desired, the
geometry of electrode array 112 can be modified to create
either a deeper or more superficial treatment region. Making
the electrodes of array 112 more narrow and spacing the
electrodes closer together reduces the treatment depth. Mak-
ing the electrodes of array 112 wider, and spacing the
electrodes further apart, increases the depth of the treatment
region. Non-uniform widths and spacings may be exploited
to achieve various treatment effects.

[0101] Referring to FIG. 15, the sizing device may be
used as a method for determining the lumen diameter and
wall compliance of one or more sections of the esophagus.
A sizing device having an inflatable balloon like that of
device 40 illustrated in FIG. 5 is inserted into the esophagus
in a compressed configuration and positioned at a location
within the esophagus, as shown at block 200. The balloon is
then inflated with a compressible fluid so that the balloon
engages the inside wall of the esophagus and distends the
wall of the esophagus, shown at block 202. While the
expansion medium is delivered to the balloon, the static
pressure inside the balloon is monitored with a pressure
sensor and the amount of expansion medium delivered to the
balloon is measured, shown at block 204. The pressure may
be measured at the infusion source with strain gauge or the
like. Alternatively, the pressure can be measured at a loca-
tion inside the balloon with a microminiature pressure
transducer or the like. The amount of expansion medium
delivered to the balloon may be measured by a mass-flow
meter or the like. Once a first target pressure (P1) inside the
balloon is achieved, a corresponding first mass or volume
measurement (M1) is recorded, as shown at blocks 206 and
208. The values of P1 and M1 are used to calculate the
lumen diameter at pressure P1, using the relationship pre-
viously determined and shown in FIG. 8, block 200 of FIG.
15, or other equivalent means. Additional expansion
medium is then delivered to the balloon, and the static
pressure and the total amount of expansion medium within
the balloon are monitored, shown at blocks 210 and 212.
This continues until a second target pressure (P2) inside the
balloon is achieved, and a corresponding second mass or
volume measurement (M2) is recorded, as shown at blocks
214 and 216. Calculation of the lumen diameter at pressure
P2 is performed as previously described and shown in block
220. The sizing balloon is then deflated and then removed
from the esophagus as shown in block 218. Target pressure
values P1 and P2 are generally set at values that cause the
esophagus to distend, but not over-distend. Typical target
pressure values range from 1 psig to 7 psig, preferably from
4 psig to 7 psig and more preferably from 2 psig to 3 psig.
Wall compliance of the esophagus is then determined based
on the variation in the calculated lumen diameter between a
first measured pressure P1 and a second measured pressure
P2, as shown in block 222.
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[0102] FIG. 21 is an exemplary front panel of a generator
system according to one embodiment of the invention. In
one embodiment, the generator 230 produces, delivers and
controls power, such as RF power. Other functions of the
generator 230 include controlling inflation and deflation of
the sizing balloon, estimating the diameter of the sizing
balloon, selective delivery of RF power and energy to a
treatment catheter and specific electrodes within the treat-
ment catheter, and displaying various information to a user.
To deliver various information regarding use parameters and
status of the system, the front panel of the generator 230
incorporates various controls, displays and indicators.

[0103] The generator 230 connects to the catheter 22
through the RF and communication (Python) cable 234.
When the generator 230 is connected to a catheter, the
generator is capable of detecting whether it is a sizing
catheter, used for determining the size of the esophagus, or
a treatment catheter, used for ablation. The generator 230
reads from a storage device the type of catheter that is
connected thereto. The storage device stores various catheter
specific information and sizing specific parameters. For
example, the storage device contains various generator set-
tings for each diameter ranges. Further, the generator 230
may cause additional information to be stored, recom-
mended catheter size after balloon auto-sizing is performed
or the number of ablations performed. It should be noted that
the storage device may be any suitable storage device, such
as an EEPROM.

[0104] When the generator 230 detects a sizing catheter,
the generator 230 performs an estimation of the balloon
diameter. In order to reduce uncertainty in the diameter
measurement, a calibration of the balloon may be per-
formed, using control 264. During calibration, the volume of
gas needed to fully expand the unconstrained balloon is
determined, and will be used to determine a calibration
constant. Using a mass flow sensor, the generator 230
measures the total gas or fluid mass required to inflate the
sizing balloon to a specific pre-determined pressure. This
predetermined pressure is a clinically safe pressure to per-
form the sizing of the esophagus and is chosen to ensure that
inflation of the balloon within the esophagus would not
rupture the esophagus while stretching and smoothing its
lining. In order to initially evacuate all the gas in the balloon,
the balloon is inflated to a pressure of approximately 4 psig,
then deflated to a negative pressure of approximately up to
-4 psig, and then inflated again to about 4 psig. Fluid or gas
is delivered to the balloon using a pneumatic connection
cable 236. Upon depression of the automatic inflation button
240, the generator will deliver air to the balloon according
the sizing catheter inflation pressure. It should be noted that
the balloons on either the treatment catheter or the sizing
catheter may be inflated or deflated using the control buttons
240 and 241. While the balloon is inflated, the balloon
pressure may be continuously displayed on display 251.

[0105] Before inserting the sizing balloon in the esopha-
gus to measure its effective diameter at a given inflation
pressure (nominal 4 psig) each balloon is first calibrated in
air. The calibration process involves attaching the sizing
balloon to the pneumatic connection cable 236 and generator
230 and first pulling a vacuum (typical pressure values range
from 0 to -6 psig, nominal -4 psig) to fully collapse the
balloon. Next a mass flow sensor of the generator 230 is used
to accurately measure the amount of air necessary to fill the
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balloon (nominal 33.7 mm diameter) to 4 psig, thereby
solving the relationship between volume and pressure for
that balloon size and shape. This calibration information
subsequently enables diameter measurements of the esopha-
gus by measuring the amount of air necessary to inflate the
balloon to a specific diameter.

[0106] Once balloon calibration is complete, the sizing
balloon is introduced in the esophagus and repositioned at
various locations within the esophagus. For each one of
these locations, the generator 230 estimates the diameter of
the balloon and effectively the esophagus diameter at the set
pressure and then automatically recommends an ablation
balloon catheter diameter to be subsequently used. The
generator 230 will then display the recommended balloon
diameter on display 250. After auto-sizing is performed, the
system will automatically deflate the sizing catheter balloon
to a negative pressure of approximately -2 psig or less.

[0107] FIG. 16 is an exemplary flow chart of the method
for measuring the size of the esophagus and finding the most
proximal Barrett’s esophagus location or other areas to be
ablated. At step 160, a sizing catheter is connected to the
generator. The specific characteristics of the sizing catheter
are recognized by the generator from the storage device,
such as: whether and when the catheter has been used
before, and whether the balloon has already met a maximum
number of allowed inflations. The system is ready for
calibrating the balloon at step 161 if the catheter and the
balloon are optimal for use. For better accuracy, the balloon
is unconstrained in air during calibration. At step 163, the
balloon goes through the inflate-deflate-inflate cycle such
that the mass flow sensor determines the volume in the
balloon at a pre-set pressure. When calibration is complete,
the balloon automatically deflates and is introduced into the
esophagus for sizing, as shown at step 164. The balloon is
inflated again inside the esophagus at various locations to
estimate the inner diameter of the esophagus. At step 165, a
first size is displayed and a stand by state is indicated on the
front panel of the generator. The sizing routine is repeated at
various locations in the esophagus to find the location of the
abnormal cells and determine the recommended catheter
size, as shown in steps 166, 167 and 168. The generator 230
stores various information obtained throughout the sizing
process, such as the estimated diameter of the esophagus, the
calibration balloon volume, the number of sizing performed
and the measured diameters.

[0108] FIG. 17 illustrates a schematic of an exemplary
mechanism for performing balloon sizing using a mass flow
meter and pressure sensors. Using this mechanism, the
generator 230 monitors and controls the pressure in the
balloon and estimates the volume within the balloon. Pump
171 supplies compressed air to the solenoid valve 172,
which can switch the flow of air for either inflating or
deflating the balloon. Prior to the gas entering the pump 171,
filter 170 removes particulates from the gas that will enter
the pump 171. The mass flow sensor 173 senses the mass of
air coming in the system. In addition, the flow sensor 173
could be used to measure the flow of air out of the system
for enhanced safety and accuracy of the system. The pres-
sure within the system is measured by pressure sensors 174
and 175, with sensor 175 measuring the atmospheric pres-
sure. Alternatively, instead of sensing the pressure within the
system, a positive displacement pump may be used to pump
a known amount of fluid or gas into the balloon. When the
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balloon is deflated, the air flows from the inside of the
balloon to the mass flow sensor 173. Filters 176 and 179,
connected by Python cable 178, prevent contamination of
the mass flow sensor 173 and pump 171 during deflation.

[0109] 1t should be noted that the sizing method and
system described herein may be used for estimating the
inner diameter or other cross-sectional parameters of any
body lumens or passageways, for example for lumens within
the gastrointestinal tract, vasculature, urinary tract, urogeni-
tal system or pulmonary system.

[0110] Once the size of the esophagus is estimated for a set
pressure, an appropriate treatment catheter is connected to
the generator in order to ablate abnormal cells within the
esophagus. The diameter of the balloon of the attached
treatment catheter is read from the storage device. It should
be noted that, in an alternate embodiment, treatment of the
esophagus may be performed using the same catheter and
balloon used for sizing. In such embodiment, the generator
would recognize the catheter’s dual function, sizing/treat-
ment, and would read the appropriate parameters from the
storage device.

[0111] Referring to FIG. 21, after the ablation balloon
diameter is read from the storage device, the diameter is
displayed on display 250. Based on the recommended size
of the treatment catheter, the appropriate generator settings
are retrieved from the storage device, such as: balloon
inflation pressure, balloon volume data, default, maximum
or minimum power settings, default, maximum or minimum
energy settings, or size of the electrodes. Thus, the energy
density and power levels can be automatically set according
to the size of the treatment catheter. The preset power level
is displayed on display 244, while the preset energy density
level is displayed on display 248.

[0112] The generator 230 then inflates the balloon of the
attached treatment catheter to a preset pressure of approxi-
mately 7 psig, which will be displayed on display 251. The
set indicator 254 indicates the unit is in stand-by mode,
when all the values are being set. In the standby mode, all
the set values are displayed. Throughout the entire ablation
procedure, it is desirable to maintain the pressure on the
balloon at a steady pressure as a safety precaution. If the
balloon stays at a pressure of at least 6.5 psig (typical
pressure values range from 0.5-200 psig), the system is then
considered “armed.” The arm indicator 256 indicates that the
displayed values are the set values and the system is ready
to deliver RF energy. The RF on/off switch 238 indicates and
controls when RF power is being delivered. In one embodi-
ment, the generator 230 delivers and controls power until the
desired energy density is delivered. The generator maintains
a set power on each electrode and is capable of sequentially
delivering energy to each electrode on the treatment catheter.
When the desired energy is delivered to all the desired
locations, the completed indicator 258 indicates the ablation
is completed.

[0113] A user may have the capability to adjust the power
and the energy density delivered to the tissue. The output
power can be set and adjusted using the up and down buttons
241. The actual power delivered to the tissue from the
catheter leads is displayed on the power display 244. Simi-
larly, the energy density is set using the up and down button
246 and the output energy density delivered is displayed on
the LED display 248.
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[0114] The system status display 252 is an LCD panel and
displays operational codes and user instructions. For
example, the panel 252 displays the “Calibration” function
prior to performing auto-sizing of the balloon. The panel 252
also displays error codes and an error message with instruc-
tions for solving errors. The reset button 262 may be pressed
to reset the system if an error occurs. Further, the panel 252
indicates when the system is in standby mode. The fault
indicator 260 indicates when the system is in the fault mode
and a non-recoverable error was detected. It should be noted
that the front panel of the generator 230 may display, control
and indicate functions other than the exemplary functions
described herein.

[0115] In one embodiment, pedal-type footswitch 232 is
attached to the generator rear panel and may control the
inflation system and RF delivery. The pedal 232 is capable
of duplicating certain functions of the generator front panel
buttons. For example the footswitch 232 may duplicate the
RF on/off button 238 and/or the balloon auto inflation up and
down buttons 240 and 241.

[0116] FIG. 18 is an exemplary flowchart of the ablation
procedure according to one embodiment of the invention.
When the ablation catheter is connected to the generator, at
step 180, the generator recognizes the specific characteris-
tics of the ablation catheter and is ready to inflate the
balloon, at step 181. The catheter is armed at 182 and the
balloon is inflated and maintained at a pressure of approxi-
mately 7 psig (typical pressure values range from 0.5 to 200
psig). If the balloon pressure is steady, the ARM indicator is
lit on the front panel display of the generator. At step 183,
once the ARM light is on, the generator is ready for
delivering energy to the electrodes of the ablation catheter.
The energy is subsequently automatically delivered by the
generator 230, as shown at step 184. After each ablation, the
balloon is automatically deflated in order to reposition the
balloon and the electrodes to another ablation location
within the esophagus. A series of subsequent ablations are
performed as needed at step 186. After treating all the
desired locations within the esophagus, the ablation is com-
plete at step 188.

[0117] Tt should be noted that the generator delivers
energy only after the system meets certain safety checks, as
shown at steps 185 and 187. The generator periodically
monitors balloon inflation, energy parameters and overall
system integrity before and during the tissue treatment.
These safety procedures ensure that the generator can safely
deliver the required power. For example, the generator will
not deliver power to the electrodes unless the impedance and
temperature of the tissue are within acceptable parameters.
Similarly, the generator monitors any pressure fluctuations
within the treatment balloon. In one embodiment, the gen-
erator 230 will only deliver power if the balloon inside the
esophagus is maintained at a steady required pressure of
approximately 7+/-1 psig. This safety check ensures that
there is no connection leak or balloon leak and the esopha-
gus is fully distended prior to ablation. Another precaution
is taken with respect to deflation of the balloon between
ablations. In order to ensure that the balloon is fully deflated
before repositioning it to a different location within the
esophagus, the balloon is deflated to a pressure of approxi-
mately -2 psig.

[0118] In one embodiment, the generator 230 monitors
and controls the power output to the electrodes and ensures
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that a constant power is delivered. A proportional integral
derivative (PID) controller controls the amount of power by
increasing the power level, and inherently the voltage level,
until it reaches a set target valued. In one embodiment, the
PID controller controls the amount of power by gradually
increasing the power level. In a particularly advantageous
embodiment, the PID controller controls the amount of
power by rapidly increasing the power level. Further, to
better control the ablation depth, the PID controller makes
sure that the desired power level is achieved within a certain
time window. In one embodiment, the generator is adapted
to control the amount of energy delivered to the tissue over
time based on the measured diameter of the esophagus.
Furthermore, the generator can be adapted to normalize the
density of energy delivered to the tissue over time based on
the measured diameter of the esophagus so that equivalent
energy densities (i.e., energy per unit are of electrode surface
area {J/cm?}) are delivered to esophagi of differing diam-
eters. In another embodiment, the generator is adapted to
control the amount of power delivered to the tissue over time
based on the measured diameter of the esophagus so that
equivalent power densities (i.e., power per unit area of
electrode surface area {W/cm?}) are delivered to esophagi
of differing diameters.

[0119] In order to effectively ablate the mucosal lining of
the esophagus, the system described herein controls the total
energy delivered to the esophageal tissue and the amount of
time for which the energy is delivered, as described above.
Other methods may be similarly employed to ablate a
desired surface area rapidly and circumferentially, while
controlling the ablation depth. The generator 230 may be
manually controlled by a user such that the amount of power
density delivered to the esophageal tissue can be monitored
over time. As such, the generator 230 is adapted to allow the
user to select an appropriate power density to be delivered
to the tissue in short burst. In one embodiment, the time for
an effective treatment is less than one second. In another
embodiment, the time is approximately 300 ms.

[0120] In order to effectively eliminate abnormal cells in
the esophagus, energy must be applied such that a physi-
ological change occurs at the cellular level within the
esophagus lining. Methods of tracking the characteristics of
the esophageal tissue and the changes in its cellular char-
acteristics include monitoring the tissue impedance and/or
the tissue temperature. The ablation time could be then
adjusted based on the individual characteristics of the tissue
and its measured impedance and/or temperature values.

[0121] FIG. 19 illustrates a graphical representation of
impedance measurements during ablation over time. During
ablation, the tissue temperature rises, which causes a
decrease in the tissue resistivity. This drop in impedance
from an initial impedance value is represented by the
exemplary reference points A and B. If the ablation contin-
ues beyond the reference point B, the tissue cell membranes
rupture such that desiccation of cells occurs and resistivity
of the tissue increases. The exemplary increased impedance
value measured during this period of time is shown by
reference point C. In order to control the depth of ablation
and the extent of treatment in terms of the total volume of
tissue desiccated, the generator 230 monitors the changes in
the measured tissue impedance values. As such, the genera-
tor 230 delivers the energy to the tissue in a time window
defined by the tissue impedance measurements. For
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example, in one embodiment, generator 230 may ablate only
for the time it takes the tissue to reach an absolute imped-
ance target. For example, the target targeted impedance
value ranges from approximately 0.5-10 ohms. In another
embodiment, generator 230 may ablate only until the imped-
ance value decreases a pre-determined percentage from the
initial impedance value of the tissue prior to ablation. Yet, in
another embodiment, the time of ablation can depend on the
point at which the impedance values reach an inflection
point on the graph illustrated in FIG. 19, i.e., when the
impedance values are between the reference points B and C.
As such, the energy delivery could cease when the imped-
ance reaches its minimum value, at which point it starts to
increase. In another embodiment, the ablation time may be
defined by the impedance value that exceeds a particular
level. If the tissue impedance value reaches levels higher
then the initial impedance value, as shown by the exemplary
reference point D, the extent of the treatment may reach
levels such that the esophageal wall is breached. As such, it
may desirable to cease delivering energy to the tissue before
the impedance reaches its initial value, e.g., reference value
C.

[0122] FIG. 20 illustrates a graphical representation of the
tissue temperature over time. When the tissue receives RF
energy, heat is being generated. T1, T2 and T3 represent
temperature curves of different sensors positioned at differ-
ent locations within or outside the tissue to be ablated. For
optimal ablation with controlled depth, the ablation time
should be controlled such that the temperature of the tissue
is less than 100° C. For example, if the desired ablation
reaches inside the tissue approximately %2 to 1 millimeter
from the surface, the generator 230 controls the ablation
time such that the temperature of the tissue is between 65°
C. and 95° C. Alternatively, the ablation time could be
defined by the amount of time that it takes the tissue to heat
to a preset target temperature. In this method, the generator
230 monitors the temperature of the tissue and, when the
tissue has reached a certain temperature, generator 230 stops
the delivery of the energy to the tissue.

[0123] While the exemplary embodiments have been
described in some detail, by way of example and for clarity
of understanding, those of skill in the art will recognize that
a variety of modification, adaptations, and changes may be
employed. Hence, the scope of the present invention should
be limited solely by the appending claims.

1. A method for measuring an inner diameter of a body
lumen comprising:

inserting a balloon in the body lumen;

inflating the balloon inside the body lumen using an
expansion medium; and

monitoring a mass of the expansion medium inside the

balloon.

2. The method of claim 1, wherein monitoring the mass of
the expansion medium is performed using a mass flow
sensor.

3. The method of claim 1, wherein the expansion medium
is a gas.

4. The method of claim 1, wherein the expansion medium
is a liquid.

5. The method of claim 1, wherein the balloon is inflated
at a fixed pressure.
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6. The method of claim 1, wherein the fixed pressure is
approximately 4 psig.

7.-17. (canceled)

18. A method for treating abnormal tissue inside a body
lumen, the method comprising:

automatically determining an inner diameter of the body
lumen at a location proximal to the abnormal tissue;

deploying an electrode structure at a surface of the tissue
at the proximal location; and

delivering energy to the electrode structure for treating the

tissue.

19. The method of claim 18, wherein the inner diameter
is determined by automatically inflating and deflating a
balloon inside the body lumen using an expansion medium.

20. The method of claim 19, further comprising monitor-
ing a mass of the expansion medium inside the balloon.

21. The method of claim 18, further comprising control-
ling a depth of treated tissue.

22. The method of claim 21, wherein controlling the depth
of treated tissue comprises controlling an amount of power
delivered to the tissue over time.

23. The method of claim 21, wherein controlling the depth
of treated tissue comprises normalizing power delivered to
the tissue over time.

24. The method of claim 21, wherein controlling the depth
of treated tissue comprises controlling an amount of energy
delivered to the tissue over time.

25. The method of claim 21, wherein controlling the depth
of treated tissue comprises controlling delivered energy
density.

26. The method of claim 21, wherein controlling the depth
of treated tissue comprises monitoring and controlling tissue
impedance over time.

27. The method of claim 21, wherein controlling the depth
of treated tissue comprises monitoring and controlling tissue
temperature over time.

28. The method of claim 18, further comprising control-
ling an amount of power delivered to the tissue by rapidly
increasing the power until it reaches a set target value.

29. The method of claim 28, wherein controlling the
amount of power delivered is performed using a propor-
tional integral derivative controller.

30. An apparatus for treating a tissue inside a body lumen
comprising:

an electrode structure adapted to be positioned at a surface
of the tissue inside the body lumen, wherein the elec-
trode structure is coupled to an expansion member; and

a generator for producing and delivering energy to the
electrode structure;

wherein the generator is adapted to automatically inflate
the expansion member inside the body lumen and
control the pressure inside the expansion member dur-
ing treatment of the tissue.
31. The apparatus of claim 30, wherein the expansion
member is a balloon coupled to a catheter.
32. The apparatus of claim 30, further comprising a
storage device for storing generator settings.
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33. The apparatus of claim 32, wherein the storage device
is an EEPROM.

34. The apparatus of claim 30, further comprising a pump
for automatically inflating and deflating the expansion mem-
ber.

35. The apparatus of claim 30, wherein the generator is
adapted to determine an inner diameter of the body lumen
using an inflatable balloon.

36. The apparatus of claim 35, wherein the generator is
adapted to control the amount of energy delivered to the
tissue over time based on the measured diameter of the
esophagus.

37. The apparatus of claim 35, wherein the generator is
adapted to normalize the density of energy delivered to the
tissue based on the measured diameter of the esophagus.

38. The apparatus of claim 35, wherein the generator is
adapted to control the amount of power delivered to the
tissue over time based on the measured diameter of the
esophagus.

39. The apparatus of claim 30, wherein the generator is
adapted to control the energy delivered to the electrode
structure.

40. The apparatus of claim 30, wherein the generator is
adapted to control the power delivered to the electrode
structure.

41. The apparatus of claim 30, wherein the generator is
adapted to normalize the amount of power delivered to the
tissue over time based on the measure diameter of the
esophagus.

42. The apparatus of claim 30, wherein the generator is
adapted to detect whether a catheter is attached thereto and
to identify a characteristic of the attached catheter.

43. The apparatus of claim 42, further comprising a
storage device adapted to store information about the
attached catheter.

44. The apparatus of claim 30, further comprising a
footswitch coupled to the generator and adapted to control
the energy delivered to the electrode structure.

45. The apparatus of claim 30, further comprising a
display for displaying information to a user.

46. The apparatus of claim 30, wherein the generator is
adapted to be manually controlled by a user such that the
user controls the energy delivered to the electrode structure
over time.

47. The apparatus of claim 30, further comprising a
proportional integral derivative controller adapted to gradu-
ally increase power delivered to the electrode structure until
it reaches a set target value.

48. An apparatus for treating a tissue inside a body lumen
comprising:

an electrode structure adapted to be positioned at a surface
of the tissue inside the body lumen, wherein the elec-
trode structure is coupled to an expansion member; and

a generator for producing, delivering and controlling
energy delivered to the electrode structure;

wherein the generator is adapted to determine an inner
diameter of the body lumen.
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