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RADIOFREQUENCY ABLATION CATHETER WITH OPTICAL TISSUE

[0001]

EVALUATION

BACKGROUND

This application claims priority to application Ser. No. 62/198,591 filed July 29,

2015, which is hereby incorporated by reference in its entirety.

[0002]

‘[0003]

[0004]

Field

‘Embodiments of the invention relate to designs of, and methods of using, an RF

ablation catheter together with optical tissue inspection.

Background

Radiofrequency (RF) ablation is a medical technique to produce tissue necrosis. It
is used to help f_reat different pathologies including cancer, Barret’s esophagus, or cardiac .

arrhythmias, among others. The application of alternating current with an oscillating -

frequency above several hundreds of kHz avoids the stimulation of excitable tissue while

delivering heat by means of the Joule’s effect. The increase in tissue temperatufe
produces denaturation of the biological molecules, including proteins such as ‘collagen.

Traditionally, RF ablation is Hone by placing an external electrode on_‘thé patiént’s body, -

and applying an alternating potential to the tip of a catheter that is placed in contact with

the tissue to be treated within the patient’s body. The ablation effect depends on a number
of factors, including applied électrical power, quality of the electrical contact, local tissue
properties, presence of blood flow close tb the tissue surface, and the effect of irrigation.
Because of the variability of these parameters, it is difficult to obtain consistent r¢sult§.
Indeed, this procedure has shown only limited effectiveness when used in atrial
fibrillation, with individual success rates strongly dependent on the expc;rtise and -ability
of the clinician performing it. Even in qhaliﬁed centers, in the acute phase after ablétion,
successful treatment ratés only go up.‘ to 80%, while recurrences in a yéar follow-up |
period may reach 20%. Some factors associated to recurrent cases are discontinuous
ablation lines and incomplete wall ablation. Incomplete ablation resulting in edema rather

than complete necrosis cannot be properly identified with current tools.

CONFIRMATION COPY



WO 2017/016663 PCT/EP2016/001303

[0005]

[0006]

[0007]

[0008]

One further problem with catheter ablation is the long intervention times that are
required in point-to-point procedures in the atrium. In these cases, continuous lines are
created in a pre-defined pattern around anatomical structures to obtain the desired
electrical isolation effect. Since ablation is done locally, a large number of individual
lesions are éommonly concatenated. Ensuring the continuity of such a pattern in a beating
heart requires painstaking wc.)rk and attention. Since the procedure is often performed

with the support of fluoroscopy, it can pose a significant radiation dose to the clinician

-and the patient.

BRIEF SUMMARY

The usage of point-to-point RF ablation to help mitigate the effects of atrial
fibrillation are improved by providing direct and immediate information about lesion
fransmurality, lesion continuity and total energy delivered to the tissue being ablated. In
the embodiments presented hen;eih, systems and methods for performing RF ablation
while monitoring the procedure using low coherence interferometry (LCI) data are
described. | |

In an embodiment, a catheter includes a distal section, a proximal section, a
multiplexer and a sheath coupled between the distal section and proximal section. The
distal séction includes one or more electrodes, a plurality of optical ports, and a holder.
The one or more electrodes are configured to apply RF energy to a portion of a sample in
contact with the one or more electrodes, such that the portion of the sample is ablated.
‘The‘plurality of interconnected optical ports are'cobnﬁgured to trarismit one or more
beams of exposure radiation away from the distal section of the catheter and receive one
or more beams of scattered radiation that l)ave been reflected or scattered from the
sample, wherein the plurality of interconnected optical ports are formed on a substrate
having rigid sections and flexible sections. The holder is configured to maintain the
interconnected optical elements in a fixed spatial relationship. The multiplexer is
configured to divide the one or more beams of exposure radiation from the source beam
of radiation and combine the one or more ‘beams of scattered radiation.

In another embodiment, a catheter includes a distal section, a proximal section, a
multiplexer, and a sheath coupled between the distal section and the proximal section.

The distal section includes one or more electrodes configured to apply RF energy to a



WO 2017/016663 ' PCT/EP2016/001303

[0009]
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portion of a sample in contact with the one or more electrodes, such that the portion of the
sample is ablated. The distal section also includes a plurality of optical elements that -
transmit one or more beams of exposure radiation away from the distal section of the
catheter and receive one or more beams of scattered radiation that have been reflected or
scattered from the sample. The proximal section includes an dptical source that generates
a source beam of radiation ‘and a detector that gen’erateé depth-resolved optical data
associated with the one or more beams of scattered radiation. The multiplexer generates
the one or more beams of exposure radiation from the source beam of radiation.

In a further e.mbodiment, a catheter includes a distal section, a proximal section, a

processing device, and a sheath coupled between the distal section and the proximal

section. The distal section includes one or more electrodes configured to apply RF energy

. to a portion of a sample in contact with the one or more electrodes such that the portion of

the sample is ablated. The distal section also includes a plurality of optical elements
configured to transmit one or more beams of exposure radiation away from the distal
section of the catheter and receive one or more beams of scattered radiation that have
been reflected or scattered from the sample. The proximal section includes an optical
source configured to generate a source beam of radiation and a detector configured to
generate depth-resolved optical data associated with the one or more beams of scattered
radiation. The processing device updates a moael of thermal properties of the sample

based at least on the depth-resolved optical data.
BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

The accompanying drawings, which are incorporatéd herein and form a part of the
specification, illustrate embodiments of the present invention and. togéther ~with the
description, further serve to explain the principles of the invention and to enable a person
skilled in the pertinent art to make and use the invention. ‘ | |

FIG. 1 illustrates a catheter, according to an embddiment.

FIGs. 2A-2B illustrafe cross sections of a catheter, according to embodiments.

FIGs. 3A - 3G display a distal end of a catheter, according to embodiments.

- FIGs. 4A-4B display a distal end of a catheter, according to embodiments.
FIG. 5 illustrates a block diagram of a LCI system, according to an embodiment.

FIGs. 6A — 6B illustrate polarization axes of imaging light and a sample
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[0017] FIG. 7 displays an example temperature distribution in a sample, accérding to an
embodiment. v |

[0018] FIG. 8 displays an example temperature distribution in a sample, according to an
embodiment.

[0019] FIG. 9 displayé optical results in view of tissue denaturation, according to an
embodiment. ' ‘

[0020] FIG. 10 depicts a method, according to an embodiment.

[0021] FIG. 11 depicts a method, according to another embodiment.

[0022] FIG.' 12 depicts a method, according to yet another embodiment.

[0023] FIG. 13 illustrates an example computer system useful for implementing varioﬁs
embodiments. |

[0024] Embodiments of the present invention will be described with reference to the

accompanying drawings.

DETAILED DESCRIPTION

[0025] Although specific configurations and arrangements are discussed, it should be
understood that fhis is done for illustrative purposes only. ‘A person skilled in the
pertinent art will recognize that other configurations and arrangements can be used,
without departing from the spirit and scope of the present invention. It will be apparent to
a person skilled in the pertinent art that this invention can also be employed in a variety of
other applications.

(X3

[0026] 1t. is noted that references in the speciﬁcétion to “one embodiment,” “an
embodiment,” *an example embodiment,” etc., indicate that the embodiment described
may include a particular feature, structure, or characteristic, but every embodiment may
not necessarily include the particular feature, structure, or characteristic. Moreover, such
phrases do not necessarily refer to the same embodiment. Further, when a particﬁlar
feature, structure or characteristic is described in connection with an embodiment, it
would be within the knowledge of one skilled in the art to effect such feature, structure or
characteristic in connection with other embodiments whether}or not explicitly described.

[0027] It should be noted that although this application may refer specifically to cardiac

ablation, the embodiments described herein may target other pathologies as well. The
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principles of using RF energy to treat other fmthologies are silﬁilar, and therefore the
techniques used to apply the RF energy are similar.

[0028] Described herein are embodiments of a catheter that combines RF ablation with
LCI to provide improved control during the ablation procedure. Additionally, methods to
combine LCI information with a heat transfer computational model allows estimating
energy delivery and temperature distribution in the tissue under ablation. These methods
may be implemented by a cdmputing device to provide signal/image processing that feeds -
information from LCI into-a given computational model. The model, or any outputs of the
model, may be provided to a user of the catheter, such as a ddctor or technician.
Alternatively or additionally, any aspects of the model may be used to provide automatic
control over the ablation brocess using, for example, a feedback loop. In some
embodiments, the catheter further includes one or a combination of pn'eésure, temperature,
position, or shape sensors. ‘Additional subsystems'sucﬁ as, for example, an irrigation‘
system or impedance measurement tocls may be included with the catheter. Although
erﬁbodiments herein describe the use of an RF ablation catheter, other ablation techniques
may be utilized as well without deviating from the scope or spirit of the invention, such
as, for example, laser ablation.

[0029] Herein, the terms “electromagnetic radiation,” “light,” and “beam of radiation” are

Y all used to describe thé same electromagnetic signals propagating through the various
described elements and systems.

[0030]  Catheter embodiments

[0031‘] FIG. 1 illustrates a catheter 100 according to an embodiment. Catheter 100
includes a proximal part 102, a distal part 104, and a sheath 106 coupled between
proximal part 102 and distal part 104. In an embodiment, sheath 106 includes one or more
radiopaque markers for n.avigation purposes. In one embodiment, catheter 100 includes a
communication interface 110 between catheter 100 and a processing “device 108.
Communication interface 110 may include one or more wires between processing device
108 and catheter 100. In other examples, communication iﬁterface 110 is an interface
component that allows wireless communication, such as Bluetooth, WiFi, cellular, etc.
Communication interface 110 may communicaté with one or more transceiver elements

located within either proximal part 102 or distal part 104 of catheter 100.
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[0032] “In an embodiment, sheath 106 and distal part 104 are disposable. As such,
proximal part 102 may be reused by attaching a new sheath 106 and proximal part 104
each time a new procedure is to be performed. In another embodiment, proximal part 102
is also disposable.

[0033] Proximal part 102 may house various electrical and‘optical components used in

‘ the operation of catheter 100. For example, a power supply may be included within
proximal part 102 to apply RF energy to an electrode located at distal part 104 for tissue
ablation. The power supply may be designed to. generate an alternating current at
frequencies at least between 350 and 500 kHz. As such, one or more conductive wires (or
any electrical transmission medium) may lead from the power supply to distal part 104
within éheath 106. Furthermore, proximal part 102 may include an optical source for
generating a beam of radiation. The optic.al source may include one or more laser diodes

~or light emitting diodes (LEDs). The beam of radiation generated by the optical source
may have a wavelength within the infrared range. In one exanip]e, the beam of radiation
has a central wavelength of 1.3 pfn. The optical source may. be designed to output a beam
of radiation at only a single wavelength, or it may be a swept source and be desigﬁed to
output a range of different wavelengths. The generated beam of radiation may be guicied
towards distal part 104 via an optical transmission medium conﬁected between proximal
part 102 and distal part 104 within sheath 106. Some examples of optical transmission
media in'clude single mode and multimode optical fibers and integrated optical
waveguides. In one embodiment, the electrical transmission medium and the optical
transmission medium are provided by the same hybrid medium allowing for both
electrical and optical signal propagation.

[0034] In an embodiment, proximal part 102 includes one or more components of an
interferometer in order to perform LCI using the light generated from the optical source.
‘Further details of the LCI system are discussed with reference to FIG. 5. Due to the nature
of interferometric data analysié, in an embodiment the optical transmission medium used
‘for guiding the liglit_to and from distal end 104 does not affect the state and’ degree of
light polarization. In another embodiment, the optical transmission rﬁedium affects the
polarization in a constant and reversible way.

[0035] Proximal part 102 may include further interface elements with which a user of

~ catheter 100 can control the operation of catheter 100. For example, proximal part 102
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may include a deflection control mechanism that controls a deflection angle of distal part
104. The deflection control mechanism may require a mechanical movement of an
element on proximal part 102, or the deflection control mechanism may use electrical
connections to control the movement of distal part 104. Proximal part 102 may include
various buttons or switches that allow a user to control when RF energy is applied at
distal end 104, or when the beams of radiation are transmitted from distal end 104,
allowing for the acquisition ofkopt/ical data.

[0036] Distal part 104 includes one or more external electrodes for ablation, accordihg to
an embodiment. For simplicity, in the remainder of the description it is considered that
only one ablation electrode is present. Distal part 104 also includes a plurality of optical
view ports. In an embodiment, one or more of the optical view ports are machined in each
of the one or more electrodes.

[0037] The electrode used for ablation is in electrical connection with at least one cable
running along the length of sheath 106. The optical view ports are distributed over the
outside of distal part 104, resulting in a pluralify of distinct viewing directions, according
to an embodiment. In an embodiment, each of the plurality of viewing directions are
substantially non-coplanar. The optical view ports may also be designed with irrigétion
functionality to cool distal part 104 and surrounding tissuev from overheating during
ablation. Further details on the design of distal part 104 are discussed with reference to
FIGs. 3A — 3G and 4A — 4B,

[0038] FIGs. 2A and 2B illustrate cross-section views of sheath 106, according to
embodiments. Sheath 106 may include all of the elements interconnecting proximal part
102 with distal part 104.-Sheath 106a illustrates an embodiment that houses an irrigation
c_hannel 202, RF conductive medium 204, deflection mechanism 206, electrical
connections 208, and optical transmission medium 210. FIG. 2A illustrates a protective
cover 212 wrapped around both electrical connections 208 and optical transmission media
210. Electrical connections 208 may be used to provide signals to optical modulating
components located in distal part 104. One or more optical transmission media 210 guide
light generated from the optical source (exposure light) towards distal part 104, while
another subset of optical‘transmis/sion media 210 guides light returning from distal part
104 (scattered or reflected light) back to proximal part 102. In another example, the same

one or more optical transmission media 210 guides lighti in both directions.
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Irrigation channel 202 may be a hollow tube used to guide cooling fluid towards
distal part 104. Irrigation channel 202 may include heating and/or cooling elements
disposed along the channel to aftect the temperature of the fluid. In another embodiment,

irrigation channel 202 may also be used as an avenue for drawing fluid surrounding distal

“part 104 back towards proximal part 102.

RF conductive medium 204 may be a wire or cable used to provide RF energy to
the éblation electrode located at distal part 104. Deflection mechaniﬁn 206 may include
electrical or mechanical elements designed to provide a signal to distal part 104 in order
to change a deﬂecti'on‘ang;le of distal part 104. The deflection system enables guidance of
distal part 104' by actuati‘ng a mechanical control placed in proximal part 102, according
to an embodiment. This system may be based on a series of aligned and uniformly spaced
cutouts in sheath 106 aimed at pl:oviding unidirectional deflection of distal part 104, in
combination with a wire which connects the deflection mechanism control in proximal
part 102 with the catheter tip at distal part 104. In this way, a certain movement of the
proximal part may be. projected- to the distal part. Other embodiments involving the
combination of several control wires attached to the catheter tip may enable the deflection
of the catheter tip along different directions.

FIG. 2B illustrates a cross-section of sheath 106b. Sheath 106b depicts an
embodiment having most of the same elements as sheath 106a from FIG. 2A, except that
there are no electrical connections 208. Sheath 106b may be used in situations where
modulation (é.g., multiplexing) of the generated beam of radiation is performed in
proximal part 102.

FIGs. 3A through 3G illustrate views within distal part 104, according to various
embodiments. For example, FIG. 3A illustrates distal part 104a having a plurality of view
ports 302, a plurality of optical fibers 304, an eléctrode 306 which also acts as an outer
l?ody of distal part 104, and one or more irrigation channels 310 located substantially at a

tip of distal part 104a. Plurality of view ports 302 may be arranged around the outside of

- distal pait 104a in any pattern to achieve various views of a sample 308. RF energy may

be applied to electrode 306 to ablate a portion of sample 308. Electrode 306 may
represent one or more electfodes on distal part 104a. In an embodiment, optical fibers 304
may be any other type of waveguiding structures, such as waveguides defined within an

optical integrated circuit. In another embodiment, optical fibers 304 may be waveguiding



WO 2017/016663 PCT/EP2016/001303

[0043]

-9.

structures defined upon a flexible substrate. A multiplexing unit 312 -may also be defined
upon the same flexible sﬁbstrate that includes the waveguiding structures.

In FIGs 3A and 3B, optical fibers 304 are used at each of plurality of view ports
302 to both transmit and receive light through each of plurality of view ports 302.
Exposure light is transmitted thfough view ports-302 away from distal part 104a and onto
sample 308, while light that is scattered or reflected by sample 308 is received through
view ports 302. Each view port of plurality of view ports 302 may include more than one
optical fiber, for example, a fiber bundle. Light generated from the optical source within
proximal part 102 may be split amongst each of the view ports 302 using the multiplexing
unit 312. Alternatively, multiplexing unit 312 may select one of the plurality of view
ports 302. for light to travel either to or from. Multiplexing unit 312 receives an input
beam of radiation via optical transmission line 316. Optical transmission line 316 may
include any number of optical transmission elements (e.g., optical fibers), and may be
similar to optical transmission media 210 of FIGs. 2A aﬁd 2B. Electrical wires 318 may

be included to carry control signals to multiplexing unit 312 from proximal part 102 of

- catheter 100.

[0044]

Multiplexing unit 312 may include associated electronics 314 that provide control
signals to various modulating elements of multiplexing unit 312. Multiplexing unit 312
may use any multiplexing method that allows for the separation of contributions from the
light collected by the various view ports 302. One such multiplexing method is time-
domain multiplexing, in which multiplexing unit 312 switches between different output
waveguides in a controlled manner, so that at a given time only one'of the associated
view ports 302 is active. Another suitable multiplexing method is frequency-domain
\multipl’cxing, in which light travefsing each of view ports 302 is modulated in sﬁch a way
that the time-frequency behavior of sig'hals corresponding to different view ports 302 can
be differentiated by a processing device. Coherence-domain multiplexing may also be
used in multiplexing unit 312, by introducing a different group delay to the light
traversing each view port 302, so that the signals corresponding to different view ports
302 appear at different coherence positions and can be therefore differentiated by a
processing device. In an embodiment, these methods are non-exclusive and can be
combined in order to find the best design comprbmise. Some of the multiplexing

methods, like coherence-domain multiplexing, do not require any electrical actuation of
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multiplexing unit 312. Thus, in an embodiment, implementations based on coherence-
doméin multiplexing do not require electrical transmission media for control signals.

[0045] In one embodiment, multiplexing unit 312 is produced on a silicon photonics
optical chip using a network of thermo-electric optical switches. Other suitable materials
for use in multiplexing unit 312 include silicon nitride, silicon dioxide, oxinitride, lithium
niobate, I11-V semiéonductor materiéls, silicon carbide and optical'grade polymers. Other
modulation effects to support the optical switching operation include the electro-optic
effect, charge carrier density ‘effects, photo-mechanical effects, liquid érystal based
refractive index modulation, etc. The lﬁultip]exing function may also be obtained through
microelectromechanical (MEMS) devices in as far as miniaturization and packaging
constraints can be met. The connections between electrical wires 318 and multiplexing
unit 312 may be achieved via individual wire-bonding or soldering, or through an
intermediate substrate that allows for flip-chip-assembly in an individual or batch process.
In an embodiment, this intermediate substrate is flexible.

[0046] In an embodiment, multiplexing unit 312 is fabricatea upon a flexible substrate. A
. process for forming the optical elements upon a flexible substrate includes a substrate
transfer post-proces§i11g step applied to Silicon on Insulator (SOI) chips or wafers, as
described in more detail in co-pending U.S. Application Publication No. 2013/0201485,
the disclosure of which is incorporat.ed‘ by reference herein in its entirety. In an
embodiment, the resulting flexible device is thinner (<100um) than the starting thickness
(500-700um). Multiplexing unit 312 may be implemeﬁted by an optical integrated chip
“that is partly flexible. Plurality of waveguides 304 (e.g., optical fibers) are suitably
flexible in order to reach the various view ports 302 arranged round distal part 104a,
according to an embodiment. As illustrated in FIG. 3C — 3G, the optical integrated chip
may bé formed from a seriés of interconnected rigid sections joined by flexible sections.
Associated electronics 314 may be attached to either the bottom side or top side of an
| integrated chip that includes multiplexing unit 312. In another embodiment, both |
multiplexing unit 312 and associated electronics 314 are ’disposed upon a flexible
substrate. In one example, the flexible subétrate having both multiplexing unit 312 and

associated electronics 314 is rolled in a cylindrical shape to fit within distal panlf 104a of

catheter 100.
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[0047] ~ As shown in FIG 3A, distal part 104a may include one or more irrigation channels

310 to deliver fluid to a plurality of holes (not shown) on the outside of distal part 104a.

" The fluid delivered via‘irrigation channels 310 may 'be used for cooling during the
ablation procedure. In other embodiments, irrigation channels 310 may be designed to
deliver therapeutic fluids to sample 308.

[0048] Distal part 104a may also include a force sensor 317. In an embodiment, force
sensor 317 is designed to measure a force applied to distal part 104a during operation
along one or more reference axes. Force sensor 317 may include a rigid element coming

. from the sheath (e.g. a rigid wire) mechanically connected to a part of the sensor, while
an external electrode is connected to a different part of the sensor. The general assembly
of the catheter and any mechanical fixation element acting between electrode 306 and the
sheath must én'sure sufficient stress transfer to force sensor 317. In another embodiment,
force sensor 317 may be a pressure sensor based on, for example, a strain gauge.

[0049] Force sensor 317 may have its readout element defined in the same substrate as
multiplexing unit 312, according to an embodiment. The read-out principle may be based
on an interferometric_r analysis of distance change associated to strain, on a piezo-electric
device, on a capaciténce measurement, or based on an electromagnetic‘measurement.
According to an emboediment, the signals generated from force sensor 317 propagate
through additiénal cables arid/or optical transmission media running through sheath 106.
Alternatively, the signals may propagate through the same electrical and optical paths
used for multiplexing unit 312 and its associated electronics 314. In the latter case, the
multiplexed optical path and force sensor 317 data path may be separated through a
suitable signal multiplexing technique. Additionally, if irrigation channels 310 are
perfused at a low and constant flow, the pressure"may be measured indirectly by adding a
pressure transduﬁer in proximal part 102 of catheter 100.

- [0050] In an embodiment, a temperature sensor 319 may be included in distal part 104a,\
measuring the ‘temperature subétantially at the tip of the catheter during operation.
Temperature sensor 319 may be a thermo-couple, an element with a known resistive
dependence on temperature, an element where an optical parameter changes with
temperature, or any-other type‘of temperature sensor. Temperature sensor 319 may be
included as an element defined in the same substrate as multiplexing unit 312. According

to an embodiment, the signals generated from temperature sensor 319 propagate through
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additional cables and/or optical transmission media running through sheath 106, or
through the same electrical and optical paths used for multiplexing unit 312 and its
associated electronics 314. In the latter case, the multiplexed optical path and temperature
sensor 319 data paths may be separated through a suitable signal multiplexing technique."

FIG. 3B illustrates anofher embodiment of the distal part, depicted as distal part

104b. Distal part 104b includes many of the same elements as those described in distal

‘part 104a. However, distal part 104b does not include multiplexing unit 312 and

associated electronics 314. A bundle of fibers 305 is used to provide light to the plurality
of optical ﬁbers 304 within distal part 104b. In a catheter embodiment using distal part
104b, a multiplexing unit may be located within proximal part 102 or external to catheter
‘] 00 (such as, for example, with processing device 108).

In either embodiment of distal part 104 illustrated in FIGs. 3A and 3B, the
plurality of view ports 302 may include one or more lenses and/or mirrors or similar
optical elements designed to focus the light traversihg any of view ports 302. The
material used within each view port 302 is substantially transparent to the wavelength of
light used fbr optical interrogation, according to an embodiment. The optical element may
be coated with an antireflective layer to minimize optical losses. The mirrors may be
locally produced through the selective evaporation of a metal layér through a mask on the
surfaces to be made reflective, and may be flat or provide a focusing function. The body
of distal part 104 may be formed using injection molded plastic, and designed to support
the packaging of multiplexing unit 312. In an embodiment, the optical element used at the
plurality of view ports 302 include gradient index lenses and/or lenses with tapered tips.

In an embodiment, one-or more of the plurality of view ports 302 includes a
scanning element (not shown) that allows for the beam of radiation exiting throﬁgh view
pbrt 302 (the exposure radiation) to be scanned in.a given direction. The sc’ann‘ing
element may include a microelectromechanical system (MEMS) component, or use
eléctro-optical modulators to steer the exit angle of the beam of radiation from an
associated view port. Further details and examples regarding the scanning of the beams of
radiation may be found in U.S. Application Publication No. 2014/0078510, the disclosure
of which is incorporated by reference herein in its entirety.

FIGE. 3C-3G illustrate additional embodiments of distal part 104. These

embodiments include many of the same elements as those described in FIGs 3A and 3B
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unless otherwise noted. Each of the arrangements depicted in FIGs. 3C-3Gb illustrate distal
parts that include a photonic integrated circuit having rigid sections joined by flexible
sections. As illustrated in FIG. 3C, a single substrate 320 may be used as a base for all
rigid beam input/output sections 322. Each rigid beam input/output sécti’oﬁ 322 is
connected to at least one thin flexible section 324. Beam input/output sections-322 may
provide optical ports and are optically and mechanically interconnected by flexible
sections 324 to form the tip of distal part 104. Substrate 320 thus has a plurality of
integral ‘branchevs, with each branch including rigid beam input/output sections 322
interconnected by flexible sections 324. The brancheé bend around the tip of the distal
end at the flexible sections 324. In this way, different shapes and arrangements can be
accommodated. A holder may be used tb fix the spatial relationship of the branches and
corresponding rigid beam input/output sections 322. '

[0055] Flexible waveguides may extend across the flexible sections to optically connect
optical ports to multiplexer 312. The flexible sections may be formed by partiél removal
of the substrate material to thin the substrate. A layer of polyimide may be added to
reinforce the thinned portion. Multiplexer 312 may be formed on a rigid section as shown
in FIG. 3C or implemented across the rigid and ﬂexfble sections. Though it is easier to
form ibeém optical ports on the rigid sections, beam optical ports may be formed on
flexible sections as well. In an embodiment, optical couplers, e.g. 2 x 1 or 2x 2, may be
apf)ropriately dispersed across the rigid and/or flexible sections to form part of
multiplexer 312, L ~ N

[0056] Beam iﬁput/output sections 322 may output focused or unfocused beams from
optical ports. In addition, the beam may exit in the plane of a beam input/output section
322 (as shown in FIG. 3D) or may exit at an oblique angle to the plane of the beam
input/output section 322, such as orthogonal to the plane (as shown in FIGs. 3E — 3G).
Radiation’ may then ‘be, received from the sample along the same optical path. FIGs. 3E —
3G illustrate various embodiments of a device designed to direct a beam of radiation.
Further details and alternative arrangements may be found in U.S. Application No.
62/064,355, the disclosure of which is incorporated by reference herein in its entirety.

[0057] FIG. 3D shows two beam input/output sections 322 optically and mechanically
coupled by flexible section -324. Waveguides 334 run along the plane of the substrate to

optical ports 326. Optical ports 326 direct beams of radiation 342 substantially parallel to
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the plane of p;‘opagation along each respective beam input/output section 322. Optical
ports 326 may be aligned with view ports 302 to pass light to an area of interest. B.eam
input/output sections 322 are not limited to a sihgle optical port, but may instead have a
plurality of optical ports:. |

[0058] FIGs. 3E — 3G illustrate the concept of directing a beam of radiation at an angle
that is substantially perpendicular to a surfacé of the substrate. However, the
embodiments differ in the placement and formation of certain -elements. For example,
FIG. 3E illustrates a substrate 320 formed by a plura'lity’of beam input/output sections
322 mechanically and optically coupled by flexible section 324. The area below the
flexible section has been removed to impart flexibility. One or more waveguides 334 are
formed on each of the beam input/output sections 322. Waveguides 334 may extend
across flexible section 324 to permit optical coupling between optical ports. Waveguide
334 includes a cdre layer 336 surrounded by cladding layers 338a and 338b. A réﬂector
340 is formed in-plane with waveguide 334 and is designed to reflect a beam of radiation
342 towards view port 302. . _

[0059] Substrate 320 may be any suitablé material that allows for sulrface and/or bulk
micromachining patterning steps to be performed. In one example; substrate 320 is a
crystalline material such as silicon, gallium arsenide, indium phosphide, etc. In other
examples, substrate 320 is amorphous such aS glass or polysilicoﬁ. Core layer 336 of -
waveguide 334 may comprise a material having a higher refractive index than cladding
layers 338a and 338b in order to confine a beam of radiation propagating through
waveguide 334. Waveguide 334 may have a ‘crystalline structure or be a polymer.
Examples of waveguide 334 materials include, but are not limited to, silicon, -silicon
nitride, indium gallium arsenide, doped silicon, PMMA, Parylene, and SU-8. In one
example, cladding layers 338a and 338b are silicon dioxide while both substrate 320 and
core layer 336 are silicon. Waveguide 334 may be a strip waveguide, ridge waveguide,
an optical fiber laid across the surface of substrate 320 or any other type.

[0060] Reflector 340 may be formed from etching the layers that form waveguide 334,
according to an embodiment. A wet anisotropic etchant may be used to sfrip away the
material along the crystal planes to form the surface of reflector 340. The surface may be
further smoothed via thermal oxidation of silicon and oxide removal process by quickly

exposing reflector 340 to another chemical etchant such as hydrofluoric acid (HF). Dry
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etching techniques may be employed as well for creating the angled surface of reflector
340. For exélllple, rgactive ion etching (RIE) using a grey-scale type mask to produce
photoresist at varying heights can be used to produce non-planar structures. |
Reflector 340 is placed a short distance from an end Aof waveguide 334, according
to an embodiment. This distance cannot be too large, or else the beam of radiation exiting
from waveguide 334 will spread too far and undesirable optical losses will occur. In this
‘embodiment, both reflector 340 and waveguide 334 are patterned in-plane on a first
surface of substrate 320. Reﬂecfor 340 may be designed to have a surface{that is angled.

For example, reflector 340 may have a surface that is angled at a substantially 45 degree

" angle with respect to the first surface of substrate 320. This angle causes the beam of

[0062)

radiation to be directed at an angle that is substantially perpendicular to the surface of
substrate 320. In another example, reflector 340 has a surface that is angled at a

substantially 54.74 degree angle with respect to the first surface of substrate 320. In the

embodiment illustrated in FIG. 3E, the light is reflected up and away from rigid beam

input/output sections 322 towards view port 302. View port 302 may include a focusing
optical'element, such as a lens, to foc‘us the divergent beam of radiation.

FIG. ‘315 shows an alternative arrangement that does not need an additional
focusing element. Instead, an optical element 344 is disposed over waveguide 334 and
over a top surface of rigid beam input/output section 322, according to‘an embodiment. In
this embodiment, optical element 344 is a lens. The lens may be designedlto focus beam

of radiation 342 or to collimate beam of radiation 342. Optical element 344 .may be

manufactured using nano-imprint lithography or standard lithography etching using a

grey-scale mask. Thermal reflow of'a transparent polymer may also be used to form the
curved lens shape. Optical element 344 niay be fabricated using RIE diréctly in substrate
320. The advantage of using RIE may be realized when the substrate material has a high
refractive index (e.g., material such as silicon, InP, etc.), thus the performance of the lens
depends much less on the refractive index of the surrounding media. The curvature and
position of the focusing surface of the lens may be( adjusted so that the focal point and
focal distance of the lens achieve the desired collimating or focusing performance. In one
example, an intermediate polymer layer is introduced between optical element 344 and
waveguide 334 in order to set a lens working distance. Optical element 344 may be

subsequently coated with an anti-reflective dielectric stack to minimize light loss. Though
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the arrangement depicted has optical element 344 on the same side of substrate 320 as
waveguide 334, waveguide 334 may be formed opposite optical element 344 with an
opening in rigid beam input/output section 322 to permit radiation to pass through
substrate 320. '

A monolithic holder 350 includes recesses 352 to physically rétain and guide rigid
beam input/outpﬁt séctions. 322. The cross-sectional view in FIG. 3F illustrates how
substrate 320 may bend around holder 350. The holder spatially fixes rigid beam
input/output sections 322 about the tip of distal end 104, and flexible section 324 spans
the portion of the holder between recesses 352. Although two rigid beam input/output
sections 322 are shown in detail, each of recess 352 would ordinarily have a
corresponding rigid beam input/output section 322 therein. Additional grooves may be
provided in holder 350 for flexible sections 324. Holder 350 may alternatively be formed
as a frame instead of a monolithic element.

FIG. 3G shows another alternative arrangement that includes a focusing ¢lement,
thereby alleviating the need for a focusing element in view port 302. Instead of a
refractive element shown in FIG. ‘3F, the arrangement in FIG. 3G includes optical element
344 with a reflective coating 336. Reflective coating 336 may be formed on a parabolic
surface of optical element 344 to focus or collimate light from waveguide 334. Optical
element 344 and reflective coating 336 may be formed on rigid beam input/output section
322 as described above. Alternatively, reflective coating 336 may be formed on a
parabolic surface formed within recess 352 of holder 350; such that no additional optical
element is needed. Reflective coating 336 may be designed for on-axis or off-axis
reflection. For on-axis reflection, a substantially annular opening may be formed in beam
illput/output section 322 to allow beam 342 to pass thrdugh substrate 320 and around
planar reflector 340. |

In éddition, the features described above with respect to FIGs 3D-3G may be
combined to prdvide multiple means of directing beam of radiation 342.

FIG. 4A illustrates a view of the outside of distal part 104, according to an
embodiment. Plurality of view ports 302 may be located anywhere around the entire outer
surface of distal part 104 to provide any number of angles for viewing a tissue sample
(e.g., an atrial wall) ardund distal part 104. Additionally, distal part 104 may include a

plurality of openings 402 that are associated with irrigation channels 310 shown in FIGs.
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3A and 3B. Openings 402 may also be placed anywhere around the outer surface of distal
part 104 and used to either expel liquid to the area surrounding distal part 104, or to draw
liquid from the area surrounding distal part 104.

[0067] FIG. 4B illustrates an exploded view of distal part 104, according to an
embodiment. Plui‘ality of optical elements 404 may be located anywhere around the entire
outer surface of a cap 410 to provide any number of angles for viewing a tissue sample
(e.g., an atrial wall) around distal part 104. Cap 410 is designed to fit around holder 350
and substrate 320. Rigid beam input/output sections 322 fit within recesses 352 of holder
350. Cap 410 then fits over holder 350 and substrate 320, and is secured by alignment and
locking mechanisms 412 and 414. Detent 412 fits within intent 414 to secure cap 410 to
holder 350 while permitting optical connectioﬁ to proximal part 102. By securing cap 410
to holder 350, optical elements 404 are éligned with the optical output of rigid beam
input/output sections 322. |

[0068] LCI System Embodiment

[0069] Various embodiments of the present application include a LCI system integrated
within catheter 100 for optical interrogation of the tissue surrounding distal part 104.
Figure 5 illustratés an example LCI systen1 501 for imaging a sam'ple 510, according to an
embodiment. For example, sample 510 may be a portion of an atrial wall to be ablated. A
delay unit 512 may include. various light modulating elements. These modulating
elements may perform phase and/or frequency modulation to counteract undesired optical
effects in the light, and to select one or more depths of sample 510 to be imaged. The use
of the term “light” may refer to any range of the electromagnetic spectrum. In 'an
embodiment, the term “light” refers to infrared radiétion at a wavelength of about 1.3 um. -

[0070] LCI system 501 further includes an optical source 502, a splitting element 504, a
sample arm 506, a reference arm 508, and a detector 514. In the embodiment shown,
deléy unit 512 is located within reference arm 508. However, it should be understood that |
delay unit 512 may instead be located in sample arm 506. Alternatively, various elements
of delay unit 512 may. be present in both sample arm 506 and reference arm 508. For
example, elements of delay unit 512 that introduce a variable delay to the light may be
located in sample arm 506, while elements that modulate different polarization modes of
the light may be located in reference arm 508. In one example, sample arm 506 and

reference arm 508 are optical Waveguides’, such as patterned waveguides or optical fibers.
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In an embodiment, all of the componehts of LCI system 501 are integfated onto a planar
lightwave circuit (PLC). In another embodiment, at least the components within delay
unit 512.are integrated on the same substrate of a PLC. Other implementations may be
considered as well, such as, for example, fiber optic systems, free-spaée optical systems,
photonic .crystal systems, etc. ‘ ’

[0071] It should be understood that LCI system 501 may include any number of other
optical elements not shown for the sake of clarity. For example, LCI system 501 may
include mirrors, lenses, gratings, splitters, micromechanical elements, etc., along the
paths of sample arm 506 or reference arm 508.

[0072]'\ Splitting element 504 is used to direct light received from optical source 502 to
both sample arm 506 and reference arm 508. Splitting element 504 fnay be, for example,
a bi-directional coupler, an optical splitter, or any other modulating optical device that
converts a single beam of light into fwo or more beams of light. _

[0073] | Light that travels‘ down sample arm 506 ultimately impinges upon sample 510.
Sample 510 may be any suitable sample to be imaged, such as tissue. The light scatters
and reflects back from various depths within sample 510 and the scattered/reflected
radiation is collected back into sample arm 506. In another embodiment, the
scattered/reflected radiation is collected back into a different waveguide than the
transmitting waveguide. The scan depth may be chosen via the delay imposed on fhe light
within delay unit 512. ,

[0074] | Light within sample arm 506 and reference arm 508 is recombined before being
received at detector 514. In the embodiment shown, the light is recombineﬁ by splitting
element 504. In another embodiment, the light is recombined at a different optical
coupling element than splitting element 504.‘ Detector 514 may include any number of
photodiodes, charge-coupling devices, and/or CMOS structures to transduce the received
‘light into an electrical signal. The electrical signal contains depth-resolved optical da;a
related to sample 510 and may be received by a processing device for further analysis and
signal pr_ocessing brocedures. As used herein, the term “depth-resolved™ defines data in
which one or more portions of the data related to specific depths of an imaged sample can
be identified. | |

[0075] In an (embodiment, optical source 502, detector 514 and delay unit 512 are located

within proXimaI part 102 of catheter 100. Splitting element 504 and at least part of one or
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both of sample arm 506 and reference arm 508 may be located in either proximal part 102
or distal part 104 of catheter .100. In another embodiment, all of the elements of LCI
system 501 are located in distal part 104 of catheter 100. Optical source 502 may include
one or more light emitting diodes (LEDs) or laser diodes. For example, LEDs may be
used when performing time domain and/or spectral domain analysis, while tunable lasers
may be used to sweep the wavelength of the light across a range of wavelengths. In
another embodiment, optical source 502 and detector 514 are located external to catheter
100, for example, with processing device 108. ‘

[0076] LCI system 501 is illustrated as an interferometer design similar to a Michelson

' interferometer, according to an emboc/iiment. However, other interferometer designs are
possible as well, including Mach-Zehnder or Mireau interferometer designs.

[0077] Example Methods and Modes of Operation |

[0078] .Cathet‘er 100 -may be used to perform ablation by applying high-frequency
alternating current to tissue in contact with distal part 104 of catheter 100. Oscillafing
frequencies ranging from 350 to 500 kHz may be used. It should be understood that other '
frequencies may be used as well and that any frequencies above about 1 kHz rarely
produce electrical stimulation of excitable cells. An adjustable-power high-frequency

- power source providing the RF energy to electrode 306 at distal part 104 may be used.

The physics underlying the heat transfer to tissue is based on a high electrical impedance
of the tip-tissue interface. The impedance of this tissue-electrode interface, at the ablation
frequency, may be substantially greater than that of the returning electrode. For a given
current delivered though the body, a greater voltage drop may be generated at this
interface producing heat at the desired location. In this way, a small tissue volume
surrounding the catheter tip isvablated, instead of all the tissue volume from the catheter |
‘tip to the ground contact, which is typically placed on the patient’s back during cardiac
ablation treatment. By adjusting the RF power and ablation time, the total .energy
delivered to tissue may be accurately cqlltro{led. Other ablation techniques based on
cryogenic or optical means (e.g., laser ablation) may also be used for the treatment of
different pathologies.

[0079] In embodiments where optical multiplexing unit 312 within catheter 100 uses
time-domain multiplexing, only a subset of view ports 302 in contact with tissue will be

considered while ablation is occurring, according to one embodiment. In this way, the line



WO 2017/016663 ‘ PCT/EP2016/001303
-20-

acquisition rate may be maximized for the active view ports duung the ablation process.
The sequence of LCI lines of the region sublect to ablation may be collected over a perlod

~of time. Signal processmg ‘algorithms may be used to monitor lesion progress by looking
at changes in the signal over time. Such algorithms may be executed by processing device
108. For example, an M-scan involves a repeated axial scanning at the same physical
location as a function of time. In particulér, an M-scan representation may be constructed
with acquisition starting immediately before RF energy delivery. According to an
enlbodiment, the signal and image processing software, executed by processing device
108, receives timing information associated with' the application of RF energy by catheter
100. In this way, data may be collected only during the times that tissue ablation is
occurring.

[0080] In an embodiment, the signal and imagé processing software accounts for the
birefringence of the tissue. The birefringence of the tissue fibers may be altered due to a
number of potential factors outside of the ablation pl‘océdure. It is known that connective
biological fibers such as collagen exhibit birefringent properties. When full tissue
necrosis is attained by heat tran$fer, collagen fibers denature. This denaturation produces
a loss of the birefringent behavior ofthese fibers. lrrevensnble denaturation of collagen
fibers occurs at about 60°C. Cell death is caused by a combmatlon of an applied supra-
physiological temperature and its duration. However, a partial loss of birefringence may
be indicative of partial tissue damage (edema), which may ultimately compromise the
efficacy of the procedure. In one example, at temlperat‘ures lower than 60°C, collagen
denaturation caused by triple helix hydrogen bonds break down and may reduce
birefringence in a reversible way. In other examples, the combination of both the
exposure time and the elevated temperature ‘produces denaturation and cell death.

[0081] The use of polarization sensitive LCI (PS-LCI) techniques allows for the
bmonitol'ing of birefringént changes in the tissue, and therefore may lead to an estimation

~of the deglee of denaturation induced in the tissue. In an embodiment, the signal and
image processing software is capable of combining data regarding polarization-related
tissue properties with structural data associated with a total amplitude of the depth-
resolved optical data collected by the LCI system. The data regarding polarization of the
tissue fibers may also be extracted from the depth-resolved optical data. An image of the

sample may be generated by a processing device based on a difference in the birefringent ‘
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properties of various portions of the sample. For example, the biréfringence exhibited by
the ablated sample portion is different from the birefringence exhibited by non-ablated
portioﬁs of the sample. 7

[0082] | Birefringent‘materials may be characterized by two orthogonal linear poiari'zations
having a certain orientation. Each polarization features a different refractive index, known
as‘ slow and fast axes. FIGs. 6A and 6B illustrate this concept, according to an '
embodiment. In FIG. 6A, distal part 104 of a cathéter is shown with light exiting from
one of the plurali‘ty of view ports 302 onto s‘ample 308. In both FIGs. 6A and 6B, FA; and
SA; represent the fast axis and slow axis, respectively, of the LCI System. FA( and SA,
represent the fast axis and slow axis, respectively, associated with sample 308. Sample
308 may be, for example, a tissue sample.

[0083] Tissue-specific contrast may be dependent on the maénitude of the tissue
birefringence, as well as on the orientation of the birefringence axes of the tissue (FA; and
'SA)) in relation to the polarization state of the incident light. However, the birefringence
axes of the tissue might change with time due to the stress generated by the catheter and
the temperature. Additionally, the polarization state offhe incident light may change with
time due to the temperature and the stress generated in optical transmission media during
the imaging procedure. This forms an angle mismatch (6 in FIG. 6B) between the axes of
the incident light and the related axes associated with sample 308.

[0084] In an embodiment, a correcting module configured to correct the angle mismatch
0 is implemented within the LCI system. The correcting module may be implemented in
hardware, for example, with on-chip polarization ‘compdnents. The on-chip components
may be part of the delay unit 512 in LCI system 501. In another example, the correcting
module may be implemented with fiber-based polarization',controllers. In another
example, the correcting module may be implemented in software and executed by a
compﬁting de}ice, such as processing device 108 in FIG. 1. |

[0085] According to an embodiment, the correcting module is designed to rotate the
polarization state of thé incident light in the range of n/2 radians while monitoring the
birefringence of the backscattered signal from the sample. As a result of this polarization
orientation sweep, the polarization state exhibiting an optimum value (e.g., a maximum

signal contrast) may be obtained and fixed. Alternatively, a continuous sweep of the
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polarization state of the incident light may also be used in synchronization with optical
data acquisition. ‘

[0086]  Thermal Modeling

[0087] The collectéd depth-resblved optical data may also be used at a processing device
to generate and/or enhance a thermal model of heat dissipation within the ablated sample,
according to an embodiment. The speed and extent of changes detected in the LCI signals
are excellent indicators of thermal power delivery to tissue, and can be quantified based

on, for example, the bio-heat model. as in equatioﬁ 1 below.
[0088] pr e =V kVT+q—Qy+Qu (1)

[0089]  This equation represents the heat transfer in a biological sample using an external -
source. In this e(iuation, p is the mass density, ¢ is the specific heat, T is the temperature, &
represents the thermal conductivity, ¢ is the heat source (Joule’s effect), O, is the
convection heat loss, and Q. is the metabolic heat.

[0090] Acéording to an embodiment, changes in the polarization of the received light
from the sample may be linked to a specific temperature threshold in the tissue being
ablated, which in turn may be linkéd to a defined denaturation process of the
biomolecules. Based on the time to induce this process at a given distance from the
ablation electrode and the general progression of the lesion over time ‘and depth, a good
.assessment of power transfer may be made.

[0091] FIG. 7 illustrates how heat is delivered to the tissue from an ablation catheter tip
702, according to an embodiment. Catheter tip 702 is brought into contact with a sample
surface 704, for example, a tissue-interface, and RF energy is delivered to the sample to
ablate a portion of the sample. A heat gradient generated by the delivery of the RF energy
is formed in the sample as depicted by the isothermal boundary areas 708a-c. For
example, boundary area 708a may be associated with the hottest temperatures generated
by the applicétion of the RF energy while boundary areas 708b and 708¢ represent
proéressively cooler temperatures. Catheter tip 702 also includes a plurality of view ports,
such aé those described earlier with reference to FIGs. 3A and 3B, that allow for M-scans :

706a-c to be taken at different angles and/or locations within the sample, according to an
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embodiment. Each M-scan may be considered to be equivalent to the received
scattered/reflected light returning from multiple depths within the sample.

[0092] In an embodiment, the data received from M-scans 706a-c provide ihformation of
the denaturation process occurring along each scanned line. For example. the data
received from each M-scan 706a-c may be used-to generate and/or enhance a thermal
model of the heat distribution present in the ‘s’ample.

- [0093] FIG. 8 illustrates another example of how heat is delivered to tissue 804 from an
ablation catheter tip 802 and monitored using four view ports (1-4). In an embodiment,
the relative position of catheter tip 802 is inferred by computing the first light reflection at
each view port (1-4) that defines a distance from the view port to tissue 804. This may
provide an estimation of tissue contact and therefore an approximation of the impedance
of the tissue-electrode interface. In an embodiment, distances d1, d2, d3 and d4 represent
the first reflection and therefore the distance from each associated viewport to tissue 804.
Curves labeled t1 to t4 represent the profile of the denaturation temperature at times tl tc;
t4. In an embodiment, the illustrated curves obtained at each viewport (1-4) represent of
the variation of the phase/delay difference measured in PS-LCI -against time. Different
decay rates are observed depending on the direction of the M-scan coming from each of
viewports (1-4). These decay rates may also depénd on irrigation, Which cools down the
surface and leads to a more conical-like heat diffusion pattern. In an embodiment, the
correlation of the information obtained by the PS-LCI signal from each view port (1-4)
provides spatial sampling of the isothermal line at which collagen dené’tures‘ By using the
PS-LCI data,b the dynamics of collagen denaturation, energy delivery, and/or tissue

~ ablation may be estimated.

[0094] FIG. 9 illustrat‘es' an example curve representing the average ﬁhase/group delay

' obtained from the M-scans against ablation time. Data regarding the change in certain
parameters over time, such as that illustrated in FIG. 9, may be used to generate and/or
enhance the thermal model of the sample during ablation.

[0095] The thermal model may be presented to a user of the catheter to provide further
information regarding the ablation procedure. In another embodiment, data from this
thermal model may be used to automatically control the ablation process. For example,
the thermal model may be used to control a duty cycle of the applied RF energy, or to

shut off the application of the RF energy if the temperature increases above a threshold.
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General thermal properties of the tissue sample, including heat capacity and heat
diffusivity, together with other heat transfer effects derived from the thermal model, such
as convection close to the surface, may be used to further compute relevant clinical
parameters, such as depth and width of the created lesion. The known thermal parameters
of the tissue may be used to generate a base model of heat transfer in the tissue based on
the finite element method or simpler analytical relations. The inputs to the model may
then be further refined using information obtained from the depth-resolved optical data
collected from the LCI system. The outputs of the thermal model may be used to calculate
a required treatment time in thicker samples where the LCl M-scans do not offer
sufficient depth information. For example, to ensure direct transmurality, the thermal
model parameters can be used to optimize tissue heating close to sensitive structures, as
well as provide an initial estimation of the lateral extension of the formed lesion. These
model outputs may be presented to the user (e.g., on a display) or used to directly control
RF energy delivery. A combination of LCI information, the computational model, and
other relevant information such as the temperature of the tip of the catheter or electro-
tissue impedance may be used to predict ‘th.e temperature distribution in the tissue during
ablation and understand the kinetics of the lesion growth.

In an embodiment, two phases are distinguished when using the. computational
model along with the collected information: a phase where denaturation occurs within the
axial penetration depth of the LCI radiation, and a phase where denaturation occurs
beyond the axial penetration fimit. During the first stage, Fl1e temporal evolution of the
isothermal line at which collagen birefringence is lost may be monitored along with the
temperature of the tip of the catheter. In an embodiment, a processing device coupled to
the catheter takes advantage of this information to estimate parameters involved in heat

transfer, such as thermal diffusivity, as well as to characterize the effects of irrigation,

-among others. Once these parameters have been defined, computational models may be

used to predict the evolution of tissue ablation beyond the axial penetration limit of the
LCI radiation. The information regarding impedance may also be correlated with the
previously collected data. ‘

The thermal model of the sample may also be enhanced via structural information
regarding the sample. For example, such information can be obtained from pre-operatory

magnetic resonance imaging (MRI) or computerized tomography (CT) scans and, when
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appropriately combined with navigation information, can provide information about wall
thickness, shape, and tissue composition in the vicinity of the catheter’s distal part.

[0099] FIG. 10 illustrates an example method 1000 for performing RF ablation while
collecting LCI data, according to an embodiment. Method 1000 may be performed by
various components of catheter 100 in conjunction with processing device 108.

[00100] At blolck 1002, a portion of a sample is ablated. The ablation may be due to the
application of RF energy by an e]eétrode at the distal end of a catheter, or via o‘ther
-ablation methods such as laser ablation. The sample portion may be, for exa(mple, a
portioh of an atrial wall being ablated to help correct a cardiac arrhythmia.

t00101] At block 1004, LCI optical data of the sample is collected while the ablat/ion is
occurring. The LCI optical data may include data regarding the portion being ablated
and/or portions of the sam’ple'not currently being ablated. The collection of the LCI
optical data- may involve transmitting one or more beams of e,xposﬁre radiation via
corresponding openings arranged at a distal end of the catheter and receiving one or more
beams of scattered or reflected radiation from the sample. |

[00102] At block 1006, depth-resolved optical data is generated based on the beams of
radiation received from the samble. For example, a detector may generate an electrical
signal based on the received beams of radiation. The generated electrical signal may then
be received by a processing ldevice,‘ for further analysis and signal processing to perform
certain actions and/or generate models based on the depth-resolved optical data. For
example, the depth-resolved optical data may be used to determine a degree of ablation
for the sample portion being ablated.

[00103] At block 1008, a model of heat dissipation of the sample is provided based on the

~ depth-resolved optical data. The thermal model may be either generated or updated based
on the depth-resolved optical data, such as the data collected from various M-scans.
Genefal tilerma] “properties of the tissue sample, including heat capacity and heat
diffusivity, together with other heat transfer effects derived_ from the thermal model, such
as convection clos¢ to the surface, may be used to further compute relevant élinical
parameters, such as depth and width of the created lesién‘, according to an embodiment.
The thermal model may also be generated based on other collected data beyond the depth-
resolved optical data. For example, the temperature at the distal end of the catheter and/or |

impedance measured at the distal end of the catheter may be collected and used when
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generating the thermal model. In an embodiment, the thermal model may be used to
monitor the ablation process of tissue beyond the penetration range of the LCI radiation.

~In another example, the model of heat dissipation is used to avoid delivering too much RF
energy that may result in atrial wall perforation, thus translating into serious
complications for the patient duril/lg the procedure.

[00104] Additionally, the thermal model may be presented to a user or used to determine
whether the user should be alefted in some way. For example, while the ablation
procediu'e is occurring, if the temperature of the ablated region rises above a given
threshold as determined by the thermal model, a warning signal may be transmitted to the
user. Examples of warning signals include sounding an audio warning, activating a light,
or b]inking a light. Tactile warnings may be issues as well, such as a slight vibration in
the portion of the catheter system being manually handled by the user. In another
ekample, while the ablation procedure is occurring; if the temperature of a portion of the
sample near the portion being ablated rises above a given threshold as determined by the
thermal model, a Waming signal may be transmitted tb the user. Alternatively, the
ablation procedure may be automatically controlled based on outputs from the thermal
model. '

[00105] In another enﬂbodiment, the thermal model is associated with an
adaptive/predictive controller to ensure safe RF energy delivery. An adaptive controller
may be used to directly control the parameters of the RF energy used for ablation based
on the thermal model. In another embodiment, model predictive control, neural networks,
or genetic algorithms may be used to minimize a cost function defined in terms of patient
safety and accurate energy delivery. '

[00106] Catheter Navigation

[00107] Depth-resolved optical data generated from the LCI system may also be used to
aid in the navigation of the catheter to an ablation site, according to an embodiment. In

_one example, data collection may occur by switching between available view ports at the
distal end of a catheter in a -predefmed'or random way. In another embodiment, the
system may simultaneously monitor signals from different view ports at the dis\tal end of
the catheter. According to an embodiment, while the catheter is being navigated through a
cardiac chamber; a prbcessing device may be configured to use the optical data to monitor

for close-vicinity or contact with tissue in one or more of the optical view ports. A
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significant change in the amplitude of the LCI scans is observable between blood, saline
solution, and tissues to be ablated (like the different layers of the atrial wall).
Accordingly, the processing device may be configured to characterize whether the sample
being imaged from a given view port is blood, saline, or tissue. The effective absorption
and scattering coefficient, which can be calculated from the depth-resolved" optica'l data,
will vary between blood, saline, and tissue. For example, at a wavelength of 1.3um, the
coefficient is about 8-10 mm"jn the endoéardial ‘wall, about 15-20 mm"* ih blood, and._it
can be considered negligible in saline solutions. The endocardial surface of the atrial wall
will additionally produce a reflection peak, followed by a rotation in the poiarization
signal. This characteristic signal may be used to evaluate tissue contact and distance to
the atrial wall from an'y given view port at the distal end of the catheter. Scans acquired -
sequentially for the same view port may be compared over time. In an embodiment, this
information may be used to help navigate the catheter by determining a distance between
the distal end of the catheter and any perceived tissué.

[00108] Furthermore, the processing device may be configured to validate the assumption
of continuous contact and stationary position relative to the tissue to be ablated during the
ablation procedure. In an embodiment, the validation is performed by checking for abrupt
variations that rhay appear in the LCI signals and the polarization information, and by
monitoring a distance to the first reflection typically appearing at the surface of the tissue
wall. If slippage or loss of contact dtiring ablation is detected, a notification for the user
may be produced. Alternatively, a feedback control syé&em may be implemented to
stabilize the catheter during the ablation procedure. '

[00109] In an embodiment, the processing device ﬁses two sources of information in order
to evaluate tissue contact during th\e navigation phase, but other parameters resulting from
the analysis of the LCI signals can be envisioned, including those extracted 'using neural
networks, wavelet analysis, or others known to those skilled in the art. For example, the
processing device may use LCI signal information as well as pressure sensor data (or data
collected from an impedance sensor) to evaluate tissue contact. Giyen ‘the fast line
acqﬁisition rate that is possible (several kilohertz), averaging, filtering, or other forms of
signal combination can be used to increase signal/image quality. Additionally, the
acquired LCI signals may be accumulated to form an M-scan 'and this information

presented for the active view port(s).



WO 2017/016663 : PCT/EP2016/001303

-28-

[00110] FIG. 11 ilh.lstrates’ another example method 1100 for navigating a catheter while
' collecting LCI data, according to an embodiment. Method 1100 may be performed by
various components of catheter 100 in conjunction with processing device 108. |
[00111] At block 1102, LCI optical data of a sample around the catheter is collected. The
sample may include blood, saline, and tissue o%an atrial wall as the catheter is navigated
through the cardiac chamber. The LCI optical data may include data regarding a portion
of the sample to be ablated and/or portions of the sample not to be ablated. The collection
of the LCI optical data may involve transmitting one or more beams of exposure radiation
via corresponding openings arranged at a distal end of the catheter and receiving one or
more.beams of scattered or reflected radiation from the sample.
[00112] At block 1104, depth-resolved optical data is generated based on the beams of
| radiation received from the sample. For example, a detector méy generate an' electrical
signal based on the received beams of radiation. The generated electrical signal may then
be received by a processing device for further analyéis and signal processing to perform
certain actions and/or generate models based‘ on the depth-resolved optical data. _
[00113] At block 1106, the depth-resolved optical data is used to-characterize the sample.
For example, one or more parameters oftl;e depfh-resolved optical data may be compared
to determine whether the sample is blood, saline, or tissue. In another example, the
electrical impedance of the sample may be calculated by using a bipolar injection of
alternating current at a different frequency from that used for ablation. In an embodiment,
a processing device 'is configured to execute software to analyze the depth-resblved
" optical data. A determination of the sample type may be presehted to a user of the
catheter, used to generate a map or image of the area surrounding the catheter, or used to
directly aid in the navigation of the catheter. For example, the processing device may
“provide data about tissue type, as extracted from the depth-resolved optical data, to a
navigation system configured to move the catheter through the body of a patient.
Information about tissue type and ablation results may be displayed on an anatomical map
of the tissue to be ablated. This data may be useful in ensuring lesion continuity at the end
- of, or during, a procedure.
[00114]) At block 1108, a determination is made regarding Whether the sample is tissue or
not. If the sample currently being analyzed is not tissue, method 1100 repeats at either

block 1102 or block 1104. When further LCI data around the catheter needs to be
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gathered, method 1100 repeats at block 1102. Alternatively, method 1100 may repeat at
block 1104 so that depth-resolved optical data may be generated and analyzed from a
different portion of the already-collected LCI data. For example, further LCI data is
collected from the area surrounding the catheter (block 1102) only after all of the
currently collected LCI data has been analyzed (block 1104). If the sample is determined
to be tissue, method 1000 proceeds to block 1110.

[00115] At block 1110, a distance betweéen the tissue and the distal end of the catheter is
determined. This deten‘nlinatbn may be made via a pr0>cessing device configured to
analyze the depth-resolved optical data and calculate an approximation. of the distance
between the tissue and the distal end of the catheter. For example, a time-of-flight oft‘he
light reflected from a surface of the tissue may be extracted from the depth-resolved
optical data and used to determine distance. The distance information generated by the
processing device may be presented to the user to aid ‘in navigation, or used to
automatically control the movement of the catheter. |

[00116] Optical Coherence Tomography Imaging

[00117] In an embodiment, tlhe processing device provides an additional mode in which
the information derived from the deptll-reso!ved optical data is used to determine the 3D
spatial position and 0rientatf0n of the catheter tip. The catheter may be swept over a
portion of the sample while LCI data is being collected, to provide spatially-resolved data
for 3D modeling. The processing device may be configured to accumulate the depth-
resolved optical data associated with one or more LCI scans from the active optical view-
port, and arrange the data according to a spati'al position of the catheter into one or more
Optical Coherence Tomography (OCT) imagés or 3D reconstructions. In an embodiment,
‘the processing device adapts a scanning rate of the LCI system and the function of the
optical multiplexer to match the variable lateral sweeping speed of the catheter. The OCT
images may be purely structural or may include infonnation about refractivity of the
tissue (e.g., birefringence). These images may be useful in ensuring lesion quality,
continuity, and transniurality at the end of or during a procedure.

[00118] FIG. 12 illustrates another example method 1200 for collecting‘. OCT images of a
sample around a catheter. Method 1200 may be performed by various components of

catheter 100 in conjunction with processing device 108.
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[00119] At biock 1202, LCI optical data of a sample around the catheter is collected. The
sample may include blood, saline, and tissue of the atrial wall as the catheter is navigated
through the cardiac chamber. The LCI optical data may include data regarding a portion
of the sample to be ablated and/or portions of the sample not to be ablated. The collection
of the LCI optical data may involve transmitting one or more beams of exposure radiation
via corresponding openings arranged at a distal end of the catheter and receiving one or
more beams of scattered or reflected radiation frem the sample.

[00120] At block 1204, the catheter is swept over a portion of the sample. According to an
embodiment, the sweeping occurs while the LCI data is being eollectedﬁ. Alternatively, the
catheter itself may be substantially stationary while scanning elements located at the viev\v‘
ports of the catheter cause exposure light exiting from the view ports to be swept in a
given direction.

[00121] At block 1206, depth-resolved optical data is generated based on the beams of
radiation received from the sample. For example, a detector may generate an electrical
signal based on the ;'eceived beams of radiation. The generated electrical signal may then
be received by a processing device for further analysis and signal processing to perform
certain actions and/or generate models based on the depth-resolved optical data.

[00122] At block 1208, an OCT image of the portion of the sample swept over by the
catheter is gene_rated based on the depth-resolved optical data. A processing device may
be configured to generate a 3-D model of the sample portion by combining the depth-
resolved optical data taken during the sweep The OCT image may be presented to a user,
for example, as an image on a display device, to provide the user with a better visual
representation of the sample around the catheter. The processing device may also be
configured to determine relevant parametex's about the sample from the OCT data, such
as, for example, a refractivity coefficient associated with birefringence.

[00123] | Example Computcr System Embodiment

[00124] Various image processing methods and other embodlments described thus far can
be implemented, for example, using one or more well-known computer systems, such as,
computer system 1300 shO\,vn in FIG. 13. In an embodiment, _cyomp‘uter system 1300 may
be an example of processing device 108 illustrelted in FIG. 1. |

[00125] Computer system 1300 includes one or more processors (also called central

processing units, or CPUs), such as a processor 1304. Processor 1304 is connected to a
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communication infrastructure or bus 1306. In one embodiment, processor 1304 represents
a field programmable gate array (FPGA). In another example, pi‘ocessor 1304 is a digital
signal processor (DSP). | | |

[00126] One or more processors 1304 may each be a graphics processing unit (GPU). In
an embodiment, a GPU is a processor that is a specialized electronic circuit designed to
rapidly processn mathematically intensive applications on electronic devices. The GPU
may have a highly parallel structure that is efficient for parallel processing of large blocks
of data, such as mathematically "intensive data common to computer graphics
‘applications, images and videos.

[00127] Computer system 1300 also includes user itlput/oufput device(s) 1303, such as
monitors, keyboards, pointing devices, etc., which communicate with ‘communication
infrastructure 1306 through user input/output interface(s) 1302.

[00128] Computer system 1300 also includes a main or prilllary memory 1308, such as
random access memory (RAM). Main memory 1308 may include one or more levels of 3
cache. Main memory 1308 has stored therein control logic (i.e., computer software)
and/or data.

[00129] Compﬁter system 1300 may also include one or more secondary storage devices
or memory 1310, Secondary memory 1316 may include, for example, a hard disk drive
1312 and/or a rempvable storage device or drive 1314. Removable storage drive 1314
may be a floppy disk drive, a magnetic tape drive, a compact disc drive, an optical storage
device, tape backup device, and/or any other storage device/drive.

[00130] Removable storage drive 1314 may interact with a removable storage unit 1318.
\Removable storage unit 1318 includes a computer usable or readable storage device
having stored thereon computer software (control logic) and/or data. Removable storage
unit 1318 may be a floppy disk, magnetic tape, compéct disc, Digital Versatile Disc
(DVD), optical storage disk, and/ any other computer data storage device. Removable
storage drive 1314 reads from and/or writes to removable storage‘unit 1318 in a well-
known manner.

[00131] Secondary memory 1310 may include other means, instrumentalities, or
approaches for allowing computer programs aﬁd/or other jnstl"ucti»ons and/or data to be
accessed by computer system 1300. Such means, instrumentalities or other approaches

may include, for example, a removable storage unit 1322 and an interface 1320.
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Examples of the removable storage unit 1322 and the interface 1320 may include a
program cartridge and cartridge interface (such as that found in video game devices), a
removable memory chip (such as an EPROM or PROM) and associated socket, a memory
stick and universal serial bus (USB) port, a memory card and associated memory card .
slot, and/or any other removable storage unit and associated interface. |

[00132] Computer system 1300 may further include a communication or network interface
1324. Communication interface 1324 enables computer system 1300 to communicate and
interact with any combination of remote devices, remote networks, remote entities, -etc.
(individually and. collectively‘ referenced by reference number 1328). For example,
communication interface 1324 may allow computer system 1300 to communicate with
remote devices 1328 over communications path 1326, which may be wired and/or
wireless, and which may include any Combinétion of local area networks (LANSs), wide
area networks (WANGs), the Internet, etc. Control logic and/or data may be transmitted to
and from computer system 1300 via communication path 1326.

[00133) In an embodiment, a tangible apparatus or article of manufacture comprising a
tangible computer useable. or readable medium having control logic (software) stored
thereon is also referred to herein as a computer program product or program storage
device. This includes, but is not limited to, computer system 1300, main memory 1{-‘308,
‘secondary memory 1310, and removable storage units 1318 and 1322, as well as tangible
articles of manufacture embodying any combination of the foregoing. Such control logic,
when executed by one or more data processing devices (such as computer system 1300),
causes such data processing devices to operate as described herein.

[00134] Based on the teachings contained in this disclosure, it will be apparent to persons
skilled in the relevant art(s) how to make and use the invention using data processing
devices, computer systems and/or computer architectures other than that shown in FIG.
13. In particular, embodiments may operate with software, hardware, and/or operating
system implementations other than those described herein.

[00135) It is to be apﬁreciated that the Detailed Description section, and not the Summary
and Abstract sections, is intended to be used to interpret the claims. The Summary and
Abstract sections may set forth one or more but not all exemplary: embodiments of the
present invention as contemplated by the inventor(s), and thus, are not intended to limit

the present invention and the appended claims in any way.
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[00136] Embodiments of the pre-se’nt invention have been described above with the aid of
functional building blocks illustrating the implementatioﬁ of specified functions and
relationships thereof. The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the description. Alternate boundaries can
be defined so long as the speci‘ﬁed functions and relationships thereof are appropriately
performed.

[00137] The foregoing description of the specific embodiments will so fully reveal the
‘general nature of the invention that others can, by applying knowledge within the skill of
the art, l'ead\ily modify and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the preseht
invention. Therefore, such adaptations and modifications are intended to be within the
meaning and range of equivalenfs of the disclosed embodiments, based on the teaching
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and‘ not ofvlimitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light
of the teachings and guidance. _ ' |

[00138] The breadth and scope of the present invention should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A catheter comprising:

a proximal section;
a distal section. the distal section comprising:

one or more electrodes configured to apply RF energy to a portion of a
sample in contact with the one or more electrodes, such that the portion of the
sample is ablated, ' |

a plurality of interconnected optical ports configured to transmit one or
more beams of exposure radiation away from the distal section of the catheter and
receive one or more beams of scattered radiation that have been reflected or
scattered from the sample, wherein the plurality of interconnected optical ports are
formed on a substrate having rigid sections and flexible sections; and

a holder configured to maintain the interconnected optical ports in a fixed
spatial relationship; and '
a multiplexer configured to direct the one or more beams of exposure radiation

from the source beam of radiation and combine the one or more beams of scattered

radiation.,

2. The catheter of claim 1, wherein the plurality of interconnected optical ports are formed

on rigid sections of the substrate.

3. The catheter of claim 2, wherein the rigid sections are interconnected by the flexible

sections.

4. The catheter of claim 1, wherein the multiplexer is located within the distal section of the

catheter.

5. The catheter of claim 1, wherein the multiplexer is located within the proxima] section of

the catheter.

6. The catheter of claim 1, wherein the distal section further comprises a plurality of

openings arranged around an outer surface of the distal section.
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11.

12.

14.

15.

16.

17.

18.

19.

20.

-35-

The catheter of claim 6, wherein the plurality of optical ports are configured to transmit
each of the one or more beams of exposure radiation through a corresponding opening in

the plurality of openings.
The catheter of claim 7, wherein each corresponding opening includes an optical element.

The catheter of claim 1, wherein a plurality of the rigid sections have an optical element
configured to focus each of the one or more beams of exposure radiation from ‘each

respective optical port.
The catheter of claim 9, wherein the optical element is a lens.
The catheter of claim 9, wherein the optical element has a reflective coating.

The catheter of claim 11, wherein the reflective coating is on a parabolic surface.

. The catheter of claim 1, wherein the holder is monolithic.

The catheter of claim 1, wherein the holder is an open franﬁe.

‘The catheter of claim 1, wherein the holder includes a plurality of recesses to support

each rigid section of the substrate.

The catheter of claim 15, wherein the plurality of recesses includes a reflective coating
configured to focus each of the one or more beams of exposure radiation from each

respective optical port. .
The catheter of claim 16, wherein the reflective coating is on a parabolic surface.

The catheter of claim 1, wherein the distal section further comprises a cap secured to the

holder and configured to cover the holder and the plurality of interconinected optical ports.

The catheter of claim 18, wherein the cap includes a plurality of optical elements

positioned on the cap such that each optical element is optically aligned with at least one

of the plurality of optical ports.

The catheter of claim 19, wherein the plurality of optical elements are refractive.
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