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TISSUE CONDUCTION VELOCITY

FIELD OF THE INVENTION

[0001] The present invention relates generally to electro-
physiological measurements, and particularly to measuring
the conduction velocity in cardiac tissue.

BACKGROUND

[0002] In a typical atrial fibrillation procedure, the con-
duction velocity (CV) of an electrical impulse is an impor-
tant parameter that can provide information to the clinician
about the state of the tissue being ablated.

[0003] U.S. Pat. No. 6,711,439, which is incorporated
herein by reference, describes how modern implantable
cardiac stimulation devices include processing and data
storage capabilities that may be exploited to track myocar-
dial condition and autonomic tone.

[0004] U.S. Pat. No. 6,301,496, which is incorporated
herein by reference, describes a method of diagnosing an
abnormal condition in a biological structure, such as the
heart, including the steps of measuring a physiological
response at at least three sampled points on a surface of the
biological structure, calculating a vector function related to
the response, displaying a representation of the vector func-
tion, and inferring the abnormal condition from the repre-
sentation.

[0005] U.S. Pat. No. 6,236,883, which is incorporated
herein by reference, describes a method comprising the steps
of identifying and localizing reentrant circuits from electro-
gram features using feature detection and localization (FDL)
algorithms.

[0006] U.S. Pat. No. 8,880,160, which is incorporated
herein by reference, describes a system which comprises a
cardiac signal sensing and a processing circuit. The cardiac
signal sensing circuit senses a first cardiac signal segment
that includes a QRS complex and a second cardiac signal
segment that includes a fiducial indicative of local ventricu-
lar activation.

[0007] U.S. Patent Application 2011/0137369, which is
incorporated herein by reference, describes an exemplary
method for optimizing pacing configuration. The method
includes providing distances between electrodes of a series
of three or more ventricular electrodes associated with a
ventricle and selecting a ventricular electrode from the
series.

[0008] U.S. Pat. No. 9,186,081, which is incorporated
herein by reference, describes a system for diagnosing
arrhythmias and directing catheter therapies. The system
may allow for measuring, classifying, analyzing, and map-
ping spatial electrophysiological (EP) patterns within a
body.

[0009] U.S. Pat. No. 6,663,622, which is incorporated
herein by reference, describes devices and a method which
are provided to assist a surgeon in ablating conduction paths
in tissue, such as a heart. A device can be configured to
operate as a template that adheres to the tissue surface, and
allows the surgeon to more easily sever the conduction path
to form a lesion in a desired location.

[0010] Commonly assigned U.S. Pat. No. 9,380,953,
which is incorporated herein by reference, describes how a
bipolar electrogram and a unipolar electrogram are recorded
from electrodes of a probe, and differentiated with respect to
time. Peaks are identified in the differentiated bipolar elec-
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trogram, and an activity window is defined that includes
bipolar activity about the peaks. An extreme negative value
in the differentiated unipolar electrogram within the activity
window is reported as a unipolar activation onset. An
annotation is selected from candidate minima in the differ-
entiated unipolar electrogram within the activity window by
excluding candidates that fail to correlate with activity in the
bipolar electrogram.

[0011] Documents incorporated by reference in the pres-
ent patent application are to be considered an integral part of
the application except that, to the extent that any terms are
defined in these incorporated documents in a manner that
conflicts with definitions made explicitly or implicitly in the
present specification, only the definitions in the present
specification should be considered.

SUMMARY

[0012] Embodiments of the present invention that are
described hereinbelow provide for an improved method for
measuring conduction velocity in the heart of a living
subject.

[0013] There is therefore provided, in accordance with an
embodiment of the invention, a method which includes
acquiring a bipolar signal from a first electrode and a second
electrode contacting a first location and a second location,
respectively, in a heart of a living subject, acquiring a
unipolar signal from the first electrode while in contact with
the first location, deriving from the bipolar signal and the
unipolar signal a point in time at which the first location is
generating the unipolar signal, and computing a metric for a
conduction velocity of the unipolar signal at the first location
based on a shape of the unipolar signal at the point in time.
[0014] In a disclosed embodiment, the first and second
electrodes are located in a distal end of a catheter in the
heart, and acquiring the bipolar signal includes verifying
that the distal end is engaging tissue in the heart with a
contact force no less than a preset minimum contact force.
Additionally or alternatively, acquiring the bipolar signal
includes verifying that the first and second electrodes are
engaging tissue in the heart with an impedance to an
electrode on a surface of the subject exceeding a preset
minimum impedance.

[0015] In another embodiment, computing the metric
includes finding a maximum value of an absolute value of a
slope of the unipolar signal, and using the maximum value
as the metric. Alternatively or additionally, computing the
metric includes computing the metric based on a respective
confidence level applied to at least one of the bipolar signal
and the unipolar signal.

[0016] In yet another embodiment, the metric is accepted
as valid when the point in time is within a window in time
defined with reference to a signal acquired from the heart.
[0017] In an embodiment, the point in time occurs when a
time-derivative of the unipolar signal reaches an extreme
negative value.

[0018] In another embodiment, the metric of the conduc-
tion velocity is incorporated into a three-dimensional map of
the heart.

[0019] There is also provided, in accordance with an
embodiment of the invention, an apparatus which includes a
first electrode and a second electrode respectively contacting
a first location and a second location in a heart of a living
subject and a processor which is configured to acquire a
bipolar signal from the first electrode and the second elec-



US 2020/0108243 Al

trode, acquire a unipolar signal from the first electrode while
in contact with the first location, derive from the bipolar
signal and the unipolar signal a point in time at which the
first location is generating the unipolar signal, and compute
a metric for a conduction velocity of the unipolar signal at
the first location based on a shape of the unipolar signal at
the point in time.

[0020] In an embodiment, the first and second electrodes
are located in a distal end of a catheter in the heart, and
acquiring the bipolar signal includes verifying that the distal
end is engaging tissue in the heart with a contact force no
less than a preset minimum contact force. Additionally or
alternatively, acquiring the bipolar signal includes verifying
that the first and second electrodes are engaging tissue in the
heart with an impedance to an electrode on the surface of the
subject no less than a preset minimum impedance.

[0021] In another embodiment, computing the metric
includes finding a maximum value of an absolute value of a
slope of the unipolar signal, and using the maximum value
as the metric. Additionally or alternatively, computing the
metric includes computing the metric based on a respective
confidence level applied to at least one of the bipolar signal
and the unipolar signal.

[0022] In yet another embodiment, the processor is con-
figured to accept the metric as valid when the point in time
is within a window in time defined with reference to a signal
acquired from the heart.

[0023] In an embodiment, the point in time occurs when a
time-derivative of the unipolar signal reaches an extreme
negative value.

[0024] Inanother embodiment, the processor is configured
to incorporate the metric of the conduction velocity into a
three-dimensional map of the heart.

[0025] In yet another embodiment, the processor is con-
figured to incorporate an indication of a goodness of contact
of at least one of the first electrode and the second electrode
with the heart into the map.

[0026] The present invention will be more fully under-
stood from the following detailed description of the embodi-
ments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 1is a pictorial illustration of an apparatus for
mapping conduction velocity in a heart of a living subject,
in accordance with a disclosed embodiment of the invention;
[0028] FIG. 2 is a pictorial illustration of the distal end of
a typical catheter, in accordance with a disclosed embodi-
ment of the invention;

[0029] FIG. 3 is an illustration of typical electrophysi-
ological signals as received by a processor from electrodes
of the distal end as a function of time, in accordance with a
disclosed embodiment of the invention;

[0030] FIG. 4 illustrates the extraction of a metric for
conduction velocity from a unipolar signal, in accordance
with a disclosed embodiment of the invention;

[0031] FIG. 5is a flowchart of the steps that the processor
implements for measuring a metric for conduction velocity
at a known spatial point in the cardiac tissue of the heart, in
accordance with a disclosed embodiment of the invention;
[0032] FIG. 6 is a flowchart of the steps that the processor
implements for verifying a good contact between an elec-
trode and the cardiac tissue of the heart, in accordance with
a disclosed embodiment of the invention; and
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[0033] FIG. 7 illustrates how an operator defines a win-
dow of interest (WQI), in accordance with a disclosed
embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0034] In a typical atrial fibrillation procedure, the con-
duction velocity (CV) of an electrophysiological signal in
the heart of a subject is an important parameter that can
provide information to the clinician about the state of the
tissue being ablated. The conduction velocity in the heart
typically ranges from 0.05 m/s in the sinoatrial (SA) node
and atrioventricular (AV) node to 4 m/s in the Purkinje
system. The conduction velocity in scar tissue is generally
lower than in un-scarred tissue. The current method of
estimating the conduction velocity is based on a measure-
ment of the propagation time of an electrophysiological
signal between two discrete points in the tissue. The signals
are received from a probe with multiple electrodes, with the
probe inserted into the heart so that the electrodes contact the
cardiac tissue.

[0035] By using two of the electrodes to receive signals
propagating in the cardiac tissue, an estimate for conduction
velocity is obtained by dividing the estimated distance in the
tissue between the two electrodes by the difference between
the times of arrival of the signal at the two electrodes. The
times of arrival are determined by, for example, so-called
annotation points in the two signals, with an annotation point
typically indicating the point in time where the time-deriva-
tive of the signal reaches an extreme negative value. This
estimate for conduction velocity suffers from inaccuracies
described in the following four points:

[0036] 1. The location of each of the two electrodes is
determined with a finite accuracy, which depends on
the accuracy of the mapping system as well as on the
deformation of the cardiac tissue due to the force
exerted on it by the catheter. The relative impact of the
finite accuracy on the estimate for the conduction
velocity is significant when the separation between the
two electrodes is small, typically a few millimeters.

[0037] 2. The estimate for the conduction velocity gives
an average conduction velocity over the separation
between the two electrodes, lowering the spatial reso-
lution of the mapping of the conduction velocity to that
of the separation between the electrodes.

[0038] 3. The separation between the electrodes does
not necessarily give the actual path length between the
electrodes, as the cardiac tissue may not be flat between
the electrodes. An estimate for the path length is given
by a reconstruction of the shape of the cardiac tissue
based on spatial probing. Errors in this estimate may
impact the accuracy of the path length, and subse-
quently the determination of the conduction velocity.
Increasing the electrode separation to reduce the rela-
tive impact of the electrode location inaccuracy (point
1, above) will lower the spatial resolution (point 2,
above) as well as increase the uncertainty of the actual
path length (current point).

[0039] 4. The time difference between the arrival times
at the two electrodes is due to the actual magnitude of
the velocity of the signal between the two electrodes
only in the case where the local vector of propagation
of the signal is collinear with the line connecting the
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two electrodes. Otherwise, the measured conduction
velocity (derived from the measured time difference) is
the actual conduction velocity multiplied by the cosine
of the angle between the propagation vector and the
line connecting the two electrodes.

[0040] 5. If the annotation is done manually or auto-
matically using a measure that is sensitive to noise,
such as the maximum value of the bipolar signal, the
noise-induced shift of the signal may further contribute
to the error in the estimated conduction velocity.

[0041] Embodiments of the present invention that are
described herein solve the above described problems by
extracting a localized measure of the conduction velocity,
based on the signal from a single electrode. The embodi-
ments utilize both unipolar and bipolar signals received from
the cardiac tissue.

[0042] In the embodiments of the present invention, two
electrodes, respectively contacting a first location and a
second location of cardiac tissue in a heart of a living
subject, are used for acquiring a bipolar signal. A unipolar
signal is acquired from the first electrode while it is in
contact with the first location, and from the bipolar signal
and the unipolar signal a point in time, at which the first
location is generating the unipolar signal, is derived. Based
on a shape of the unipolar signal at the point in time, a metric
for the conduction velocity at the first location is computed.

SYSTEM DESCRIPTION

[0043] FIG. 1 is a pictorial illustration of an apparatus 10
for mapping conduction velocity in a heart 12 of a living
subject 21, in accordance with a disclosed embodiment of
the invention. Apparatus 10 comprises a probe, typically a
catheter 14, which is percutaneously inserted by an operator
16, who is typically a physician, through the vascular system
of subject 21 into a chamber or vascular structure of heart
12. Operator 16 brings a distal end 18 of catheter 14 into
contact with the cardiac tissue at a target site for the
measurement. Unipolar and bipolar electrophysiological
signals are acquired using electrodes (shown in FIG. 2) on
distal end 18. A metric for conduction velocity based on the
electrophysiological signals is then calculated, and a map of
conduction velocity is generated, according to the method
disclosed below.

[0044] An additional probe, a reference catheter 15, is
percutaneously inserted by operator 16 through the vascular
system of subject 21. Operator 16 brings an electrode at the
distal end (not shown) of reference catheter 15 into contact
with a coronary sinus of subject 21. Reference catheter 15 is
typically left in place for the duration of the conduction
velocity mapping procedure; its function is to pace the heart
either by an electrical timing pulse into the coronary sinus
through a command from operator 16, and/or by a reference
timing signal from the coronary sinus.

[0045] Apparatus 10 is controlled by a processor 23,
which is located in a console 24. Processor 23 may comprise
a general purpose or embedded computer processor, which
is programmed with suitable software for carrying out the
functions described hereinbelow. The software may be pro-
vided to processor 23 on tangible non-transitory media, such
as CD-ROM (Compact Disc Read-Only Memory) or non-
volatile memory. Alternatively or additionally, the apparatus
10 may comprise a digital signal processor or hard-wired
logic.
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[0046] Processor 23 communicates with electronics 27,
which has a number of modules used by the processor to
operate the apparatus. Thus, electronics 27 comprises mod-
ules such as an ECG (electrocardiography) module 26 for
acquiring electrophysiological signals received from the
electrodes at distal end 18, a force module 32 for evaluating
the forces on the distal end, a tracking module 22 for
determining the location and orientation of the distal end,
and an impedance module 25 for measuring the impedance
between the electrodes at the distal end and a patch on the
body of subject 21. The modules may comprise hardware as
well as software elements. Electronics 27 are located in
console 24. Console 24 typically comprises a display 30 and
controls 33 for the use of operator 16. Proximal ends and 35
of, respectively, catheter 14 and reference catheter 15 are
connected to console 24 and further to the modules of
electronics 27.

[0047] For determining the position and orientation of
distal end 18, apparatus 10 typically comprises a set of
external radiators, such as field generating coils 28, which
are located in fixed, known positions external to subject 21.
Coils 28 generate electromagnetic fields in the vicinity of
heart 12, and the fields are sensed by magnetic field sensors
(not shown) located in distal end 18 and/or patches on the
body of subject 21. The signals from the magnetic field
sensors are transmitted to tracking module 22, and enable
processor 23 and tracking module 22 to determine the
position and orientation of distal end 18.

[0048] In order to provide data on the contact forces
exerted by distal end 18 on the cardiac tissue, in some
embodiments of catheter 14 the distal end also comprises
contact force sensors (not shown) that provide signals to
force module 32.

[0049] Body surface electrodes (not shown) are attached
to the skin of subject 21 for providing an indifferent elec-
trode as well as for acquiring additional electrophysiological
signals. The body surface electrodes are connected via a
cable 31 to console 24 and further to impedance module 25
and to ECG module 26.

[0050] One system that embodies the above-described
features of apparatus 10 is the CARTO® 3 System, available
from Biosense Webster, Inc., 3333 Diamond Canyon Road,
Diamond Bar, Calif. 91765, USA. This system may be
modified by those skilled in the art to embody the principles
of the invention described herein.

[0051] FIG. 2 is a pictorial illustration of distal end 18 of
catheter 14, in accordance with a disclosed embodiment of
the invention. Distal end 18 comprises, by way of example,
ring electrodes 40 and a tip electrode 42, with a disclosed
embodiment having nine ring electrodes arranged at alter-
nating intervals of 2 mm and 8 mm along the distal end.
Operator 16 selects two of the electrodes, typically an
adjacent pair of ring electrodes 40, or tip electrode 42 and
the closest ring electrode 40, for acquiring two electrophysi-
ological signals from which the bipolar and unipolar signals
referred to above are received. Although FIG. 2 shows distal
end 18 of single catheter 14 with ring electrodes 40 and tip
electrode 42, other embodiments of the present invention
may use alternative catheters with other types, numbers and
configurations of electrodes.

[0052] In the following, for clarity the two electrodes
selected by operator 16 are assumed to be a pair of ring
electrodes 40, and are referred to as ring electrodes 40A and
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40B. Alternatively, any other configuration between two
different catheters or electrodes on different splines can be as
well used.

[0053] Multi-electrode catheters that are suitable for
acquiring unipolar and bipolar electrophysiological signals,
and that also comprise distal end force and magnetic field
sensors, are known in the art. An example of such a catheter
is the THERMOCOQOL SMARTTOUCH® Catheter, avail-
able from Biosense Webster, Inc.

[0054] FIG. 3 is an illustration of typical electrophysi-
ological signals 50, 52, and 54 as a function of time, as
received by processor 23 from ring electrodes 40A and 40B
of distal end 18, in accordance with a disclosed embodiment
of the invention. Signals 50 and 52 are unipolar signals with
voltages V, and ,, received from ring electrodes 40A and
40B, respectively, measured against the indifferent elec-
trode. Processor 23 calculates bipolar signal 54 as the
difference between unipolar signals 52 and 50 as a voltage
V5=V -V . Typical peak-to-peak amplitudes of the signals
are 0.05 mv to a few mV for unipolar signals 50 and 52, and
range from 0.05 mv to a few mV for bipolar signal 54.

[0055] Two windows of time, a window 56 and a window
58, are marked in FIG. 3. In window 56, unipolar signals 50
and 52 originate from a local electrophysiological wave in
the cardiac tissue and are acquired by ring electrodes 40A
and 40B. Due to the differences in time at which the wave
passes ring electrodes 40A and 40B, the resulting bipolar
signal 54 has clear non-zero features and non-zero time
derivatives within window 56. On the other hand, in window
58, unipolar signals 50 and 52 originate only from one or
more non-local signals. As the non-local signals arrive at
ring electrodes 40A and 40B at the same time, they are a
common-mode signal for the two electrodes, and the sub-
traction of unipolar signals 50 and 52 yields a substantially
zero bipolar signal 54 within window 58. This behavior of
bipolar signal 54 in window 58, as opposed to varying
bipolar signal 54 in window 56, is utilized for identifying in
one of unipolar signals 50 and 52 the part which is due to a
local signal.

[0056] FIG. 4 illustrates the extraction of a metric for the
conduction velocity from unipolar signal 50, in accordance
with a disclosed embodiment of the invention. A view 60
shows unipolar signal 50 within window 56, i.e. the part
which is due to a local signal. For clarity, view 60 is
stretched along the axis of time (horizontal axis) to a view
62. The conduction velocity of the electrophysiological
signal passing under ring electrode 40A affects the temporal
behavior of unipolar signal 50: the faster the electrophysi-
ological signal passing under ring electrode 40A, the larger
the change of unipolar signal 50 as a function of time. Based
on this behavior of unipolar signal 50, its time-derivatives at
so-called annotation points are used as candidates for a
metric for the conduction velocity.

[0057] In the disclosure and in the claims, an annotation
point corresponds to an inflection point of a unipolar signal
that passes given criteria. The criteria, as well as the selec-
tion of the metric for the conduction velocity, are detailed in
the description of the flowchart of FIG. 5.

[0058] For the sake of clarity, FIG. 4 illustrates a signal 50
which has only one inflection point 69 that qualifies as an
annotation point. (In general, several inflection points may
be recorded.) Inflection point 69 is selected as an annotation
point for the following reasons:
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[0059] a) It is a well-defined point in time within
unipolar signal 50, and
[0060] b) At this point in time the time-derivative of the
signal reaches an extreme negative value.
[0061] In embodiments of the present invention processor
23 calculates a metric of the conduction velocity based on
the shape of the unipolar signal, which in a disclosed
embodiment described hereinbelow is quantified as the
absolute value of the time-derivative

av,
dr

of unipolar signal 50 at a point in time comprising inflection
point 69. This calculation is illustrated in FIG. 4, where the
time-derivative 68 (marked with a dotted line as a slope) of
unipolar signal 50 at inflection point 69, between a positive
peak 64 and a negative peak 66, represents the metric for the
conduction velocity. The metric of the conduction velocity is
best described by the slope at inflection point 69, which can
be calculated from unipolar signal 50, after removal of low
pass components (as described in a pre-processing step 78 in
FIG. 5), but other methods that are based on an average of
the slope or a trend between positive peak 64 and negative
peak 66 can equally be employed.
[0062] As the metric for the conduction velocity is mea-
sured for a single electrode (such as electrode 40A in the
above example), the spatial resolution for the measurement
is determined by the spatial extent of the contact between the
single electrode and the cardiac tissue. A typical contact size
is 1-2 mm. Reducing the size of the contact further by, for
instance, reducing the size of electrode 40A yields the
following additional advantages for the measurement of the
metric for conduction velocity:

[0063] 1. It improves the spatial resolution of the mea-

surement (i.e. it makes it “finer”), and
[0064] 2. It increases the absolute value of the time-
derivative

v,
Tdr

of unipolar signal 50 by reducing the spatial averaging effect
as the measured potential is affected less by traveling
electrophysiological waves that are originated further away.
[0065] FIG. 5 is a flowchart of the steps that processor 23
implements for measuring a metric for conduction velocity
at a known spatial point on the cardiac tissue, in accordance
with a disclosed embodiment of the invention.

[0066] Processor 23 starts the measurement in a starting
step 70, after which operator 16 selects two electrodes 40 of
distal end 18 of catheter 14 in an electrode selection step 72.
Referring to FIG. 2, operator 16 selects electrodes 40A and
40B, but alternative selections are equally possible. For
clarity, in the following description the processor is assumed
to measure the conduction velocity of the electrophysiologi-
cal signal acquired by electrode 40A.

[0067] Returning to electrode selection step 72 of the
flowchart of FIG. 5, once operator 16 has selected electrodes
40A and 40B, processor 23 runs three steps 73, 74, and 75,
with all three steps starting at electrode selection step 72 and
utilizing the selected electrodes 40A and 40B:
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[0068] 1. In a conduction velocity metric step 73 pro-
cessor 23 calculates a conduction velocity metric, as is
detailed below;

[0069] 2. 1In a tracking step 74 processor 23 records the
spatial location and orientation of electrode 40A as
described in FIG. 1;

[0070] 3. In an electrode contact verification step 75
processor 23 verifies that the contact that electrodes
40A and 40B form with the cardiac tissue is sufficient,
as is detailed below and in FIG. 6.

[0071] Processor 23 runs steps 73, 74, and 75 in parallel,
as illustrated in the flowchart. Alternatively, processor 23
may run steps 73, 74, and 75 in a serial manner, or in any
combination of parallel and serial manner.

[0072] We now describe in further detail the internal steps
that conduction velocity metric step 73 comprises. In a
recording step 76 processor 23 acquires and records unipolar
signals 50 and 52 from, respectively, electrodes 40A and
40B, measured with respect to the indifferent electrode, and
calculates bipolar signal 54 as the difference between uni-
polar signals 50 and 52.

[0073] In pre-processing step 78 processor 23 removes
from each of signals 50 and 54 a baseline signal arising
typically from movement of catheter 14, movement and
respiration of subject 21, and/or other slowly varying far
field signals. In a disclosed embodiment processor 23 first
applies a median filter to signals 50 and 54 in order to
remove the electrophysiological signals. Processor 23 fur-
ther low-pass filters the resulting signals in order to smooth
out edges resulting from the median filter and in order to
reduce the amplification of noise by the subsequent differ-
entiation. Other methods of baseline wander removal can be
used, such fixed high-pass filtering or adaptive filtering.
Alternatively, multiple activations from a saved spatial loca-
tion can be averaged together and used for velocity calcu-
lation. The signals resulting from the low-pass filtering are
estimates of the baseline signals for signals 50 and 54, and
processor 23 subtracts these estimates from respective sig-
nals 50 and 54, producing baseline-corrected signals, herein
referred to as unipolar signal 50B and bipolar signal 54B.
Processor completes pre-processing step 78 by differentiat-
ing baseline-corrected signals 50B and 54B.

[0074] In an annotation step 80 processor 23 determines
possible annotation points of unipolar signal 50B. In a
disclosed embodiment the processor performs the determi-
nation by the following procedure:

[0075] 1. Processor 23 locates (referring to FIG. 4) all
inflection points 69 of unipolar signal 50B.

[0076] 2. At the time defined by each inflection point
69, processor 23 tests for the following conditions:

[0077] a.Ts the time-derivative of bipolar signal 54B
lower (more negative) than a predefined bipolar
slope threshold? In a disclosed embodiment the
threshold is set at —0.008 mV/ms.

[0078] b. Is the absolute value of the ratio of the
time-derivatives of bipolar signal 54B and unipolar
signal 50B greater than a predefined ratio threshold?
In a disclosed embodiment the threshold is set at 0.2.

[0079] c. Is the time-derivative of unipolar signal
50B lower (more negative) than a predefined unipo-
lar slope threshold? In a disclosed embodiment the
threshold is set at -0.01 mV/ms.
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[0080] 3. In a time window around inflection point 69,
processor 23 tests for the following condition:

[0081] a. Are the peak-to-peak values of unipolar
signal 50B and bipolar signal 54B above respective
preset thresholds? In a disclosed embodiment the
thresholds are typically in the range of 0.003-0.008

mV.
[0082] Inadisclosed embodiment the time window is
set as +2 ms.

[0083] In some embodiments of the present invention,
additional features of the signals are used. For example, such
features can be the duration of the unipolar slope (from
maximum to minimum), the amplitude of the unipolar signal
in the time window from maximum to minimum, the ampli-
tude of the bipolar window in that time window, the slope of
the signals at the annotation point, as well as any relation-
ship between these features. Each feature is compared
against a predetermined fuzzy function that generates a
score from 0 to 1. The higher the score the higher the
likelihood that the activation is a true activation.

[0084] Since several features can be used, the final score
from all features is either an arithmetic weighted mean
(AWM) of individual scores,

N
Z wif;
I

Wi

AWM =

)

D=

where w, are predetermined weights and f; are individual
scores, or a geometric weighted mean (GWM), GWM=
AL, )Y where w, are predetermined weights, f, are
individual scores, and W is the sum of the weights. The final
value is compared against specific threshold (for example
0.7 to 0.9) and only annotations passing this value are
considered as valid annotation points.

[0085] In a comparison step 81, processor 23 checks
whether all conditions 2a-c and 3a are satisfied and that at
least one annotation point is found. If the result is positive,
processor 23 moves on to a metric calculation step 82. If step
81 returns negative, processor 23 bypasses metric calcula-
tion step 82, a decision step 84, and a report step 88, and
moves directly to failure report step 90.

[0086] In metric calculation step 82 processor 23 calcu-
lates the absolute value of the time-derivative

dv,
Tdr

of unipolar signal 50B at each inflection point 69, and
reports it to decision step 84.

[0087] In electrode contact verification step 75 processor
23, as is further detailed with regard to FIG. 6, verifies
whether electrodes 40 A and 40B are in good contact with the
cardiac tissue. Depending on the outcome of the verification
process in contact verification step 75, processor reports to
decision step 84 a message of either a “good contact” or a
“poor contact”.

[0088] In decision step 84, processor 23 checks whether a
“good contact” message has been received from contact
verification step 75. In some embodiments, processor 23
further checks whether the annotation point, where the
conduction velocity metric was calculated in calculation step
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82, is located within an operator-defined window of interest
(WOI), generated in a WOI step 86, described with reference
to FIG. 7. If a “good contact” message has been received,
and the annotation point is within WOI, processor 23 reports
in a report step 88 the conduction velocity metric calculated
in metric calculation step 82 together with the location of
electrode 40 A recorded in tracking step 74. The process then
ends in end step 92.

[0089] If in decision step 84, a “poor contact” message
from contact verification step 75 has been received, or the
annotation point is not within WOI, processor 23 reports a
failure of contact velocity measurement in a failure reporting
step 90, and the process ends in end step 92.

[0090] For each additional measurement location selected
by operator 16, processor 23 stores the results for each
successful measurement of the conduction velocity metric
and the measurement location in its memory. At the request
of operator 16, processor 23 generates a three-dimensional
map of heart 12 incorporating conduction velocity metrics
acquired across the measurement locations, and displays it
on display 30.

[0091] In some embodiments, the map may incorporate
respective indications of a goodness of contact of the
electrodes. Thus, if a good contact message has been
received, the processor may incorporate an indication of the
good contact into the conduction velocity metric displayed
on the map, and if a poor contact message is received, the
processor may incorporate an indication of a poor contact
into a corresponding region of the map.

[0092] Processor 23 may also, at a request by operator 16,
store the map on a removable medium, send it to a printer
if one is connected to the processor, or transmit it over
electronic data lines to a location requested by the operator.
[0093] In FIGS. 3-5 the directions for rising and falling
slopes are determined by the choice of polarity for the
measurement of signals 50, 52, and 54. Processor 23 could
alternatively measure any of these signals with opposite
polarity, which would invert the signal and its slopes. The
effect of these kinds of inversions will affect the logic and
calculations in FIGS. 3-5 in a way that will be apparent to
those having ordinary skill in the art.

[0094] FIG. 6 is a flowchart showing the steps within step
75 of FIG. 5 that processor 23 implements for verifying a
good contact between, on the one hand electrodes 40A and
40B, and, on the other hand, the cardiac tissue, in accordance
with a disclosed embodiment of the invention.

[0095] Unipolar signals 50 and 52 are typically accurate
representations of the electrophysiological signals in the
cardiac tissue at the locations of electrodes 40A and 40B.
Any inaccuracy may lead to an inaccurate determination of
the metric for the conduction velocity. In order to assure an
accurate representation of the electrophysiological signals,
there should be a good contact of electrodes 40A and 40B
with the cardiac tissue. Processor 23 performs the contact
verification process separately for both electrodes 40A and
40B.

[0096] Processor 23 starts the contact verification process
in a starting step 100. Processor 23 runs two steps, a contact
force verification step 101 and an impedance verification
step 103. As illustrated in the flowchart, processor 23 runs
steps 101 and 103 in parallel. Alternatively, processor 23
may run steps 101 and 103 in series. For verification of
contact, alternative methods, such as those based on ultra-
sonic waves or light sources, may be used.
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[0097] The internal steps that contact force verification
step 101 comprises are as follows. In a force measurement
step 102, processor 23, in conjunction with force module 32,
measures the contact force of distal end 18 of catheter 14
against the cardiac tissue, provided that the distal end is
equipped with a force sensor. In case distal end 18 is not
equipped with such a force sensor, contact force verification
step 101 is eliminated from the flowchart of FIG. 6. In a
comparison step 104, processor 23 compares the results
from the contact force measurements to a preset contact
force threshold, received from a threshold step 106. In case
both measured contact forces exceed the preset threshold,
processor 23 sends a positive logic signal 108 to a compari-
son step 110. In case one or both of the measured contact
forces are below the preset threshold, processor 23 takes no
action as per a “no action” step 112.

[0098] Assessing the degree of contact of electrodes 40A
and 40B to cardiac tissue is based on the fact the impedance
measured to a patch on the body of patient 21 through
cardiac tissue is higher than that measured through blood
surrounding the electrodes. The internal steps that imped-
ance verification step 103 comprises are as follows. In a
impedance measurement step 114, processor 23 measures,
utilizing impedance module 25, the impedance of each of the
electrodes 40A and 40B with respect to a threshold received
from an impedance threshold step 118. In impedance thresh-
old step 118 the impedance threshold is calculated based on
the location of electrodes 40A and 40B, and is of the order
of 100Q2. When both impedances are above the preset
threshold, this is taken as an indication that the impedance
to the patch has been measured through cardiac tissue, and
that electrodes 40A and 40B are in sufficient contact with the
cardiac tissue, which leads to processor 23 sending a posi-
tive logic signal 120 to comparison step 110. In case one or
both of the measured impedances are below the preset
threshold, processor 23 takes no action as per “no action”
step 112.

[0099] If at least one positive logic signal 108 or 120 is
received by comparison step 110, processor 23 issues a
verification message of good contact in a contact verification
step 122, and a report step 124 sends a “good contact”
message to comparison step 84 of FIG. 5. In case both
contact verification step 101 and impedance verification step
103 have ended in “no action” step 112, step 110 receives no
positive logic signals, processor 23 issues a message of poor
contact in a contact failure step 126, and a report step 124
sends a “poor contact” message to comparison step 84 of
FIG. 5.

[0100] FIG. 7 illustrates a typical example of how operator
16 defines the window of interest (WOI), in accordance with
a disclosed embodiment of the invention. In an alternative
embodiment, WOI may be defined by an automatic algo-
rithm that takes into account the cycle length and/or the
reference channels of the ECG while looking for a repetitive
cycle. This is the WOI used in step 86 of FIG. 5. FIG. 7
displays a signal 130, which a signal CS 5-6 obtained from
electrodes 5 and 6 from a stationary catheter in the coronary
sinus of heart 12 of subject 21. FIG. 7 also displays a bipolar
signal 154 and distal and proximal unipolar signals 152 and
150, respectively, similar to signals 54, 52, and 50 in FIG.
3. Operator 16 observes from signal 130 a peak 132 of the
signal as well as a cycle length 134 (CL) of tachycardia, and
determines the WOI around the peak based on the cycle
length. In the disclosed embodiment, operator 16 defines a
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start point 140 of the WOI as 140 ms before peak 132, and
an end point 142 of WOI as 190 ms after peak 132.
[0101] Tt will be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcom-
binations of the various features described hereinabove, as
well as variations and modifications thereof which would
occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art.
1. A method for measuring the conduction velocity in
cardiac tissue, the method comprising a processor and
associated circuitry for:
acquiring a bipolar signal from a first electrode and a
second electrode contacting a first location and a sec-
ond location, respectively, in a heart of a living subject;

acquiring a unipolar signal from the first electrode while
in contact with the first location in cardiac tissue;

deriving from the bipolar signal and the unipolar signal a

point in time at which the first location is generating the
unipolar signal;

computing a metric for a conduction velocity of the

unipolar signal at the first location based on a shape of
the unipolar signal at the point in time; and

incorporating the metric for a conduction velocity into a

three-dimensional map of a heart of a living subject and
displaying the image to a user on a display.
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2. The method according to claim 1, wherein the first and
second electrodes are located in a distal end of a catheter in
the heart, and wherein acquiring the bipolar signal com-
prises verifying, when acquiring the signal, that the distal
end is engaging tissue in the heart with a contact force no
less than a preset minimum contact force.

3. The method according to claim 1, wherein acquiring the
bipolar signal comprises verifying, when acquiring the sig-
nal, that the first and second electrodes are engaging tissue
in the heart with an impedance to an electrode on a surface
of the subject exceeding a preset minimum impedance.

4. The method according to claim 1, wherein computing
the metric comprises finding a maximum value of an abso-
lute value of a slope of the unipolar signal, and using the
maximum value as the metric.

5. The method according to claim 1, wherein computing
the metric comprises computing the metric based on a
respective confidence level applied to at least one of the
bipolar signal and the unipolar signal.

6. The method according to claim 1, and comprising
accepting the metric as valid when the point in time is within
awindow in time defined with reference to a signal acquired
from the heart.

7. The method according to claim 1, wherein the point in
time occurs when a time-derivative of the unipolar signal
reaches an extreme negative value.

8-17. (canceled)
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