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TISSUE CONTACT SENSING WITH A MULTI
ELECTRODE ABLATION CATHETER

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] n/a

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] n/a

FIELD OF THE INVENTION

[0003] The present invention relates to a method and
system for assessing electrode-tissue contact before the
delivery of ablation energy.

BACKGROUND OF THE INVENTION

[0004] Many types of cardiac arrhythmia, conditions in
which the heart’s normal rhythm is disrupted, are often
treated by ablation (for example, radio frequency (RF)
ablation, cryoablation, ultrasound ablation, laser ablation,
microwave ablation, and the like), either epicardially or
endocardially. Cardiac ablation may be performed with a
variety of devices, such as devices having expandable distal
ends. For example, ablation of the tissue surrounding a
pulmonary vein ostium may be performed with a device
having a distal end that is expandable into a substantially
circular configuration, such as the pulmonary vein ablation
catheter (PVAC®, Medtronic, Inc., Minneapolis, Minn.).
[0005] However, the success of any cardiac ablation pro-
cedure depends largely on the quality of the lesion(s) created
during the procedure. Lesion quality depends, in turn, on the
quality of contact between the ablation electrodes and the
target tissue. Anatomical variations within the pulmonary
veins, or other areas of target tissue, may cause a loss of
contact between one or more electrodes and the target tissue.
[0006] Currently known methods for assessing contact
between an electrode and tissue include visual contact
assessment using fluoroscopic imaging. However, this
method requires costly imaging equipment and can be time
consuming. Other methods of electrode-tissue contact
assessment involve monitoring the temperature of and
power delivered to each electrode, but such methods are
typically used after the delivery of ablation energy has
already begun and often do not prevent unintended tissue
damage. Additionally, these methods can be ineffective and
subject to wide variation between patients.

[0007] As noted above, ablation may be applied via cath-
eters designed to deliver amount of energy that optimize
therapy yet minimize damage to surrounding tissue. A
catheter used to deliver electrical energy to tissue has an
inherent capacity of relaying electrical information to a
remote impedance measurement device. If an impedance
measurement is made pre- and post-ablation, an accurate
assessment can be made as to the quality of the lesion.
Therefore, the catheter’s utility may be extended beyond its
single role of delivering ablation into that of a lesion gauge,
negating the need to introduce other gauges, cameras, or
imaging systems to perform the same functions.

[0008] Difficulties arise when attempting to make imped-
ance measurements via catheters, especially those with a
high electrode count (for example, 16-electrode catheters).
For impedance measurements resolved by a catheter, it is
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necessary to discern a bipolar impedance existing between
electrodes from a unipolar impedance existing from a single
electrode to a neutral or patient return electrode. Currently
known systems and methods do not perform impedance
disambiguation, with no discernment between unipolar and
bipolar impedance and separation of these from parasitic
impedances for multi-electrode catheters. Thus, a physician
cannot attribute an impedance rending to the catheter, let
alone to a specific location corresponding to catheter elec-
trodes. As a result, the physician cannot infer lesion quality.
Therefore, in order to imply lesion quality, the catheter and
the impedance measurement system must “untangle” the
multitude of impedance elements so as to provide a clear
indicator of a particular catheter electrode’s physiological
effect.

[0009] An important function must then be to sift and
accurately resolve a multitude of unipolar and bipolar
impedance elements resulting from the many circuitous
pathways resulting from a multi-electrode catheter placed
inside the heart. Beyond the desired unipolar and bipolar
results that can be related to their respective electrodes, there
are additional undesired parasitic pathways that act to cor-
rupt the desired impedance renderings. These pathways
must also be measured, and dissected, or de-embedded from
the desired unipolar and bipolar readings automatically.
Undesired parasitic pathways include catheter wire series
impedance, electric field (capacitive) coupling between
catheter wires, and the placement of signal splitters and
filters in-line with the catheter that divert catheter sensed
electrogram (EGM) signals for use by an electrocardiogram
(ECG) monitor.

[0010] Because of the potentially long duration required to
collect electrical information necessary to disambiguate,
calculate, and report unipolar and bipolar impedance over a
large set of catheter electrodes, the system must have the
ability to perform impedance measurements rapidly. To
enable rapid impedance measurements, the system must
apply that energy across all catheter electrodes simultane-
ously so that measurement results are correlated in time
across frequency and electrode so that results are unaffected
by slight movements of the catheter against tissue within the
heart. Additionally, the physician must have a function that
automatically scales the impedance measurement system’s
detector gain while maintaining the catheter electrodes’
delivered current at safe, yet maximum, levels while the
physician traverses widely ranging tissue and fluid imped-
ances. Widely disparate tissue impedance could occur due to
the difference of blood and heart tissue, ablated vs. non-
ablated tissue, as well as from ice that forms an electrically
insulting barrier on the tip of a cryoablation catheter, assum-
ing that an impedance measurement function is used to
support cryoablation lesion quality assessment.

[0011] Patient safety is a paramount concern, and delivery
of measurement energy must be low enough in amplitude so
as to meet applicable standards and possess a waveform that
is biphasic so that inadvertent stimulation of cardio or nerve
tissue does not occur. A further important consideration for
an impedance measurement system is to provide an auto-
matic, traceable calibration conforming to applicable stan-
dards so that the instrument’s impedance renderings are
trustworthy.

[0012] Finally, since the physician may use the impedance
measurement function to determine lesion quality (gauged
by ablation impedance renderings) immediately prior to and
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after the moment of therapy, the impedance measurement
system must remain connected in-line with the catheter and
the ablation generator simultaneously. Therefore, some
mechanism must sequence and protect the impedance mea-
surement function during the delivery of the high energy
therapy.

[0013] It is therefore desired to provide a method and
system for accurate and reliable electrode-tissue contact
assessment before the delivery of ablation energy begins.

SUMMARY OF THE INVENTION

[0014] The present invention advantageously provides a
method and system for assessing electrode-tissue contact
before the delivery of ablation energy. In one embodiment,
the method may include: determining a difference value
between a maximum impedance magnitude at a low fre-
quency for one of a plurality of electrodes and an absolute
minimum impedance magnitude at the low frequency across
all of the plurality of electrodes; determining a difference
value between a maximum impedance magnitude at a high
frequency for the one of the plurality of electrodes and an
absolute minimum impedance magnitude at the high fre-
quency across all of the plurality of electrodes; determining
a difference value between a maximum impedance phase at
the high frequency for the one of the plurality of electrodes
and an absolute minimum impedance phase at the high
frequency kHz across all of the plurality of electrodes;
correlating the difference values to each other for each of the
plurality of electrodes; and assigning to each of the plurality
of electrodes a discrete prediction variable based on the
correlations. The low frequency may between approxi-
mately 5 kHz and approximately 15 kHz, such as 12.5 kHz,
and the high frequency may be between approximately 80
kHz and approximately 140 kHz, such as 100 kHz. Corre-
lating the differences to each other for each of the plurality
of electrodes may include applying a linear model to the
difference values. Further, each of the plurality of electrodes
may be assigned a discrete prediction variable that is either
0 or 1. For example, a discrete prediction variable of 0 may
be assigned to an electrode when the electrode is not in
contact with tissue and a discrete prediction variable of 1
may be assigned to an electrode when the electrode is in
contact with the tissue. Further, each of the plurality of
electrodes may be assigned a discrete prediction value of 2
when the electrode is in excessive contact with tissue.
Ablation energy may be delivered to any of the plurality of
electrodes to which a discrete prediction variable of 1 is
assigned.

[0015] In another embodiment, the method may include:
recording a impedance magnitude value at a first frequency
by each of a plurality of electrodes and determining a
maximum impedance magnitude value of the plurality of
impedance magnitude values at the first frequency; record-
ing a impedance magnitude value at a second frequency by
each of the plurality of electrodes and determining a maxi-
mum impedance magnitude value of the plurality of imped-
ance magnitude values at the second frequency; recording a
impedance phase value at the second frequency by each of
the plurality of electrodes and determining a maximum
impedance phase value of the plurality of impedance phase
values; recording a minimum impedance magnitude value at
the first frequency across all of the plurality of electrodes;
recording a minimum impedance magnitude value at the
second frequency across all of the plurality of electrodes;

Oct. 6, 2016

recording a minimum impedance phase value at the second
frequency across all of the plurality of electrodes; for each
of the plurality of electrodes, calculating a first difference
value between the maximum impedance magnitude value
and the minimum impedance magnitude value recorded at
the first frequency; for each of the plurality of electrodes,
calculating a second difference value between the maximum
impedance magnitude value and the minimum impedance
magnitude value recorded at the second frequency; for each
of the plurality of electrodes, calculating a third difference
value between the maximum impedance phase value and the
minimum impedance phase value recorded at the second
frequency; for each of the plurality of electrodes, applying
a linear model to all of the first, second, and third difference
values to determine a continuous prediction value for each
of the plurality of electrodes; and assigning a discrete
prediction value to each of the plurality of electrodes based
on a corresponding continuous prediction value. A continu-
ous prediction value for each of the plurality of electrodes
may be determined using the equation: continuous predic-
tion value==a*1+b*AZ,  +c*AZ, , +d*AD, ;. The method
may further include displaying at least one of the continuous
prediction value and the discrete prediction value. For
example, at least one of the continuous prediction value and
the discrete prediction value may be displayed in at least one
of text, color, and graphical formats. As a non-limiting
example, a graphical representation of the plurality of elec-
trodes may be displayed, each of the plurality of electrodes
being displayed as a color that corresponds to at least one of
the continuous prediction value and the discrete prediction
value, the colors changing in real time with the at least one
continuous prediction value and discrete prediction value.
The second frequency may be higher than the first fre-
quency. For example, the first frequency may be between
approximately 5 kHz and approximately 15 kHz, such as
12.5 kHz, and the second frequency may be between
approximately 80 kHz and approximately 140 kHz, such as
100 kHz. The continuous prediction value may be a number
between 0 and 1. Further, a discrete prediction value of 0
may be assigned to a continuous prediction value that is less
than a cutoff value and a discrete prediction value of 1 may
be assigned to a continuous prediction value that is greater
than or equal to the cutoff value. For example, the cutoff
value may be 0.4 or 0.5. Further, continuous prediction value
may be a number equal to or greater than 0. A discrete
prediction value of 0 may be assigned to a continuous
prediction value that is less than a first cutoff value, a
discrete prediction value of 1 may be assigned to a continu-
ous prediction value that is greater than or equal to the first
cutoff value and less than a second cutoff value, and a
discrete prediction value of 2 may be assigned to a continu-
ous prediction value that is greater than or equal to the
second cutoff value. For example, the first cutoff value may
be 0.4 and the second cutoff value may be 1.5.

[0016] In another embodiment, the method may include:
positioning a treatment assembly including a plurality of
electrodes within a patient’s heart such that at least one of
the plurality of electrodes is in contact with cardiac tissue;
recording a first maximum impedance magnitude value from
each of a plurality of electrodes at 12.5 kHz; recording a
second maximum impedance magnitude value from each of
the plurality of electrodes at 100 kHz: recording a maximum
impedance phase value from each of the plurality of elec-
trodes at 100 kHz; recording a first minimum impedance
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magnitude value across all electrodes of the plurality of
electrodes at 12.5 kHz; recording a second minimum imped-
ance magnitude value across all electrodes of the plurality of
electrodes at 100 kHz; recording a minimum impedance
phase value across all electrodes of the plurality of elec-
trodes at 100 kHz; determining a difference value between
the first maximum impedance magnitude value for each of
the plurality of electrodes and the first minimum impedance
magnitude value; determining a difference value between
the second maximum impedance magnitude value for each
of the plurality of electrodes and the second minimum
impedance magnitude value; determining a difference value
between the maximum impedance phase value for each of
the plurality of electrodes and the minimum impedance
phase value; applying a linear model to the difference values
to determine a continuous prediction value between 0 and 1
for each of the plurality of electrodes; assigning a discrete
prediction value of O to each of the plurality of electrodes for
which the continuous prediction value is less than a cutoff
value and assigning a discrete prediction value of 1 to each
of the plurality of electrodes for which the continuous
prediction value is equal to or greater than the cutoff value;
and at least one of delivering ablation energy to any of the
plurality of electrodes to which a discrete prediction value of
1 is assigned and repositioning the treatment assembly until
a discrete prediction value of 1 is assigned to all, or as many
as possible for the targeted location, of the plurality of
electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] A more complete understanding of the present
invention, and the attendant advantages and features thereof,
will be more readily understood by reference to the follow-
ing detailed description when considered in conjunction
with the accompanying drawings wherein:

[0018] FIG. 1 shows an exemplary system for assessing
electrode-tissue contact;

[0019] FIGS. 2A and 2B show exemplary distal portions
of multi-electrode ablation catheters;

[0020] FIG. 3 shows a cross-sectional view of a treatment
assembly of a multi-electrode ablation catheter in partial
contact with target tissue;

[0021] FIGS. 4A-4D show a flowchart for a method of
assessing electrode-tissue contact;

[0022] FIGS. S5A and 5B show exemplary power and
temperature measurements;

[0023] FIG. 6 shows a grid for qualifying electrode-tissue
contact determinations;

[0024]

[0025] FIG. 8 shows a schematic view of a multi-electrode
device impedance model,

[0026] FIG. 9 shows a schematic view of a two-electrode
device impedance model,

[0027] FIG. 10 shows a schematic view of a circuit
implementation of a multi-frequency generator, Gaussian
filtering, and summing M frequencies into one multi-spec-
tral, constant current waveform without unipolar energy;
[0028] FIGS. 11A and 11B show a schematic view of a
circuit implementation of a multi-frequency generator,
Gaussian filtering, summing M frequencies, constant current
waveform amplifiers, and a catheter electrode multiplexing
system;

FIG. 7 shows a summary chart of factor analysis
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[0029] FIG. 12A shows a schematic view of a first exem-
plary calibration with Condition A, wherein parasitic series
and shunt impedance elements are determined,;

[0030] FIG. 12B shows a schematic view of a first exem-
plary calibration with Condition B, wherein parasitic series
and shunt impedance elements are determined,;

[0031] FIG. 13 shows a schematic view of a second
exemplary calibration, wherein offsets are determined using
traceable sources;

[0032] FIG. 14 shows a flow chart for gain adjustment;
[0033] FIG. 15 shows a graphical view of a two-frequency
patient-delivered current waveform in frequency domain;
[0034] FIG. 16 shows a graphical view of a two-frequency
patient-delivered current waveform in time domain; and
[0035] FIG. 17 shows a schematic view of an impedance
meter isolation system.

DETAILED DESCRIPTION OF THE
INVENTION

[0036] Referring now to FIGS. 1-3, an exemplary system
for assessing electrode-tissue contact is shown. The system
10 may generally include a treatment device, such as an
ablation catheter 12, for thermally treating an area of tissue
and a console 14 that houses various system controls. The
system 10 may be adapted for the use of one or more energy
modalities, such as radiofrequency (RF) ablation, cryoabla-
tion, electroporation, pulsed field ablation, and/or micro-
wave ablation.

[0037] The ablation catheter 12 may include an elongate
body 16 having a distal portion 18 and a proximal portion
20. The distal portion 18 may include a treatment assembly
22 with one or more ablation electrodes 24. For example, the
treatment assembly 22 may include one or more carrier arms
30 each bearing one or more ablation electrodes 24.
Although not shown, one or more of the carrier arms 30 may
also bear one or more mapping electrodes, pacing elec-
trodes, reference electrodes, radiopaque markers, sensors
(such as temperature and/or pressure sensors), and/or other
components.

[0038] Non-limiting examples of treatment assemblies are
shown in FIGS. 1-3. As shown in FIG. 1, the treatment
assembly 22 may include a shaft 32 slidably and rotatably
movable within the elongate body and having a distal tip 34.
The treatment assembly may also include a flexible carrier
arm 30 having a distal portion 36 and a proximal portion 38,
the distal portion 36 being coupled to the shaft distal tip 34
such that longitudinal movement and/or rotation of the shaft
32 within the elongate body 16 may adjust the configuration
of the treatment assembly 22. For example, advancement of
the shaft 32 distally may cause the treatment assembly 22 to
have a linear or at least substantially linear configuration
(not shown) that may be used for delivery of the device to
the target site, whereas retraction of the shaft 32 may cause
the carrier arm 30 to expand radially from the shaft 32 and
assume an at least substantially circular configuration. Fur-
ther, the diameter of the at least substantially circular con-
figuration of the carrier arm 30 may be adjusted by rotation
of the shaft 32 within the elongate body 16. The carrier arm
30 may bear a plurality of ablation electrodes 24 along its
length. The device shown in FIG. 1 may be similar to the
PVAC ablation catheter.

[0039] Alternatively, as shown in FIGS. 2A and 2B, the
treatment assembly 22 may include more than one carrier
arm 30. For example, the treatment assembly 22 may
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include three carrier arms 30 (as shown in FIG. 2A) or four
carrier arms (as shown in FIG. 2B). The carrier arms 30 may
be radially arranged about the longitudinal axis 44 of the
ablation catheter, so as to create a symmetrical ablation
pattern. Further, the treatment assembly 22 may include a
shaft 32 with a distal tip 34, to which at least a portion of
each carrier arm 30 is attached (as shown in FIG. 2A), with
advancement and retraction of the shaft 32 transitioning the
treatment assembly 22 between a linear or at least substan-
tially linear configuration (not shown) for delivery of the
device to the target site and an expanded treatment configu-
ration (as shown in FIG. 2A). Alternatively, the carrier arms
30 may be coupled to each other without a shaft 32 (as
shown in FIG. 2B).

[0040] The carrier arms 30 shown in FIG. 2A may each
have a sagittate shape with the one or more ablation elec-
trodes 24 being coupled to the proximal portion 46 of each
carrier arm 30, so as to create a proximally oriented ablation
plane or face. Conversely, the ablation electrodes 24 may be
coupled to the distal portion 48 of each carrier arm 30, as
shown in FIG. 2B, so as to create a distally oriented ablation
plane or face. The device shown in FIGS. 2A and 2B may
be similar to the multi-array septal catheter (MASC®,
Medtronic, Inc., Minneapolis, Minn.) and the multi-array
ablation catheter (MAAC®, Medtronic, Inc., Minneapolis,
Minn.), respectively. However, it will be understood that
other configurations other than those shown and described
herein may be used, and that the treatment assembly may
have any configuration, size, number of electrodes, number
of carrier arms, and/or other features that render the treat-
ment assembly suitable for ablating tissue. For example, a
balloon catheter with electrodes on an outer surface of the
balloon or a focal catheter may also be used.

[0041] The console 14 may generally include an energy
source, such as a RF energy generator 52, one or more
computers 54, and one or more other external components or
internal components such as an impedance meter 55. The RF
energy generator 52 may be in electrical communication
with the one or more ablation electrodes 24. The one or more
computers 54 may each include one or more displays 56,
processors 58, and/or user input devices, and the one or more
processors 58 also may be in electrical communication with
the one or more ablation electrodes 24. One or more of the
displays 56 and/or other user input devices may be wired to
the console 14 or may be in wireless communication with
the console 14. Optionally, the console 14 may also include
one or more fluid reservoirs, valves, conduits, connectors,
power sources, sensors, force gauges, navigation systems,
displays, speakers, and the like for adjusting and monitoring
system parameters and/or for generating one or more dis-
plays or alerts to notify the user of various system criteria or
determinations.

[0042] When the multi-electrode treatment assembly 22 is
placed proximate or at least partially in contact with an area
of tissue, one or more of the electrodes 24 may be in contact
with the tissue whereas one or more of the electrodes 24 may
not. In the non-limiting example shown in FIG. 3, electrodes
23A and 24B are in contact with tissue whereas electrodes
24C and 24D are not. Being able to determine before
initiating energy delivery which electrode(s) 24 are not in
contact with the tissue may facilitate safer, more effective,
and faster ablation procedures, as the user may be able to
manipulate the catheter in real time to optimize contact
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between tissue and as many of the electrodes as possible. A
method for assessing electrode-tissue contact is shown in the
flowchart of FIGS. 4A-4D.

[0043] Referring now to FIGS. 4A-4D, the three main
parameters of interest for this method are: (1) the difference
between the maximum impedance magnitude at a low
frequency (for example, 12.5 kHz) for a given electrode and
the absolute minimum impedance magnitude at the same
low frequency across all electrodes for that ablation; (2) the
difference between the maximum impedance magnitude at a
high frequency (for example, 100 kHz) for a given electrode
and the absolute minimum impedance magnitude at the
same high frequency across all electrodes for that ablation;
and (3) the difference between the maximum impedance
phase at a high frequency (for example, 100 kHz) for a given
electrode and the absolute minimum impedance phase at the
same high frequency across all electrodes for that ablation.
This method uses relative values instead of absolute values
for contact assessment. Additionally, this method involves
normalizing the impedance magnitude and phase data by the
corresponding minimum value recorded during the proce-
dure instead of normalizing the impedance magnitude and
phase data by the corresponding maximum value. Since the
catheter must be in blood at some point during the procedure
and impedance values in blood are lower than impedance
values when recorded by electrodes in contact with tissue,
the minimum impedance values correspond to when the
catheter is in blood. The minimum impedance value may be
affected by various blood characteristics, such as electrolyte,
saline, and blood thinner levels. As determined experimen-
tally, the average minimum (or “in blood”) impedance value
is approximately 100.45 with a standard deviation of
approximately 11.38, with a maximum value being approxi-
mately 126.6 and a minimum value being approximately
85.5. The maximum impedance values may obtained by
sampling the impedance several times per second and “keep-
ing” the maximum impedance value recorded over a one to
two second window.

[0044] Inthe first step 64, the treatment assembly 22 of the
ablation catheter 12 may be positioned within the blood at a
location near but not in contact with the target site. For
example, if the target site is a pulmonary vein ostium, the
treatment assembly 22 may be positioned within the blood
in the left atrium of the patient’s heart. For each electrode
24, three impedance measurements may be acquired. Fur-
ther, these measurements may be acquired at a first low
frequency and a second high frequency. As shown in FIG.
4A, a first impedance magnitude may be recorded at a low
frequency (that is, a low-frequency current may be passed
between two electrodes) and a second impedance magnitude
may be recorded at a high frequency (that is, a high-
frequency current may be passed between two electrodes)
while the electrodes 24 are in blood and not in contact with
tissue. As referred to throughout, the low frequency may be
in the range of approximately 5 kHz to approximately 15
kHz (for example, 12.5 kHz) and the high frequency may be
in the range of approximately 80 kHz to approximately 140
kHz (for example, 100 kHz). Finally, an impedance phase
may be recorded at the same high frequency while the
electrodes 24 are in blood and not in contact with tissue.
These three measurements are recorded for each electrode
24, and although shown as being a sequential process in FIG.
4A, measurements may be taken from all electrodes simul-
taneously or sequentially. Additionally, the measurements at
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different frequencies may be taken sequentially or simulta-
neously. Values may be measured and calculations may be
updated every & second to 1 second. As a non-limiting
example, impedance magnitude and phase may be measured
simultaneously from pairs of electrodes, but the measure-
ments from electrode pairs may be taken sequentially.
Impedance values recorded at 12.5 kHz may measure extra-
cellular fluid resistance, whereas impedance values recorded
at 100 kHz may measure resistance of intracellular fluid and
membranes.

[0045] In the second step 66 shown in FIG. 4A, a first
minimum impedance magnitude may be recorded at a low
frequency, such as 12.5 kHz, across all electrodes 24 and a
second minimum impedance magnitude may be recorded at
a high frequency, such as 100 kHz, across all electrodes 24
while the electrodes 24 are still in blood and not in contact
with tissue. Finally, an impedance phase may be recorded at
the same high frequency (100 kHz) across all electrodes 24
while the electrodes 24 are still in blood and not in contact
with tissue. For example, the system may continuously
record impedance magnitude values when the low frequency
energy is delivered and may continuous record impedance
magnitude and phase values when the high frequency energy
is delivered. The one or more processors 58 may store a
minimum magnitude value at the low frequency, a minimum
magnitude value at the high frequency, and a minimum
phase value at the high frequency. If a new minimum value
is recorded for any of the values of interest, the new
minimum value replaces the previous minimum value as the
stored minimum value. Further, the minimum value may be
a single discrete value or it may be the average or median of
a plurality of minimum values in order to remove outlier
values.

[0046] Inthe third step 68 shown in FIG. 4B, the treatment
assembly 22 may be positioned so that it is at least partially
in contact with an area of tissue (for example, the target
tissue). Once the treatment assembly 22 is at least partially
in contact with the target tissue, three more measurements
may be taken for each electrode 24. Alternatively, measure-
ments may be continually measured while positioning the
treatment assembly 22 (and updated every Y% second to 1
second) to assist in the placement of the treatment assembly
22 in contact with tissue. A first impedance magnitude may
be recorded at a low frequency, such as 12.5 kHz, and a
second impedance magnitude may be recorded at a high
frequency, such as 100 kHz, while the treatment assembly 22
is at least partially in contact with tissue. Finally, an imped-
ance phase may be recorded at the same high frequency (100
kHz) while the electrodes 24 are in blood and not in contact
with tissue. These three measurements are recorded for each
electrode 24, and although shown as being a sequential
process in FIG. 4B, measurements may be taken from all
electrodes simultaneously or sequentially.

[0047] In the fourth step 70 shown in FIG. 4C, a first
minimum impedance magnitude may be recorded at a low
frequency, such as 12.5 kHz, across all electrodes 24 and a
second minimum impedance magnitude may be recorded at
a high frequency, such as 100 kHz, across all electrodes 24
while the treatment assembly 22 is at least partially in
contact with tissue. Finally, an impedance phase may be
recorded at the same high frequency (100 kHz) across all
electrodes 24 while the treatment assembly 22 is at least
partially in contact with tissue.
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[0048] In the fifth step 72 shown in FIG. 4C, each of the
measurements recorded in the fourth step 70 may be com-
pared to the measurements taken in the first 64, second 66,
and third 68 steps. For example, it may be determined
whether the minimum impedance magnitude recorded at the
low frequency (12.5 kHz) across all electrodes in the fourth
step 70 is less than the “in blood” impedance magnitudes of
each electrode 24 (of the first step 64) and all previously
recorded minimum impedance magnitudes (in the second
step 66). This determination may be referred to as “Box A.”
Further, it may be determined whether the minimum imped-
ance magnitude recorded at the high frequency (100 kHz)
across all electrodes in the fourth step 70 is less than the “in
blood” impedance magnitudes of each electrode 24 (of the
first step 64) and all previously recorded minimum imped-
ance magnitudes (in the second step 66). This determination
may be referred to as “Box B.” If the answer to the Box A
determination is “yes,” the Box A value is the minimum
impedance magnitude recorded at 12.5 kHz, or 7, 5. If
the answer to the Box A determination is “no,” the Box A
value is the smallest previously recorded Box A value or “in
blood” value, whichever is smaller. Likewise, if the answer
to the Box B determination is “yes,” the Box B value is the
minimum impedance magnitude recorded at 100 kHz, or
2 pin,100- 11 the answer to the Box B determination is “no,”
the Box B value is the smallest previously recorded Box B
value or “in blood” value, whichever is smaller.

[0049] Additionally, it may be determined whether the
minimum impedance phase recorded at the same high fre-
quency (100 kHz) across all electrodes in the fourth step 70
is less than the “in blood” impedance phase of each electrode
24 (of the first step 64) and all previously recorded minimum
impedance magnitudes (in the second step 66). This deter-
mination may be referred to as “Box C.” If the answer to the
Box C determination is “yes,” the Box C value is the
minimum impedance phase recorded at 100 kHz, or @,,,,,
100. If the answer to the Box C determination is “no,” the
Box C value is the smallest previously recorded Box C value
or “in blood” value, whichever is smaller.

[0050] In the sixth step 74 shown in FIG. 4D, the imped-
ance magnitude recorded in the third step 68 at the low
frequency (12.5 kHz) for each electrode 24 may be referred
to as “Box D,” the impedance magnitude recorded in the
third step 68 at the high frequency (100 kHz) for each
electrode 24 may be referred to as “Box E,” and the
impedance phase recorded in the third step 68 at the same
high frequency (100 kHz) for each electrode 24 may be
referred to as “Box F.” The change in impedance magnitude
may be calculated for each of Boxes D and E and the change
in impedance phase may be calculated for Box F. For
example, the difference in impedance magnitude at the low
frequency (12.5 kHz) may be the Box D value and the
minimum impedance recorded at the low frequency (12.5
kHz) in Box A (as shown in Equation (1) below), the
difference in impedance magnitude at the high frequency
(100 kHz) may be the Box E value and the minimum
impedance recorded at the high frequency (100 kHz) in Box
B (as shown in Equation (2) below), and the difference in
impedance phase at the high frequency (100 kHz) may be
the Box F value and the minimum impedance phase recoded
at the high frequency (100 kHz) in Box C, as shown in
Equation (3) below:
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AZ,55=BOX D Value-Z,,;, 155 (1)
AZ)=BOX E Value-Z,,;, 160 )
AD0o=BOX F Value-9,,,;,. 100 (3)
[0051] In the seventh step 76 shown in FIG. 4D, a linear

model may be applied for each electrode 24 according to
Equation (4) below:

[Result]=a*1+b*AZ, o+ *AZ 5 5+d*AD 4 4)

with “a,” “b,” “c,” and “d” being coeflicients (for example,
the coeflicients “a,” “b,” “c,” and “d” may be based on
clinical data). The result is a continuous number (which may
be referred to herein as a “continuous prediction value”™) that
may then be compared to a cutoff value to determine
whether the electrode-tissue contact status is “no contact”
(and therefore assigned a value of 0) or “good contact” (and
therefore assigned a value of 1). To fit the linear model to the
data, the status of “contact” may be given a value of 1 and
a status of “no contact” may be given a value of 0. Then, the
coeflicients may be calculated that best fit the development
data. For example, analysis of the development data may
determine the values of coeflicients “a”, “b”, “c”, and “d”
that best fit the model to predict contact (1) or no contact (0).
The AZ values may be calculated by subtracting the current
7 value from the minimum measured Z value. The 7 value
may be either the magnitude of the impedance or the real
component of the impedance. The phase value may be either
in the form of the phase in degrees or the imaginary
component of the impedance. Additionally,

[0052] A status of “contact,” regardless of the type of
contact, may be grouped together. For example, an electrode
may have a status of “contact” when the electrode in optimal
contact with tissue and when the electrode is in excessive
contact with the tissue (such as when the electrode is buried
in the tissue). In addition to a value of “contact” or “no
contact,” However, the model may be further developed to
give a continuous result value between 0 and 2, in which
case the contact status identification could be expanded to
include “no contact,” “contact,” or “excessive contact.” The
coeflicients may be calculated in the same way as discussed
above for the “contact”/“no contact” evaluation. As a non-
limiting example, the electrode-tissue contact status may be
determined to be “no contact” when the continuous predic-
tion value is less than or equal to a first cutoff value (for
example, 0.4 or 0.5), “contact” when the continuous predic-
tion value is greater than the first cutoff value but less than
or equal to a second cutoff value (for example, 1.5), and
“excessive contact” when the continuous prediction value is
greater than the second cutoff value. Further, a status of “no
contact” may be assigned a discrete prediction value of 0, a
status of “contact” may be assigned a discrete prediction
value of 1, and a status of “excessive contact” may be
assigned a discrete prediction value of 2.

[0053] Still further, it will be understood that the model
may be further developed to include more than three contact
status categories. As a non-limiting example, the model may
be developed to provide for determinations of “no contact”
(for example, a continuous prediction value less than or
equal to a first cutoff value), “previously ablated tissue” (for
example, a continuous prediction value greater than the first
cutoff value but less than or equal to a second cutoff value),
“contact” (for example, a continuous prediction value
greater than the second cutoff value but less than or equal to
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a third cutoff value), and “excessive contact (for example, a
continuous prediction value greater than the third cutoff
value but greater than or equal to a fourth cutoff value). In
this case, a status of “no contact” may be assigned a discrete
prediction value of 0, a status of “previously ablated tissue”
may be assigned a discrete prediction value of 1, a status of
“contact” may be assigned a discrete prediction value of 2,
and a status of “excessive contact” may be assigned a
discrete prediction value of 3.

[0054] The confidence interval of the linear model results
may then be calculated and then displayed to the user. For
example, the system may have collected enough data for the
algorithm to return results with a 95% confidence interval.
However, higher or lower confidence intervals may also be
displayed, based on the amount of measurements collected.
In addition to or instead of displaying the discrete 0 or 1 (or
2, 3, etc.) result to the user, the linear prediction continuous
result (that continuous prediction value) may be displayed to
the user in real time. Displaying the continuous result value
may be useful, for example, to assess a state of intermittent
contact for one or more electrodes, and to evaluate contact
continuously during electrode placement and the treatment
procedure. Values may be displayed to the user as text, in bar
or other graphical formats, in a continuously changing linear
display, by color, or other means. As a non-limiting example,
a graphical representation of the treatment assembly 22 with
one or more electrodes 24 may be displayed to the user. As
the treatment assembly 22 is positioned or repositioned at or
proximate a target tissue site, a numerical value, graphical
depiction, color value, or other characteristic associated with
each electrode 24 may change in real time so the user can
easily visualize the changes in contact status of each elec-
trode. For example, the color of each area o of the graphical
representation corresponding to an electrode 24 may change
color in real time, with red representing a status of “no
contact” or “excessive contact” and green representing a
status of “contact.” Further, as a continuous prediction value
approaches a cutoff value, the color associated with that
electrode may change to a color on the spectrum between the
color associated with the color of the next cutoff value.
Alternatively, discrete or continuous prediction values may
be presented to the user in a graphical representation of a
gauge, with a needle moving between values. Although the
system may display to the user a status of “contact” or “no
contact” (or other status) in text based on the algorithm
results discussed above, the system may additionally or
alternatively display a numerical result to the user and the
user can then determine, for example, when contact is
sufficient or excessive without relying on the system’s
determination. Still further, the system 10 may automatically
deactivate or turn off, or display a suggestion to the user that
one or more electrodes be deactivated or turned off, if the
contact status for those one or more electrodes is, for
example, “no contact,” “intermittent contact,” or “excessive
contact.” Similarly, the system 10 may automatically (or
prompt a user input to) extend the ablation time for one or
more electrodes if the system 10 determines that those one
or more electrodes have intermittent contact with the target
tissue. It will be understood that the data discussed herein,
including continuous prediction values and discrete predic-
tion values, may be presented to the user in any of a variety
of ways.

[0055] If the required time has elapsed between imped-
ance measurements and the procedure is considered to be
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over, the procedure ends (for example, by ceasing delivery
of ablation energy to the electrodes 24). If the required time
has elapsed between the impedance measurements has
elapsed but the procedure is not considered to be over, the
method may be repeated from the third step 68 shown in
FIG. 4B. The method of assessing electrode-tissue contact
disclosed herein may be used throughout a procedure,
between periods of delivery of ablation energy. During
periods of ablation energy delivery, parameters such as
temperature and power may be used to assess electrode-
tissue contact. Further, ablation energy may be delivered to
any of the electrodes 24 that are determined to be in contact
with an area of target tissue and/or the treatment assembly
22 may be repositioned until more or all of the electrodes 24
are in contact with the area of target tissue.

[0056] Although the method includes recording imped-
ance measurements before and after electrode contact with
tissue, impedance measurements are continuously recorded
in real time as the catheter is being positioned. For example,
when the electrodes are located in the blood and not in
contact with tissue, this contact status will be communicated
in real time to the user. Additionally or alternatively, recoded
impedance values may be communicated in real time to the
user without previous contact status interpretation. As the
electrodes come into contact with tissue, the impedance
measurements for some or all of the electrodes may change,
which will also be communicated to the user in real time as
contact is established. As a non-limiting example, imped-
ance measurements may be recorded from each electrode
multiple times per second (for example, approximately eight
times per second) and then averaged for display to the user.
Additionally, impedance measurements (phase and magni-
tude) may be recorded for both the high and low frequencies
simultaneously.

Exemplary Test Data

[0057] An initial pool of 180 data points was collected.
Each data point was from one electrode of a nine-electrode
treatment assembly over 20 ablation procedures. In order to
normalize the measurements, a minimum impedance mag-
nitude and minimum impedance phase were measured from
an electrode that was confirmed to not be touching tissue
(that is, the electrode was located within the left atrium,
away from the atrial walls). Each electrode was then
assigned a value of 0 (“no contact”) or 1 (“good contact”).
As an electrode temperature will not increase during abla-
tion when the electrode is not in contact with tissue because
of the cooling effect of surrounding blood flow, temperature
measurements obtained during ablation were used as an
adjudication method. MATLAB was used to fit a least-
squares regression curve using the assigned contact state of
each electrode as a discrete response variable and the
normalized impedance measurements were used as continu-
ous prediction values. Several polynomial models were used
as regression curve-fitting methods to determine effects on
algorithm performance. Further, the least-squares fit result (a
continuous value between 0 and 1) was rounded to the
nearest integer (0 or 1) to determine the algorithm’s contact
result (that is, “no contact” or “good contact”). If the
algorithm result was greater than or equal to the cutoff value,
the result was rounded to 1. Conversely, if the algorithm
result was less than the cutoff value, the result was rounded
to 0. Additional contact status qualifiers may be used, such
as “excessive contact” and “previously ablated tissue,” as
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discussed above. In such cases, additional cutoff values may
be used. Decreasing the cutoff value raised the algorithm’s
sensitivity and may lower the specificity due to a probable
increase in the number of false positives and decreased in the
number of false negatives. Increasing the cutoff value had
the opposite effect. For example, it was determined that a
cutoff value of 0.4 was better at identifying when electrodes
were in good contact with tissue, whereas an algorithm with
a cutoff value of 0.5 was better at identifying when elec-
trodes were not in contact with tissue. In practice, however,
the cutoff value may be set according to user preferences
with respect to high/low sensitivity and specificity.

[0058] The 180 data points were then separated into two
groups: a development group including 120 selected data
points of the 180 initial data points used to develop the
algorithm, and a test group including the remaining 60 data
points of the 180 initial data points, to which test group the
algorithm was applied. The 120 selected data points
included approximately two-thirds of the data points defined
as “no contact” (that is, a having a value of 0) and approxi-
mately two-thirds of the data points defined as “good
contact/low power” (that is, having a value of 1). The
remaining approximately one-third of the data points defined
as “no contact” and approximately one-third of the data
points defined as “good contact/low power” were included
in the test group. The development group data were used to
develop and fine-tune the prediction method, whereas the
performance of the prediction method was tested on the test
group data.

[0059] For the development group, the three main param-
eters of interest (discussed regarding FIGS. 4A-4D) were
used to determine the optimum linear combination using the
MATLAB® (The Mathworks, Inc., Natick, Mass.) function
“fitlm” (least squares fit of the response to the data). Mul-
tiple linear combination methods were used. The response
variable of the linear combination was the group number (0
for “no contact” and 1 for “good contact”). Since the input
variables were continuous but the response variables were
discrete, the result from the linear combination was rounded
to the nearest integer. The rounded result from the linear
combination was then compared with the expected result
(the group number determined from inspection of the plots
and mean temperature and power data).

[0060] To assess algorithm performance, the sensitivity,
specificity and positive predict values (PPV) for each curve-
fitting method were calculated using the following equa-
tions:

Sensitivity=Number of True Positives+(Number of
True Positives+Number of False Negatives) (5)

Specificity=Number of True Negatives+(Number of
True Negatives+Number of False Positives) (6)

Positive Predictive Value=Number of True Posi-
tives+(Number of True Positives+Number of
False Positives) 7

Negative Predictive Value=Number of True Nega-
tives+(Number of True Negatives+Number of
False Negatives) (8)

As shown in FIG. 6, the term “True Positive” used above
refers to a case in which the algorithm assigns “good
contact” when the electrode really is in contact with tissue.
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The term “True Negative” used above refers to a case in
which the algorithm assigns “no contact” when the electrode
really is not touching tissue. The term “False Positive” used
above refers to a case in which the algorithm assigns “good
contact” when the electrode really is not touching tissue.
Finally, the term “False Negative” used above refers to a
case in which the algorithm assigns “no contact” when the
electrode really is in contact with tissue.

[0061] For the test group, the same three main parameters
of interest (discussed regarding FIGS. 4A-4D) were used to
determine the optimum linear combination. Linear combi-
nations created from the development group data were
applied to the test group data. The response variable of the
linear combination was the group number (0 for “no con-
tact,” 1 for “good contact™). Again, since the input variables
were continuous but the response variable was discrete, the
result from the linear combination was rounded to the
nearest integer. The rounded result from the linear combi-
nation was then compared with the expected result (the
group number determined from inspection of the plots and
mean temperature and power data). The sensitivity, speci-
ficity, positive prediction value, and negative prediction
value were calculated for each linear combination method.

[0062] The linear models used in both the development
group and the test group were the linear model (linear terms
for each predictor), interactions model (products of pairs of
predictors with no squared terms), pure quadratic model
(linear terms and squared terms), quadratic (product terms
and squared terms), and poly ;jk model (polynomial with all
terms up to degree I in the first predictor, degree j in the
second predictor, etc.). All of these models are basic linear
models available for use in MATLAB, and experimental
data showed that the linear model type does not significantly
impact the statistical results. The simplest curve-fitting
method, a linear method, achieved performance comparable
with more complex methods. The linear method algorithm
achieved a sensitivity of 93%, a specificity of 85%, and a
PPV of 92% for the development group and a sensitivity of
97%, a specificity of 90%, and a PPV of 92% for the test

group.

[0063] Using pre-ablation predictors to create the algo-
rithm may be more sensitive than using post-ablation pre-
dictors. Further, using only pre-ablation predictors may be
better than using a combination of pre-ablation predictors
and post-ablation predictors. However, this method and
algorithm still performs well on previously ablated tissue.
The algorithm may be used to distinguish between unablated
tissue, previously ablated tissue, and no contact. For
example, a lower continuous prediction value may indicate
no contact, a higher continuous prediction value may indi-
cate previously ablated tissue, and a high continuous pre-
diction value may indicate unablated tissue.

[0064] Two data adjudication methods were used to deter-
mine if each electrode in the data set was in good contact
with tissue or not in contact with tissue: (1) temperature-
power method used to adjudicate non-superior vena cava
(non-SVC) ablations, and (2) histology to adjudicate SVC
ablations. In the first method, temperature and power mea-
surements were used to determine electrode-tissue contact
based on the conditions described in Table 1.
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TABLE 1

Assessment of electrode contact.

Category Mean Temperature (° C.)  Mean Power (W)
Good Contact =47 =3
Low Power =47 <3
No Contact <47 N/A

Electrodes in the “low power” category were defined to be
in good tissue contact. However, if the third electrode-tissue
contact qualifier “excessive contact” is used, the “low
power” results may be considered to be indicated of exces-
sive contact between an electrode and tissue. A non-limiting
example of temperature and power measurements is shown
in FIGS. 5A and 5B. FIG. 5A shows examples of “no
contact,” “good contact,” and “low power,” whereas FIG.
5B shows examples of “no contact,” “good contact,” and
“Intermittent contact.” Intermittent contact may be indicated
by impedance values that fluctuate between low impedance
values and high impedance values (as shown for electrodes
1,4, 7, and 9 in FIG. 5B).

[0065] In the second method, histology was examined
following an ablation procedure. Histology data was avail-
able from chronic porcine studies. All ablations performed
in the chronic studies were superior vena cava (SVC)
ablations. All SVC ablations were assigned either “good
contact” or “no contact” based on the histology results for
each electrode. It was determined that there was no signifi-
cant difference in algorithm performance when an algorithm
developed using a data set containing data adjudicated using
both methods was applied to a test group versus a test group
containing only histology-adjudicated data. Therefore, the
robustness of the temperature-power adjudication method is
comparable to the robustness of the histology adjudication
method.

[0066] It was determined that algorithm performance was
dependent upon the composition of the data set used to
develop it. Using impedance data from SVC ablations where
there was good contact and impedance data from when the
catheter was in blood from non-SVC ablations yielded
superior algorithm performance compared to when SVC and
non-SVC ablations were used. This may be because there
was a clear separation between the “good contact” and “no
contact” groups and the grey area was almost completely
eliminated. However, it was also determined that the com-
position of the test group data set did not significantly impact
algorithm results. The results obtained when the test group
was comprised of only SVC ablations was comparable to
when the test group was comprised of both SVC and
non-SVC ablations. These findings are summarized in the
chart shown in FIG. 7.

[0067] Although not expressly discussed herein, it will be
understood that the algorithm may also be adapted to
accurately recognize when an electrode is in contact with
previously ablated tissue and indicate contact in a more
continuous scale (for example, to indicate when there is a
likelihood of good contact or excessive contact). Further, it
will be understood that at least one processor 58 may include
the algorithm (that is, may perform calculations using the
algorithm) based on measurements received from the one or
more electrodes 24 and/or from other system components.
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The processor 58 may then communicate the results of the
calculations to the user via the one or more displays 56 or
other system components.

Exemplary System Configuration

[0068] The device, system, and method disclosed herein
may be specifically used to assess electrode-tissue contact
using impedance measurements. However, the device, sys-
tem, and method may also generally be used to provide
intracardiac multi-frequency, multi-electrode impedance
measurements for other purposes. Given an N-electrode
catheter, a method and system is provided for resolving 2N
total impedance elements: N bipolar and N unipolar imped-
ance elements, which result from the application of an
N-electrode catheter in contact with blood, pre-ablation
cardiac tissue, post-ablation cardiac tissue, or ice formation
on a cryoablation catheter. The method and system may
maximize a catheter delivered current that is consistent with
applicable patient safety standards and may minimize the
risk of inadvertent cardiac or nerve stimulation by eliminat-
ing unipolar charge delivery. Further, the method and system
may distribute signals to the catheter electrodes via a 2N
switch array system. These functions may be performed
while delivering a multi-spectral, simultaneous measure-
ment current that allows for the simultaneous measurement
and resolution of unipolar and bipolar impedances.

[0069] The method and system may also be used for: (a)
the measurement, detection, and resolution of cathode-
delivered multi-spectral, simultaneous measurement cur-
rents into their mono-frequency constituents; (b) the disam-
biguation of unipolar and bipolar impedances from parasitic
pathway impedances resulting from non-ideal catheter
delivery wire impedance, inter-catheter wire field coupling
mechanisms, and ablation delivery system signal splitter and
filter conductive pathways and field coupling mechanisms;
(¢) the adaptation of wide-ranging voltage and current
measurements resulting from similarly wide-ranged values
of blood, pre-ablation cardiac tissue, post-ablation cardiac
tissue, or ice formation on a cryoablation catheter; (d) a
method of calibration of the impedance renderings that
provides surety to traceable international standards; and (e)
the connection and synchronization of the impedance mea-
surement apparatus to a radiofrequency or pulsed field
ablation generator 52.

[0070] Referring now to FIGS. 8-17, the particulars of an
exemplary system for, generally, rendering alternating cur-
rent impedances from a set of ablation catheter electrodes in
contact with tissue and bodily fluid and for, specifically, the
assessment of electrode-tissue contact, are shown. The abla-
tion catheter 12 having one or more electrodes 24 (as shown
and described above) may be organized as a matrix of
electrical nodes and bipolar impedances that reside between
the electrodes and unipolar impedances that connect from
the electrode and form a circuit through tissue to a neutral
connection, usually referred to as the patient return elec-
trode, and finally returning to the instrument. The system 10
may be used to resolve 2N total impedance elements: N
bipolar and N unipolar impedance elements, which result
from the application of an N electrode catheter in contact
with blood, pre-ablation cardiac tissue, post-ablation cardiac
tissue, and/or ice formation on a cryoablation catheter.
[0071] Referring to FIGS. 8 and 9, a set of linear equations
ensue via application of Kirchoff’s voltage law. Given N
electrodes, there will be N unipolar and N bipolar impedance
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elements. The system of linear equations to solve the uni-
polar and bipolar impedances must then be:

Z=2%2N-1 ©)

The solution to this system first may be solved analytically,
leaving a set of formulae in a microcontroller that only
require the voltage and current data from a set of analog-
to-digital converters (ACDs). There are 2N ACDs: one to
measure the source voltage V,, and a second to infer the
current formed by a voltage V5, residing across a known
resistance R,

[0072] As shown in FIG. 8, a catheter 12 may include N
electrodes (depicted as E;, E,, E; . . . E,). Bipolar imped-
ance 7, , may exist between electrodes E, and E,, bipolar
impedance Z, ,,, may exist between electrodes E, and E;,
bipolar impedance 7, .. , may exist between electrode B,
and the next lowest numbered electrode (depending on how
many electrodes 24 are included on the catheter 12). Finally,
bipolar impedance Z, ,, may exist between electrodes E, and
E,. Further, unipolar impedance 7, may exist between
electrode E; and a patient return electrode (electrode not
shown; pathway shown in FIG. 8 as V), unipolar imped-
ance Z,,,,,., may exist between electrode E, and the patient
return electrode (V,,.), unipolar impedance Z,, ., may exist
between electrode E; and the patient return electrode (V,,,.),
and unipolar impedance Z, ,, may exist between electrode
E, and the patient return electrode (V,,,.). The circuit may
also include parasitic impedance elements, depicted in FIG.
8 as Loy Loppys L Z Z Z
Lserp o 04 2

[0073] Given this system of N electrodes, the number of
unipolar and bipolar impedance elements is equal to two
times the number of electrodes. That is:

serpn+lr Hshpyu+ld Hserpu+2s Sshpna2s

Z=2%2N-1 ©)

The number of unknowns and equations required to solve to
calculate all the unipolar and bipolar impedances is:

Equations=2*7Z-1 (10)

In the circuit shown in FIG. 8, the known values may be R,
.. - Ry (resistance values), 7,,,,,, . . . Z,,,, (the parasitic
impedances), and V,, . . . V, (voltage values at the nodes),
and Vg, . . . Vi (voltage values across the resistors). The
unknown values may be ,,,, . . . I, 5 (current values), 7, .

. Z,,x (unipolar impedance values), and Z, ,, .
(bipolar impedance values).

[0074] In the simplified example shown in FIG. 9, the
catheter 12 includes two electrodes, E, and E, and a patient
return electrode (not shown). Similar to what is shown in
FIG. 8, a bipolar impedance 7, | may exist between elec-
trodes E, and E,, unipolar impedance Z7,, may exist
between electrode E,; and the patient return electrode, and
unipolar impedance Z,, , may exist between electrode E, and
the patient return electrode. Parasitic impedance values
Zoars Lstipss Lparmsts Lonpner 18y al80 eXist in the circuit
(the abbreviation “shp” represents a shunt path). In this
example, there are two electrodes 24, and three unknowns
(Z1» L, and Z, ;). So, N=2 electrodes and unknowns=3.
The number of impedance elements is calculated as:

Ly

Z=2*N-1=3 an

The number of equations to solve is calculated as:

Equations=2*(Z)-1=5 (12)
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A first measurement may be conducted that provides equa-
tions that are insufficient to the number of unknowns. To
supply the remaining equations for a solution, a second
condition may be applied that annihilates the current in a
system pathway, rendering another set of equations that
exceed the quantity of new unknowns. In combining the
equations and unknowns from the first and second condition,
equations and unknowns are balanced, and all of the desired
unipolar and bipolar impedance elements can be found one.
For example, three of the five equations to be solved may be
solved with a first condition applied:

kvip:V, :Il(R1+Zpar1+Zu,1)+Ib,1Zu,1 (13)

Wl Vo= LRt 2,002, 51 (2, (14)

vl 0=y ((Z, 1+ 2, o+ 2y M 2y 2, (15)
[0075] For the final two equations, a second condition may
be applied, wherein I,#0 and 1,=0:

kvl Vl'(RI+Zparl+Zu,l)+Ib,l'Zu,l (16)

kvl 13 0=l (2 1+ 2, o2y JHL L, 17

The abbreviation “kv]” represents Kirchoff’s Voltage Law,
which law may be used to relate the known quantities in the
measurement circuit to the unknown quantities to be found.
[0076] While executing the algorithm needed to solve for
the unknown bipolar and unipolar impedances and currents
shown in FIG. 9, a microcontroller may divert the constant
current signals via the 2N switch array shown in FIGS. 11A
and 11B as a 1:16 multiplexor to the appropriate catheter
electrode. The switch array may be kept at a manageable size
by requiring only 2 poles for N electrodes to solve for the
respective 2N unipolar and bipolar impedances.

[0077] The system 10 may also maximize catheter deliv-
ered current consistent with applicable patient safety stan-
dards, minimize the risk of inadvertent cardiac or nerve
stimulation by elimination of unipolar charge delivery, and
deliver a multi-spectral measurement current that allows for
the simultaneous measurement and resolution of unipolar
and bipolar impedances. Referring now to FIGS. 10 and 11,
schematic views of a corresponding circuit implementation
are shown. The simultaneous excitation of multi-frequency
waveform for each electrode may be accomplished using
quantity M programmable and low-cost “chip” clock oscil-
lators. The clock oscillators generate pulse waveforms that
are applied to their respective Gaussian band-pass filters,
which in turn may remove all artifacts except the funda-
mental sine waveform. By the nature of their dampened
sinusoidal waveform outputs, Gaussian filtered signals may
contain negligible amounts of unipolar energy. For example,
a short (or “runt”) pulse that would normally transfer
unipolar energy if unfiltered may be removed to create a
waveform with no evidence of unipolar energy following
operation by a third-order Gaussian band-pass filter. Typi-
cally, unipolar charge delivered to a heart chamber must be
less than 50 nC (50e-9 Coulombs) to insure no risk of
stimulation and capture by the heart’s atrium or ventricle. In
FIGS. 11A and 11B, energy is transmitted in the high
frequency (100 kHz) and low frequency (12.5 kHz).
[0078] After Gaussian filtering, a Howland constant cur-
rent amplifier may be modified to enhance functionality.
Once of these improvements may be in the form of a passive
summation array that is used to create a composite wave-
form from individual sinusoids. The summation function
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may be accomplished by using a passive weighting function,
whereby a discrete gain equal to: R, /R, ,, may be applied
to each individual frequency (monochrome) depending on
the R, weighting values. This operation ensures that
each frequency constituent current is compliant with medi-
cal equipment safety standards, which stipulate that current
delivered to patients via catheters 12 positioned in the heart
must not exceed limits depending on frequency. To comply
with recent International Electrotechnical Commission
(IEC) standards, current delivered to heart chambers at a
frequency of 10 kHz must not exceed 100 uA root mean
square (rms), whereas current delivered to the heart at 100
can be ten times greater, but cannot exceed 1 mA rms. The
relation for constant current may be calculated by:

Ry+Rs R (18)
Ry CRanrmt) I QR irerm2) | OR ermes) Il ...
[0079] Once the individual monochromes are combined

into one multi-frequency composite waveform, the modified
Howland current amplifier may provide a constant ampli-
tude delivered patient current, regardless of tissue termina-
tion impedance, as long as a coordinated selection of resis-
tors R, , and Ry, obey the constant current relationship
shown in FIG. 10.

[0080] The circuit shown in FIG. 10 may improve the
traditional Howland circuit in two primary ways. First, a
capacitor C, may be added as a compensation capacitor that
ensures that op-amp U,’s closed-loop response (the band-
width over which it provides a constant current function)
remains stable and does not evidence peaking or self-
sustaining oscillations. The value of C; may be selected to
provide a “flat” closed loop response slightly higher than the
highest frequency monochrome. As a non-limiting example,
a value of 120 pF may be selected to assure a smooth
response to a frequency of 100 kHz, the highest frequency
monochrome in the composite waveform.

[0081] Second, a shunt path resistance R may be added so
that as the catheter 12 traverses between very high and low
conductivity tissue, the op-amp U, always remains in its
linear operating region. The current diverted to this shunt
may be very small, typically less than 1% of the patient-
delivered current, leaving the patient current constant within
99% of the maximum delivered amount, regardless of cath-
eter electrode termination impedance. This function may be
necessary to ensure that the op-amp does not saturate (or
open circuit) and propagate a unipolar “glitch” to the patient.
[0082] The system 10 may further be used to measure and
resolve unipolar and bipolar impedances simultaneously.
Each of the N simultaneously measured electrodes 24 may
be supported by a circuit to generate and measure the
excitation current. For this reason it may be desirable to limit
N to less than the total number of electrodes by multiplexing
the generation and measurement circuitry to multiple elec-
trodes (for example, as shown in FIGS. 11A and 11B). In this
way it may be possible to trade off the measured speed
achieved by simultaneously measuring electrodes for
economy in circuit size and cost.

[0083] Each of the N generation circuits may create an
excitation current composed of the superposition of a con-
stant-current phasor for every measurement frequency. For
example, FIGS. 15 and 16 show non-limiting examples of an
excitation signal composed of 10 uA 12.5 kHz and 100 uA



US 2016/0287137 Al

100 kHz signals in superposition. The excitation current may
be passed through a sense resistor and out to the catheter
electrodes 24, as shown in FIG. 8. Complex voltage at each
frequency of interest may be measured at the output of each
constant-current driver, and across each sense resistor. Next,
one or more of the current drivers may be deactivated and
the complex voltage measurement may be repeated. As
shown in FIG. 9, the two sets of voltages may be sufficient
to solve a system of equations of all unipolar and bipolar
impedances.

[0084] The system 10 may further be used to measure,
detect, and resolve catheter delivered multi-spectral, simul-
taneous measurement currents into their mono-frequency
constituents. For example, it may be necessary to resolve the
superimposed measurement currents into mono-frequency
phasors before using them to determine impedance. As
shown in FIG. 8, the voltage phasors V|, ...V and V, ..
. Vz» may be determined by first taking a series of real
voltage measurements across the corresponding elements.
These samples are taken so that several periods of the
slowest frequency are captured. A discrete Fourier transform
may be applied to each series. A full transform may be
computed, or a partial transform may be applied by only
computing the results for the bins containing each excitation
frequency. If a full transform is applied, the results for the
excitation frequency bins may be kept and the rest discarded.
Once the transform is complete, the complex results for the
bins containing each frequency of interest may be taken to
be the voltages V| ... Vyand V...V, ateach frequency
and used to solve the impedance calculations. For example,
FIG. 15 shows the spectral amplitude of the measurement
signal displayed in FIG. 16.

[0085] The system 10 may further be used to disambiguate
unipolar and bipolar impedances from parasitic pathway
impedances resulting from non-ideal catheter delivery wire
impedance, inter-catheter wire field coupling mechanisms,
and ablation delivery system signal splitter and filter con-
ductive pathways and field coupling mechanisms. Parasitic
pathways are inevitable in a distributed system containing an
ablation generator 52, interfacing equipment to ECG moni-
tors, catheter wires that exhibit impedance in the form of
resistance and inductance (Z=r+jX,), and capacitive cou-
pling or shunting from one electrode’s set of wires to another
set of wires connected to other electrodes. Without extrac-
tion, these pathways will corrupt measured signals and
render inaccurate catheter impedances.

[0086] These parasitic impedances (or admittances) may
be solved for and de-embedded from the desired catheter
electrode impedance by defining a reference plane where the
load is removed and left open (as shown in FIG. 12A). For
example, this plane may be defined at the electrode plane of
a catheter, such that all of the parasitic impedance effects
could be accounted for and removed from unipolar and
bipolar tissue impedance elements. For the two electrode
case (for example, shown in FIG. 9), N=2, once the open
circuit plane is defined, there may be two KVL loop equa-
tions with four parasitic elements: Z,,,,, , and Z, , , as
unknowns. The signal currents are applied, and the mea-
surements may be taken at the voltage source nodes V,; and
V,, as well as at the current inference nodes V5, and Vp,.
Next, a short circuit may be placed from E and E, (for
example, as shown in FIG. 12B). The short circuit may
produce a second condition that creates 3 additional KVL
loop equations, and only one more unknown, i ,. There are
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now five equations that balance the five unknowns. The
parasitic impedance elements may then be solved, and their
effect removed from catheter electrode impedance measure-
ments.

[0087] The system 10 may further be used to adapt wide-
ranging voltage and current measurements resulting from
similarly wide-ranging values of blood, pre-ablation cardiac
tissue, post-ablation cardiac tissue, and/or ice formation on
a cryoablation catheter. In order to maintain a high signal-
to-noise ratio (SNR) while allowing for a wide range of
impedance magnitudes, a variable amount of gain may be
needed between each voltage node (V, ...V, and V, ...
Vv as shown in FIG. 8) and the ADC that measures the real
voltage at that node. If too little gain is applied relative to the
load impedance, and SNR, and thus the measurement reli-
ability, may suffer. Conversely, if there is too much gain, the
nonlinearities may be introduced as the signal is distorted or
clips at the extremes of the ADC’s measurement capabili-
ties. To prevent this, each measurement may begin with a
high amount of gain applied. If the ADC measures a value
that is outside of the linear region in the center of its
measurement capabilities, then all samples may be dis-
carded, gain may be reduced, and measuring may be
restarted. This sequence may be repeated until gain is
sufficiently low that no samples are outside the linear region,
at which point the sampled values may be saved and the
impedance calculation may proceed. The gain adjustment
process is shown in FIG. 14.

[0088] A set of high precision resistive and reactive stan-
dards may be assembled upon the impedance meter appa-
ratus printed circuit board assembly, and then used as a
special case measurement so that the impedances derived
can be referred to in terms of absolute physical units of
resistive and reactive ohms.

[0089] Calibration may be required because individual
amplifiers and filters used in the impedance meter may
produce non-ideal signal pathway bandwidths and phase
responses, and because sampling may produce artifacts. So
that the impedance meter can render accurate results, the
meter may be calibrated to offset and nullify these non-
idealities.

[0090] Assuming that parasitic impedances are accounted
for, a highly precise set of resistive and reactive standards
may be placed in positions emulating the catheter electrode
unipolar and bipolar positions. These standards may then be
referred to automatically via the switch array, and their
values used as a reference by performing an impedance
reading. While rendering a result, an internal microprocessor
may compare the measured reading to a priori values of the
precision internal resistive and reactive standards and cor-
rect the otherwise skewed measurement reading. The offset
may then be recorded and applied to subsequent catheter
unipolar and bipolar measurements.

[0091] Since it may be impractical for a physician to
remove a catheter from an ablation generator, reconnect the
catheter to a stand-alone impedance meter, and then recon-
nect to the ablation generator, some means should be pro-
vided to allow the impedance meter to remain connected to
the generator 52 and the catheter 12. Yet, some means must
also be provided that isolates and protects the impedance
meter from the high level of radiofrequency energy (in cases
wherein a radiofrequency generator is used) or high voltage
(in cases wherein a pulsed field ablation generator is used)
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present on catheter wires that are simultaneously connected
to the generator 52, ECG monitor 56, and the impedance
meter 55.
[0092] A system 10 is shown in FIG. 17 that may isolate
the impedance meter 55. During ablation, an inline PIN
diode may be reverse biased to act as an open switch,
preventing radiofrequency or high voltage energy from
entering the impedance meter. During an impedance meter
reading, the series PIN diode may be forward biased and
create a highly conductive path to the catheter electrode
wire, whereas the shunt PIN diode may be reversed biased
and act as an open circuit.
[0093] A detector circuit may sense the application of
ablation energy and instantaneously control the application
of voltages necessary to correctly bias the two PIN elec-
trodes. The automatic circuit may negate the need for
communication of an on/off signal from the generator,
allowing the impedance meter to be connected to a variety
of ablation generators without concern of manufacture or
revision of generator hardware or software.
[0094] It will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described herein above. In addition,
unless mention was made above to the contrary, it should be
noted that all of the accompanying drawings are not to scale.
A variety of modifications and variations are possible in
light of the above teachings without departing from the
scope and spirit of the invention, which is limited only by the
following claims.
What is claimed is:
1. A method for assessing electrode-tissue contact status,
the method comprising:
determining a difference value between a maximum
impedance magnitude at a low frequency for one of a
plurality of electrodes and a absolute minimum imped-
ance magnitude at the low frequency across all of the
plurality of electrodes;
determining a difference value between a maximum
impedance magnitude at a high frequency for the one of
the plurality of electrodes and a absolute minimum
impedance magnitude at the high frequency across all
of the plurality of electrodes;
determining a difference value between a maximum
impedance phase at the high frequency for the one of
the plurality of electrodes and a absolute minimum
impedance phase at the high frequency across all of the
plurality of electrodes;
correlating the difference values to each other for each of
the plurality of electrodes; and
assigning to each of the plurality of electrodes a discrete
prediction variable based on the correlations, the
assigned discrete prediction variable indicating elec-
trode-tissue contact status.
2. The method of claim 1, wherein the low frequency is
between approximately 5 kHz and approximately 15 kHz.
3. The method of claim 2, wherein the low frequency is
12.5 kHz.
4. The method of claim 2 wherein the high frequency is
between approximately 80 kHz and approximately 140 kHz.
5. The method of claim 4, wherein the high frequency is
100 kHz.
6. The method of claim 4, wherein correlating the differ-
ences to each other for each of the plurality of electrodes
includes applying a linear model to the difference values.
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7. The method of claim 6, wherein each of the plurality of
electrodes is assigned a discrete prediction variable that is
either 0 or 1.

8. The method of claim 7, wherein a discrete prediction
variable of 0 is assigned to an electrode when the electrode
1s not in contact with tissue and a discrete prediction variable
of 1 is assigned to an electrode when the electrode is in
contact with the tissue.

9. The method of claim 8, wherein each of the plurality of
electrodes is assigned a discrete prediction value of 2 when
the electrode is in excessive contact with tissue.

10. The method of claim 8, further comprising delivering
ablation energy to any of the plurality of electrodes to which
a discrete prediction variable of 1 is assigned.

11. A method for assessing electrode-tissue contact status,
the method comprising:

recording an impedance magnitude value at a first fre-

quency by each of a plurality of electrodes and deter-
mining a maximum impedance magnitude value of the
plurality of impedance magnitude values at the first
frequency;

recording an impedance magnitude value at a second

frequency by each of the plurality of electrodes and
determining a maximum impedance magnitude value
of the plurality of impedance magnitude values at the
second frequency;

recording an impedance phase value at the second fre-

quency by each of the plurality of electrodes and
determining a maximum impedance phase value of the
plurality of impedance phase values;
recording a minimum impedance magnitude value at the
first frequency across all of the plurality of electrodes;

recording a minimum impedance magnitude value at the
second frequency across all of the plurality of elec-
trodes;

recording a minimum impedance phase value at the

second frequency across all of the plurality of elec-
trodes;

for each of the plurality of electrodes, calculating a first

difference value between the maximum impedance
magnitude value and the minimum impedance magni-
tude value recorded at the first frequency;

for each of the plurality of electrodes, calculating a second

difference value between the maximum impedance
magnitude value and the minimum impedance magni-
tude value recorded at the second frequency;

for each of the plurality of electrodes, calculating a third

difference value between the maximum impedance
phase value and the minimum impedance phase value
recorded at the second frequency; and

for each of the plurality of electrodes, applying a linear

model to all of the first, second, and third difference
values to determine a continuous prediction value for
each of the plurality of electrodes.

12. The method of claim 11, further comprising;

assigning a discrete prediction value to each of the

plurality of electrodes based on a corresponding con-
tinuous prediction value.

13. The method of claim 11, wherein a continuous pre-
diction value for each of the plurality of electrodes is
determined using the equation:

continuous prediction value=a*1+b*AZ, oo+c*AZ; 5 s+
d*AD g0
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14. The method of claim 12, further comprising display-
ing at least one of the continuous prediction value and the
discrete prediction value.

15. The method of claim 12, wherein the at least one of
the continuous prediction value and the discrete prediction
value is displayed in at least one of text, color, and graphical
formats.

16. The method of claim 12, wherein a graphical repre-
sentation of the plurality of electrodes is displayed, each of
the plurality of electrodes being displayed as a color that
corresponds to at least one of the continuous prediction
value and the discrete prediction value, the colors changing
in real time with the at least one continuous prediction value
and discrete prediction value.

17. The method of claim 11, wherein the second fre-
quency is higher than the first frequency.

18. The method of claim 11, wherein the first frequency
is between approximately 5 kHz and approximately 15 kHz.

19. The method of claim 18, wherein the first frequency
is 12.5 kHz.

20. The method of claim 11, wherein the second fre-
quency is between approximately 80 kHz and approximately
140 kHz.

21. The method of claim 20, wherein the second fre-
quency is 100 kHz.

22. The method of claim 12, wherein the continuous
prediction value is a number between 0 and 1.

23. The method of claim 22, wherein a discrete prediction
value of 0 is assigned to a continuous prediction value that
is less than a cutoff value and a discrete prediction value of
1 is assigned to a continuous prediction value that is greater
than or equal to the cutoff value.

24. The method of claim 23, wherein the cutoff value is
0.4.

25. The method of claim 24, wherein the cutoff value is
0.5.

26. The method of claim 12, wherein the continuous
prediction value is a number equal to or greater than O.

27. The method of claim 26, wherein a discrete prediction
value of 0 is assigned to a continuous prediction value that
is less than a first cutoff value, a discrete prediction value of
1 is assigned to a continuous prediction value that is greater
than or equal to the first cutoff value and less than a second
cutoff value, and a discrete prediction value of 2 is assigned
to a continuous prediction value that is greater than or equal
to the second cutoff value.

28. The method of claim 27, wherein the first cutoff value
is 0.4 and the second cutoff value is 1.5.
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29. A method for assessing electrode-tissue contact status,
the method comprising:

positioning a treatment assembly including a plurality of
electrodes within a patient’s heart such that at least one
of the plurality of electrodes is in contact with cardiac
tissue;

recording a first maximum impedance magnitude value
from each of a plurality of electrodes at 12.5 kHz;

recording a second maximum impedance magnitude
value from each of the plurality of electrodes at 100
kHz;

recording a maximum impedance phase value from each
of the plurality of electrodes at 100 kHz;

recording a first minimum impedance magnitude value
across all electrodes of the plurality of electrodes at
12.5 kHz;

recording a second minimum impedance magnitude value
across all electrodes of the plurality of electrodes at 100
kHz;

recording a minimum impedance phase value across all
electrodes of the plurality of electrodes at 100 kHz;

determining a difference value between the first maximum
impedance magnitude value for each of the plurality of
electrodes and the first minimum impedance magnitude
value;

determining a difference value between the second maxi-
mum impedance magnitude value for each of the
plurality of electrodes and the second minimum imped-
ance magnitude value;

determining a difference value between the maximum
impedance phase value for each of the plurality of
electrodes and the minimum impedance phase value;

applying a linear model to the difference values to deter-
mine a continuous prediction value between 0 and 1 for
each of the plurality of electrodes;

assigning a discrete prediction value of 0 to each of the
plurality of electrodes for which the continuous pre-
diction value is less than a cutoff value and assigning a
discrete prediction value of 1 to each of the plurality of
electrodes for which the continuous prediction value is
equal to or greater than the cutoff value; and

at least one of delivering ablation energy to any of the
plurality of electrodes to which a discrete prediction
value of 1 is assigned and repositioning the treatment
assembly until a discrete prediction value of 1 is
assigned to all of the plurality of electrodes.
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