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cavity, Is recelved from an optical detector coupled to the distal tip. A quality of contact between the distal tip and the tissue Is
assessed responsively to the signal.
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ABSTRACT

A method for contact sensing includes transmitting
optical radiation from an optical emitter coupled to a distal
tip of medical probe that is positioned within a body cavity.
A signal, which is indicative of a reflection of the optical
radiation from tissue in the body cavity, 1s received from an
optical detector coupled to the distal tip. A quality of
contact between the distal tip and the tissue is assessed

responsively to the signal.
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FIELD OF THE INVENTION
The present 1invention relates generally to 1nvasive
probeg, and specifically to verifying contact quality between

a medical probe and body tissue.

BACKGROUND
A wide range of medical procedures 1nvolve placing
objects, such as SEensors, tubes, catheters, dispensing
devices, and 1mplants, within the body. Various types of

sensors have been proposed for sensing the contact between a

catheter and tissue 1n the body. Example methods and systems
are described in U.S. Patent  Application Publication

2007/0123750 Al.

SUMMARY OF THE INVENTION

An embodiment of the present 1nvention that is described
herein provides a method for contact sensing, 1ncluding:

transmitting optical radiation from an optical emitter
coupled to a distal tip of medical probe that 1s positioned
within a body cavity;

receiving from an optical detector coupled to the distal
tip a signal, which 1s 1ndicative of a reflection of the
optical radiation from tissue 1n the body cavity; and

assessing a quality of contact between the distal tip and

the tissue responsively to the signal.

In some embodiments, assessing the quality of contact

includes estimating a distance between the distal tip and the

tissue based on the received signal. In another embodiment,
assessing the quality of contact includes detecting a physical

contact between the distal tip and the tissue based on the

recelved signal. Detecting the physical contact may include

detecting that the received signal 1s at a maximal level. In a

CA 2742072 2017-08-22
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disclosed embodiment, transmitting the optical radiation
includes flashing the optical radiation on and off, so as to
calibrate a zero level of the received signal.

In another embodiment, transmitting the optical radiation
includes transmitting a first optical radiation from the
optical emitter at a first wavelength, the method further
includes transmitting a second optical radiation from another
optical emitter at a second wavelength that 1is different from
the first wavelength, receiving the signal 1includes receiving
first and second signals corresponding to respective
reflections of the first and second optical radiations, and
assessing the quality of contact includes distingulishing
between the reflection from the tissue and the reflection from
blood within the cavity by processing the first and second
signals.

In some embodiments, the method includes calibrating a
contact sensor coupled to the distal tip using the agsessed
quality of contact. In an embodiment, transmitting the optical
radiation 1includes transmitting the radiation from multiple
optical emitters, receiving the signal includes receiving
multiple signals indicative of the reflection from multiple
optical detectors, and assessing the quality of contact
includes determining the quality of contact based on the

multiple signals. In another embodiment, transmltting the

radiation includes activating at 1least two of the optical
emitters using a single input line. Additionally or
alternatively, receiving the multiple signals includes
receiving the signals from at least two of the optical

emitters over a single output line.
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There is also provided, 1in accordance with an embodiment
of the present invention, apparatus for contact sensing,
including:

a medical probe for insertion into a body cavity, the
probe having a distal tip including:

an optical emitter, which is configured to transmit
optical radiation; and

an optical detector, which i1s configured to sense a
reflection of the optical radiation from tissue 1n the
body cavity and to produce a signal indicative of the
sensed reflection; and

a processor, which 1s configured to receive the signal
from the optical detector and to assess a quality of contact
between the distal tip and the tissue responsively to the
signal.

There 18 further provided, 1n accordance with an
embodiment of the present invention, a computer software
product, operated in conjunction with a medical probe having a
distal tip for insertion into a body cavity, the distal tip
including an optical emitter that transmits optical radiation
and an optical detector that senses a reflection of the
optical radiation from tissue in the body cavity and produces
a signal indicative o©of the sensed reflection, the product
including a non-transitory computer-readable medium, in which
program instructions are stored, which instructions, when read
by a computer, cause the computer to receive the signal from
the optical detector and to assegs a quality of contact
between the distal tip and the tissue responsively to the
signal.

The present invention will be more fully understood from

the following detailed description of the embodiments thereof,

taken together with the drawings in which:
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic, pictorial illustration of a
medical system implementing optical contact sensing, 1n
accordance with an embodiment of the present invention;

Figure 2 1is a schematic, pictorial illustration showing a
catheter that uses optical contact sensing, in accordance with
an embodiment of the present invention;

Figure 3 is a flow diagram that schematically 1llustrates
a method of optical contact sensing for a catheter, 1in
accordance with an embodiment of the present invention;

Figure 4 is a circuit diagram of a multiplexing circuit,
in accordance with an embodiment of the present invention; and

Figure 5 is a timing diagram illustrating control signals
used 1in a multiplexing circuit, in accordance with an

embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Various diagnostic and therapeutic procedures, such as
intracardiac electrical mapping and cardiac ablation, wuse an
invasive probe whose distal tip 1is fitted with at least one
electrode. The electrode is typically operated when the probe
is pressed against intra-body tissue. In these procedures, 1it

igs usually important to ascertain the proximity of the probe

to a body cavity surface, and to determine when the distal tip
of the probe is in contact with the body cavity surface
Medical probes are sometimes implemented in a loop (also
referred to as “lasso”) configuration, where the distal tip of
the probe comprises an adjustable loop fitted with multiple
electrodes. The configuration of the loop catheter enables
simultaneous mapping or ablation of circumferential areas,
such as a pulmonary veiln. To perform the procedure
effectively, however, the electrodes should be 1n simultaneous

physical contact with the inner surface of the vein.
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Embodiments of the present invention provide methods and
systeme for accurate and efficient assessment of the quality
of catheter-tissue contact. Assessing contact gquality may
involve sensing actual physical contact and/or proximity
between the catheter and the tissue. In some embodiments, one
Or more optical contact sensors are coupled to the distal tip
of a catheter. Each optical sensor comprises a combination of
at least one optical emitter, such as a Light Emitting Diode
(LED), and at least one respective optical detector (such as a
photodiode or a phototransistor) 1in close proximity to the
emitter.

At small distances from the tissue, the optical detector
senses optical radiation, which 1s emitted by the optical
emitter and reflected from the tissue. The optical detector
produces a signal that is indicative of the sensed reflection.
As the optical contact sensor comes into physical contact with
the tissue, the signal will increase to a maximal level. The
signal produced by the optical detector 1s processed, so as to
assess the quality of contact between the tissue and the
distal end of the catheter. In an example embodiment, multiple
optical contact sensors are fitted along the loop of the
catheter. The signals produced by these sensors provide a
high-quality assessment of the contact gquality between the

loop and the tissue.

The sensor configuration described herein provides a

compact and efficient method to accurately and reliably assess
both physical contact and proximity. Moreover, the contact
quality measurements produced using these methods typically do

not require calibration of individual catheters.

SYSTEM DESCRIPTION

Figure 1 1s a schematic, pictorial illustration of a
medical system 20 that implements optical proximity sensing,

in accordance with a disclosed embodiment of the present

5
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invention. System 20 comprises a probe 22, in the present
example a catheter, and a control console 24. In the
embodiment described hereinbelow, it is assumed that probe 22
is used for diagnostic or therapeutic treatment, such as
circumferentially mapping electrical potentials in a pulmonary
vein of a heart 26, or performing ablation of wvein tissue.
Alternatively, probe 22 may be used, mutatis mutandis, for
other therapeutic and/or diagnostic purposes in the heart or
in other body organs.

An operator 28, such as a cardiologist, inserts probe 22
through the vasgscular system of a patient 30 so that a distal
end 32 of probe 22 enters a chamber of the patient's heart 26
(e.g., the 1left atrium). Operator 28 advances probe 22 so
that a distal tip 34 (shown here in a “loop” configuration)
engages body tissue at desired locations (e.g., veln tissue in
the left superior pulmonary vein). Distal tip 34 comprises
multiple electrodes and optical contact sensors. The
configuration of distal tip 34 1is shown in greater detail in
Figure 2 below. Probe 22 is typically connected by a suitable
connector at itgs proximal end to console 24.

Using signals from the optical contact sensors fitted i1n
probe 22, console 24 determines the quality of contact between
distal tip 34 and the vein tissue. As noted above, the term

“gquality of contact” refers to actual physical contact between

the distal tip and the tissue, as well as proximity of the
distal tip to the tigssue. In the example of Fig. 1, console
24 1s also connected by a cable 36 to body surface electrodes,
which typically comprise adhesive skin patches 38. Console 24
determines position coordinates of probe 22 inside heart 26
bagsed on the impedance measured between the probe and patches
38. Although system 20 measures position uses impedance-based
sensors, other position tracking techniques may be used (e.g.,
magnetic-based sensors). Magnetic position tracking techniques

are described, for example, 1n U.S. Patents 5,391,199,
o
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5,443,489, 6,788,967, 6,630,563, 5,558,091, 6,172,499

65,177,792. Impedance-based position tracking technigques are
described, for example, in U.S. Patents 5,983,126, 6,456,864
and 5,844 ,022.

Console 24 comprises a processor 40, which 1s programmed
in software to carry out the functions that are described
hereinbelow. Processor 40 typilcally comprises a general-
purpose computer, with suitable front end and 1interface
circulits for receiving signals from probe 22 and controlling
the other components of console 24. The software may be
downloaded to processor 40 1in electronic form, over a network,
for example, or 1t may be provided on computer-readable non-
transitory tangible media, such as optical, magnetic oOr
electronic memory medla. Alternatively, some or all of the
functions of processor 40 may be carried out by dedicated or
programmable digital hardware components, Or  using a

combination of hardware and software elements.

An  input/output (L/0) communications interface 42
enables console 24 to interact with probe 22 and patches 38.
Based on the signals received from probe 22 and from patches
38, processor 40 produces and displays a map 46 showilng the
position of distal tip 34 in the patient's body, the dilistance
and/or contact indication Dbetwcen the loop and the body
tissue, as well as status information and guidance regardlng
the procedure that 1s 1n progress. Map 46 1s displayved to
operator 28 using a display 44. The position of probe 22 may
be superimposed on map 46 or on another image of heart 26.

Alternatively or additicnally, system 20 may comprise an
autorated mechanism (not shown) for maneuvering and operating
probe 22 within the body of patient 30. Such mechanismg are
typically capable of contrclling both the longitudinal motion

(advance/retract) of probe 22 and transverse motion

CA 2742072 2017-08-22
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(deflection/steering) of distal end 32. In such embodiments,
processor 40 generates a control input for controlling the
motion of probe 22 based on the signals provided by the probe
and the patches, as explained further hereinbelow.

Figure 2 1s a schematic, pictorial illustration showing
functional elements o©of distal ¢tip 34 of probe 22, in
accordance with an embodiment of the present invention.
Distal tip 34 comprises one oOr more electrodes 50 and one or
more optical contact sensors 52. Optical contact sensors 52
convey signals to console 24 enabling processor 40 to
accurately measure both catheter-tissue contact and catheter-
tigsue proximity. Electrodes 50 may comprise either ablation
electrodes (which perform ablation once the loop is in good
contact with the tissue) or electrical mapping electrodes
(which sense the electrical potential in the tissue once the
loop 1s 1in good contact with the tissue). In the present
example, electrodes 50 are also used for measuring the
position coordinates of distal tip 34. In this embodiment,
console 24 determines the position coordinates of distal tip
34 based on the measured 1mpedance between electrodes 50 and
patches 38.

Each optical contact sensor 52 comprises optical emitters
54A and 54B, such as LEDs, and an optical detector 56, such as

a photodiode or a phototransistor. In the present example,

each of the optical contact sensors comprises two LEDs and one
photodiode. In alternative embodiments, each optical contact
sensor 52 may comprise at least one optical emitter and at
least one optical detector. When a given optical contact
sensor 52 1s at a small distance to tissue 57, detector 56 1in
that sgsensor senses reflection of the LED radiation from the
tissue and outputs a signal accordingly. The signal 1is
typically indicative of the distance between the sensor and

the tissue. When the optical contact sensor comes 1into
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physical contact with the tissue, the signal from detector 56
increases to a maximal level.

LEDs 54A and 54B may emit optical radiation at different
wavelengths, e.g., in the red and/or infra-red range. In the
embodiment of Fig. 2, for example, LED 54A may have a certain
wavelength, LED 54B may have a different wavelength, and
photodiode 56 may sense reflections caused by both LEDs. By
processing the reflections at the different wavelengths,
processor 40 can distingulish between reflections from the veiln
tissue and reflections from blood cells in heart 26. As a
result, the processor can assess the contact quality with the
tissue with 1little or no distortion from blood or other
reflection sources. Additionally or alternatively, console 24
may flash LEDs 54A and 54A on and off in order for processor
40 to find the exact zero level of the received signal.

Although Figure 2 shows a probe with two optical contact
sensors 52 1n distal tip 34, embodiments of the present
invention may utilize probes with any number of optical
contact sensors in the distal tip, as explained above. The
number of detectors need not necessarily be equal to the
number of emitters. Moreover, although Figure 2 shows a loop
catheter fitted with two optical contact sensors, embodiments
of the present invention may utilize any desired number of

optical contact sensors fitted to a medical probe having any

suitable configuration. Furthermore, the methods described
hereinbelow may similarly be applied in medical procedure and
measurement applications using not only loop catheters, but
also catheters and probes of other types, both in the heart

and in other body organs and regions.

CONTACT QUALITY SENSING USING OPTICAL CONTACT SENSORS

As discussed supra, embodiments of the present lnvention
provide accurate and efficient measurement of catheter-tissue

physical contact, as well as catheter-tissue proximity. Based

S
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on visual feedback provided by map 46, operator 28 can then
position probe 22 so that electrodes 50 are simultaneously in
contact with the appropriate body surface for the medical
procedure. In some embodiments, LEDs 54A and 54B emit optical
radiation, and photodiode 56 conveys a signal to processor 40
indicative of optical radiation reflecting off the vein
tissue. Bagsed on the received signals, processor 40
determines the distance, or verifies contact between distal
tip 34 and the tissue. In some embodiments, optical sensor 52
may be used 1in conjunction with another type of contact
sensors (e.g., pressure/force sensors) 1in order to calibrate
the zero level or other readings of the latter sensors.

Figure 3 18 a flow diagram that schematically illustrates
a method of optical contact sensing for a catheter, 1in
accordance with an embodiment of the present 1invention. As
operator 28 positions probe 22 in heart 26 (step 60), LEDs 54A
and 54B emit optical radiation from thelir respective points
along distal tip 34 (step 62). As discussed supra, LEDs 54A
and 54B may emit optical radiation at the same or different
wavelengths, and the LEDs may either be illuminated constantly
or flashed on and off during use.

Photodiode 56 senses the reflected LED radiation, and
produces a signal that 1is indicative of the intensity of the
sensed reflected optical radiation. Processor 40 1in console 24
accepts the signal from photodiode 56 (step 64). If photodiode
56 senses a maximal 1level of reflected radiation from the
LEDs, then the corresponding section of distal tip 34 1s most
likely in direct physical contact with the vein tissue (due to
the intensity of the signal). If, on the other hand,
photodiode 56 senses a less than maximal level of reflected
radiation from the LEDs, then the relevant section of distal
tip 34 is most likely not in contact with the tissue, and the
signal will have some non-zero value that is indicative of the
proximity or distance between the section of the distal tip

10
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and the tissue. Due to the relationship between detected
reflection and proximity, there may be a distance between
photodiode 56 and the tissue where the photodiode does not
detect any reflection off the tissue and generates a
corresponding 2zero signal. The zero signal can 1ndicate a
default minimum distance, beyond which no reflection can be
detected.

Processor 40 checks, based on the received signal,
whether a maximal 1level of reflected optical radiation 1is
detected (step 66). If a maximal reflection 1is not detected,
processor 40 calculates the proximity of the loop catheter and
the vein tissue (step 68). Since distal tip 34 will typically
comprise multiple optical contact sensors 52, processor 40
will receive signals from each of these sensors, and will thus
be able to determine the distance between each section of the
loop catheter and the vein tissue (as well as determining
which sections of the loop catheter are in good contact with
the tissue). Processor 40 then updates map 46 on display 44
with the proximity information, prompts operator 28 to
reposition probe 22 (step 70), and the method continues with
step 60. Returning to step 66, 1f a maximal reflection 1is
detected, then the 1loop catheter is properly positioned to

perform the medical procedure (step 72).

SIGNAL MULTIPLEXING

In some embodiments, e.g., 1in the above-described loop
catheter configuration, the catheter distal tip is fitted with
multiple optical contact sensors. Fitting the catheter with
multiple sensors in addition to electrodes 50 may strain the
physical dimensions of the probe because of the number of
control and power supply lines passing through the catheter.
In some embodiments of the present invention, the signals to

and from the optical contact sensors are multiplexed onto a

11
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relatively small number of lines, thereby reducing the number
of control and signal lines passing through the catheter.

Figure 4 1s a circuit diagram of a multiplexing circuit
80, 1in accordance with an embodiment of the present invention.
Circuit 80 comprises eight LEDs 82A..82H. The optical radiation
emitted by LEDs 82A..82H 1s sensed by phototransistors 84A..84H,
respectively. Circuit 80 is controlled using a total of six
lines - Two 1input lines, two output lines, a supply voltage
line and a ground line. The eight LEDs are set alternately on
and off by two input lines 85 and 86. The signals produced by
the eight phototransistors are recelived over two output lines
87 and 88. In additicn, a supply voltage (VCC) line and a
ground Jline pass through the catheter. Circuit 80 also
comprises resistors 90.

Input line 85 controls LEDs 82C, 82D, 82G and B82H.
Applying a positive voltage to input 1line 85 activates LEDs
82D and 82H, and causes the output of phototransistors 84D and
84H to appear on output 1lines 87 and 88, respectively.
Applying a negative voltage to input line 85 activates LEDs
82C and 82G, and causes the output of phototransistors 84C and
84G to appear on output 1lines 87 and 88, respectively.
Applying OV to input line 85 deactivates all four LEDs 82C,
82D, 82G and 82H.

Input line 86 c¢ontrols LEDs 82A, B82B, 82E and B82F.
Applying a positive wvoltage to input line 86 activates LEDs
82B and 82F, and causes the output of phototransistors 84B and
84F to appear on output 1lines 87 and 88, respectively.
Applying a negative voltage to 1input 1line 86 activates LEDs
B2A and 82E, and causes the output of phototransistors 84A and
84E to appear on output lines 87 and 88, respectively.
Applying OV to input line 86 deactivates all four LEDs 824,
82B, 82E and 82F.

Figure 5 1is a timing diagram 100 1illustrating signal

phases used to control multiplexing circuit 80, 1n accordance
12
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with an embodiment of the present invention. Input lines 85
and 86 are controlled using a periodic¢ pattern having four
phases. In each phase, each 1input line is driven with -5V, 0V
or +5V. The combination of control wvoltages in each phase
determines a pair of LEDs that will be activated during that
phase (and a corresponding palr of phototransistors whose
signals will be output on output lines 87 and 88).

Graphs 102 and 104 represent the voltages (+5V, 0V, -5V)
applied to input lines 85 and B6, respectively. The following
table shows the voltages applied to the input 1lines and the

LEDs activated during each phase:

Phase I II III IV

Applied Voltage
+5V -5V ov oV
ov +5V

Input Line 85
36

LED 82A Active
82B Active
82C Active
82D | Active
82E Active
82F Active
82G Active
82H { Active

The multiplexing scheme of Figs. 4 and 5 operates eight
emitter-detector pairs using only s8six lines. Typically, the
LEDs and phototransistors are arranged so that LEDs that are
active simultaneously are distant from one another. As a
result, a given phototransistor 1is likely to sense only
reflections caused by its corresponding LED. Operating two
LEDs in each phase also helps to reduce DC offsets, since the
current flowing in the input and output lines 1s substantially
the same in all four phases. In alternative embodiments, any

other suitable number of optical emitters and detectors can be

13
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nmultiplexed in any other suitable way, 1in order to reduce the
number of lines passing through the catheter.

The corresponding structures, materials, acts, and
equivalents of all means or steps plus function elements in
the claims Dbelow are 1intended to 1include any structure,
material, or act for performing the function in combination
with other claimed elements as specifically c¢laimed. The
description of the present disclosure has been presented for
purposes of illustration and description, but 1s not intended
to be exhaustive or limiting to the disclosure in the form
digsclosed. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from
the scope and spirit of the disclosure. The embodiment was
chosen and described in order to best explain the principles
of the disclosure and the practical application, and to enable
others of ordinary skill 1n the art to understand the
disclosure for various embodiments with various modifications
as are sulted to the particular use contemplated.

It is intended that the appended c¢laims cover all such
features and advantages of the disclosure that fall within the
spirit and scope of the present disclosure. AS numerous
modifications and changes will readily occur to those skilled
in the art, it is intended that the disclosure not be limited
to the limited number of embodiments described herein.
Accordingly, it will be appreciated that all suitable
variations, modifications and equivalents may be resorted to,

falling within the spirit and scope of the present disclosure.

14



CLAIMS

1. Apvaratus configured for contact sensing, comprising:

a processor; and

a medical probe for insertion into a body cavity, the
probe having a distal tip; wherein:

the distal tip of the medical probe comprises:

an optical emitter, for transmitting optical radiation;
and

an optical detector, for sensing a reflection of the
optical radiation from tissue 1in the body cavity and to
produce a signal 1ndicative of the sensed reflection; and

the processor 1s configured to receive the signal from
the optical detector and to assess a quality of contact
between the distal tip and the tissue responsively to the
signal wherein gquality of contact includes physical contact
between the distal tip and tissue, and proximity of the distal
tip to tissue, and wherein the processor 1s configured to
assess the proximity by estimating a distance between the

distal tip and the tissue based on the received signal.

2 . The apparatus according to claim 1, wherein the processor
1s cenfigured to assess the guality of contact by detecting a
physical contact between the distal tip and the tissue based

on the received signal.

3. The apparatus according to clalm 2, wherein the processor
1s configured to detect the physical contact by detecting that

he received signal i1s at a maximal level.

4 The apparatus according to claim 1, wherein the optical
emitter 1s configured to flash the optical radiaticn on and

off, and wherein the processor is configured to calibrate a

15
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zero level of the signal received in response to the flashed

radiliation.

5. The apparatus according to claim 1, and comprising an
additicnal optical emitter, wherein the optical emitter 1is
configured to transmit a first optical radiation at a first
wavelength, wherein the another optical emitter 1s configured
Lo transmilit a second optical radiation at a second wavelength
that 1s different from the first wavelength, and wherein the
processor 1is configured to recelve filrst and second signals
corresponding to regpective reflections of the first and
second optilical radiations, and distingulsh between the
reflection from the tissue and the reflection from blood

wlithin the cavity by processing the first and second signals.

6 . The apparatus according to c¢laim 1, and comprising a
further contact sensor of a different type coupled to the
distal tip, whereiln the processor 1s configured to calibrate
the further contact sensor using the assessed quality of

contacrt.

7. The apparatus according to c¢laim 1, and comprising
maltiple optical emitters that are configured to transmit the
optical radiation, and multiple optical detectors that are
configured to sense the reflection, wherein the processor 1is
configured to recelive respective multiple signals 1ndicative
of the reflection from the multiple optical detectors, and to

assess the gquality of contact based on the multiple signals.

8 . The apparatus according to claim 7, and comprising
multiplexing cilrcultry, which 1s configured to activate at

least two of the optical emitters using a single input line.

9. The apparatus according to claim 7, and comprising

multiplexing circuitry, which 1s configured to multiplex the

16
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signals from at least two of the optical emitters over a

single output line.

10. A computer software product, operated in conjunction with

a medical probe having a distal tip for 1nsertion 1nto a body

cavity, the distal tip comprising an optical emitter that
transmits optical radilation and an optical detector that
senses a reflection of the optical radiation from tissue 1n
the body cavity and produces a signal indicative of the sensed
reflection, the product comprising a non-transitory computer-
readable medium, 1n which program 1instructions are stored,
which instructions, when read by a computer, cause the
computer to receive the signal from the optical detector and
to assess a gquality of contact between the distal tip and the
tissue responsively to the signal, wherein cuality of contact
includes physical contact between the distal tip and tissue,
and proximity of the distal <ip to tissue, and wherein the
computer 1s caused to assess the proximity by estimating a

distance between the distal tip and the tissue based on the

recelved signal.
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