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(57) ABSTRACT

A system for recording intracardiac signals and for provid-
ing stimulation pulses and/or ablation energy at intracardiac
locations. The system includes intracardiac terminals
adapted to collecting intracardiac electrophysiological
potentials from respective intracardiac locations in an indi-
vidual; an indifferent terminal adapted to collecting indif-
ferent electro-physiological potentials from the individual; a
differential amplifier stage adapted to receiving and ampli-
fying the electrophysiological potentials collected from the
intra-cardiac and indifferent terminals with respect to a
signal reference to obtain respective intracardiac and indif-
ferent signals; a processor device adapted to determining a
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common mode signal as an average of the intracardiac and
indifferent signals and adapted to providing an output of
intracardiac data based at least on the intracardiac signals,
wherein the intracardiac signals are referenced with respect
to the common mode signal. A method of processing intrac-
ardiac electrophysiological signals is also disclosed.
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1
SYSTEM AND METHOD FOR PROCESSING
SIGNALS FROM INTRACARDIAC
CATHETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. National Stage of International
Application No. PCT/EP2016/057783, filed Apr. 8, 2016,
which claims the benefit of European Patent Application No.
15163168.6, filed Apr. 10, 2015, both of which are incor-
porated herein by reference in their entireties.

The present invention relates in one aspect to a system for
recording intracardiac signals, and in particular to a system
for recording intracardiac signals representing electrophysi-
ological potentials from a plurality of electrodes at respec-
tive intracardiac locations. In a further aspect, the invention
relates to a method for processing intracardiac signals, in
particular a method for processing intracardiac signals rep-
resenting electrophysiological potentials probed by a plu-
rality of electrodes at respective intracardiac locations. In yet
a further aspect, the present invention relates to a system for
performing intracardiac procedures including steps of
recording intracardiac signals and steps of applying stimulus
and/or ablation energy at intracardiac locations.

BACKGROUND OF THE INVENTION

Intracardiac electrophysiological measurements are con-
sidered an important tool for understanding and treating
cardiac problems, such as arrhythmia phenomena. Intracar-
diac measurements are obtained in so-called minimally
invasive procedures using intracardiac catheters. Advanced
equipment includes multiple electrode catheters having a
plurality of electrodes that can be located inside the heart.
Depending on the procedures to be performed, such cath-
eters are at their distal end equipped with electrodes con-
figured for picking up an electrophysiological potential at
the respective location of the electrodes. The electrophysi-
ological potentials are passed via electrical conductors from
the distal end of the catheter to a connector interface at the
proximal end of the catheter, and further to recording
equipment for amplification, processing, display and storage
of signals representative of the intracardiac electrophysi-
ological potentials. The intracardiac electrophysiological
signals are the observation of the intracardiac electrophysi-
ological potentials as a function of time, wherein the intrac-
ardiac electrophysiological signals are measured by ampli-
fying the potential difference between a first terminal and a
second terminal, wherein at least the first terminal is con-
nected to an electrode that is placed inside the heart. The
obtained intracardiac signals may be further amplified/
processed and/or digitized for display on a computer and/or
storage on a digital storage medium.

By recording/mapping a plurality of electrophysiological
signals from signal electrodes placed inside the heart, details
about a pathological state relating to cardiac arrhythmia in
an individual can be obtained and proper treatment, such as
an ablation treatment, can be developed. The aspects of the
recorded intracardiac signals to be studied include the pres-
ence or absence of characteristic features in a given signal,
the periodicity and regularity of repetition of the signals, as
well as the amplitude and morphology of the signals.

A major challenge in the recording of intracardiac elec-
trophysiological signals is the interference from electrical
noise sources, which is picked up by the highly sensitive
apparatus. Amongst the main causes for such noise is in
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particular the prominent mains interference at around 50 Hz
or around 60 Hz—depending on the local frequency stan-
dard for mains supply. Other sources of noise include
internal amplifier noise, artefacts due to movement of the
wiring used for recording, and electrode DC-offsets. The
noise may include noise components common to all signals
(common mode noise) and noise components that vary from
signal to signal (differential mode noise).

Processing the signals e.g. by filtering at frequencies
corresponding to the noise sources may suppress some of the
noise. However such filtering tends to affect the morphology
of the signals and therefore has to be done with the utmost
care.

US 2015/0005585 A1 discloses a system and method for
the acquisition of bio-potential signals, such as, for example,
ECG (electrocardiography), EEG (electroencephalography),
or EMG (electromyography) signals. The disclosed bio-
potential acquisition system uses multiple active electrodes
attached to the outside of the body, in which each of the
electrodes is integrated with an amplifier and an analogue-
to-digital converter for the suppression of interference
picked up from cables. An improvement of the bio-potential
acquisition system according to US 2015/0005585 Al,
resides in adjusting the gain of the amplifiers to compensate
for component mismatch by feeding back a common mode
test signal to an adjustable gain control of the amplifiers in
the respective active electrodes. However, the system of US
2015/0005585 Al relies on the use of active electrodes, in
which pre-amplifying electronics is located next to and
integrated with a passive electrode. The use of such active
electrodes is incompatible with the particularly stringent
spatial constraints for acquiring potentials from intracardiac
locations—or would at least lead to a prohibitively complex
design of the instruments/catheters for minimally invasive
procedures, in particular when multiple electrodes are to be
placed in intracardiac locations. Furthermore, the use of
pre-amplifying electronics next to an electrode in an intrac-
ardiac location is incompatible with the desire to not only
record signals when performing intracardiac procedures, but
also to pass a stimulus pulse or even ablation energy there
through.

Two configurations for measuring intracardiac electro-
physiological signals are known—a unipolar configuration
and a bipolar configuration. In the unipolar configuration,
the intracardiac signal is recorded by referencing the elec-
trophysiological potentials from the intracardiac signal elec-
trode to a so-called indifferent electrode, which is considered
to provide a potential reference that is largely independent of
the local potential inside the heart. The indifferent electrode
is typically arranged outside and distant from the heart.
Commonly, the indifferent reference is obtained from elec-
trodes arranged on the outside surface of the individual, such
as a Wilson central terminal (WCT) defined by connecting
electrodes arranged on the arms and the left leg of a patient
through high impedance resistors. However, recent studies
also suggest using an intravascular electrode as reference
electrode in order to reduce pick-up of electro-magnetic
interference. Such an intravascular electrode is, for example,
advantageously arranged in the inferior vena cava (Steven-
son et al., Journal of Cardiovascular Electrophysiology,
2005, pp. 1017-1022). Advantages of unipolar recordings
include providing an increased spatial resolution of the local
potentials at the signal electrode, providing information
about the direction of impulse propagation, and allowing to
pace and record at the same location. Disadvantages of
unipolar recordings include a strong susceptibility to mains
interference, and a tendency to retain far-field components
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that make it difficult to separate local from distant activity in
the recorded signal. In the bipolar configuration the intrac-
ardiac signal is recorded as the difference between two
neighbouring intracardiac electrodes. Thereby, far-field
components of the recorded signal are largely eliminated,
leaving the local components of the electrophysiological
signal. Advantages of the bipolar configuration include a
low susceptibility to noise interference, and a more precise
capture of high-frequency components. Disadvantages of
the bipolar configuration include that the direction of propa-
gation of activation with respect to the orientation of the
electrode pair affects the amplitude of the recorded signal.
The bipolar signal therefore does not provide reliable infor-
mation on the direction of propagation of an activation wave
front. Furthermore, the spatial resolution of the bipolar
configuration is limited by the spatial separation between the
two intracardiac electrodes used.

A disadvantage of intracardiac electrophysiological sig-
nals obtained from known setups is therefore, that a user of
the signals is confronted with data that is excessively noisy
or deprived of valuable information content that may be
useful, or even indispensable, in the context of a particular
study, analysis, diagnosis or treatment for which the data is
to be used.

It is therefore desirable to provide a technique for obtain-
ing intracardiac electrophysiological signals that allows for
an efficient suppression of noise; that is easily reconfigurable
depending on context; that overcomes at least some of the
above-mentioned limitations; and/or that provides an alter-
native to known systems. In addition thereto, it is desirable
that such technique further allows for immediately perform-
ing intracardiac procedures including steps of recording
intracardiac signals and steps of applying intracardiac stimu-
lus and/or ablation energy using the same hardware. This
requirement imposes strict constraints on the architecture of
the system to ensure compatibility of the hardware with
these uses.

SUMMARY OF THE INVENTION

According to a broad aspect of the invention, a system for
recording intracardiac signals comprises a plurality of
intracardiac terminals adapted to collecting intracardiac
electrophysiological potentials from electrodes probing
respective intracardiac locations in an individual; amplify-
ing means adapted to amplifying the collected intracardiac
electrophysiological potentials with respect to a signal ref-
erence to obtain intracardiac signals; a processor device
adapted to determining a common mode signal as an average
of the intracardiac signals, adapted to determining respective
differential mode intracardiac signals by subtracting the
common mode signal from the intracardiac signals, and
adapted to providing intracardiac data as an output based on
the differential mode intracardiac signals.

By separating the common mode signal from the differ-
ential mode signals, the overall mains interference is effi-
ciently suppressed. In particular, when using an amplifier
stage of the average reference amplifier type in the recording
stage for amplifying the collected intracardiac electrophysi-
ological potentials, noise is therefore surprisingly well
reduced.

However, the morphology of the differential mode intrac-
ardiac signals has changed as compared to traditional type
unipolar or bipolar leads. Despite a remarkable noise reduc-
tion, differential mode signals may therefore in many prac-
tical applications be inexpedient for the subsequent inter-
pretation of the obtained intracardiac data, e.g. with respect
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to the propagation of an activation signal through a particu-
lar electrophysiological region within the heart.

Without being bound by theory, it may further be noted
that the signal reference in such a configuration is an average
of the intracardiac potentials, which due to its definition as
an average is affected by the actual potentials that have been
probed by the individual intracardiac electrodes. The signal
reference is thus affected by the actual locations of the
intracardiac electrodes within the intracardiac region to be
studied and may be difficult to relate to a well-defined
electrophysiological reference.

According to a preferred aspect, the object of the inven-
tion is achieved by a system for recording intracardiac
signals, the system comprising

a plurality of intracardiac terminals adapted to collecting
intracardiac electrophysiological potentials from a plu-
rality of intracardiac electrodes at respective intracar-
diac locations in an individual;

an indifferent terminal adapted to collecting indifferent
electrophysiological potentials from the individual;

a differential amplifier stage adapted to receiving and
amplifying the electrophysiological potentials col-
lected from the intracardiac and indifferent terminals
with respect to a signal reference to obtain respective
intracardiac and indifferent signals;

a processor device adapted to determining a common
mode signal as an average of the intracardiac and
indifferent signals and adapted to providing an output
of intracardiac data based at least on the intracardiac
signals, wherein the intracardiac signals are referenced
with respect to the common mode signal.

Advantageously according to one embodiment, the sys-
tem further comprises the plurality of passive intracardiac
electrodes adapted for placement at intracardiac locations in
the individual. Further advantageously, the system further
comprises one or more indifferent electrodes adapted for
placement in or on the individual.

Advantageously according to one embodiment, a system
for recording intracardiac signals and for providing stimu-
lation pulses and/or ablation energy at intracardiac locations
is provided, the system comprising

a plurality of passive intracardiac electrodes (la-d)
adapted for placement at intracardiac locations in an
individual (99);

a plurality of intracardiac terminals (10a-d) adapted to
collecting respective intracardiac electrophysiological
potentials from the plurality of passive intracardiac
electrodes (la-d);

one or more indifferent electrodes (2) adapted for place-
ment in or on the individual (99);

an indifferent terminal (20) adapted to collecting indif-
ferent electrophysiological potentials from the one or
more indifferent electrodes (2);

a differential amplifier stage (30) adapted to receiving and
amplifying the electrophysiological potentials col-
lected from the intracardiac and indifferent terminals
(10a-d, 20) with respect to a signal reference to obtain
respective intracardiac and indifferent signals (201a-d,
202); and

a processor device 40 adapted to determining a common
mode signal (900) as an average of the intracardiac and
indifferent signals (201a-d, 202) and adapted to pro-
viding an output of intracardiac data based at least on
the intracardiac signals (201a-d), wherein the intracar-
diac signals (201a-d) are referenced with respect to the
common mode signal (900).
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In operation, the intracardiac terminals collect intracar-
diac electrophysiological potentials from corresponding
intracardiac electrodes placed in the heart of the individual.
A plurality of electrodes is provided to simultaneously probe
electrophysiological potentials at different locations within
an electro-physiologically connected region in a synchro-
nized manner, e.g. for observing the propagation of an
activation potential through that region. The electrodes are
typically arranged at a distal end of a multiple electrode
catheter adapted for intracardiac procedures including mea-
suring/probing, pacing, and/or ablation. The electrodes used
for measuring are adapted for probing a potential at an
intracardiac location in the individual. An electrical conduc-
tor connects the probing electrode to a proximal interface
where the probed potential can be collected by a correspond-
ing intracardiac terminal of the recording system. Further-
more, the indifferent terminal collects an indifferent elec-
trophysiological potential from one or more indifferent
electrodes placed in or on the individual. The one or more
indifferent electrodes probing/defining the indifferent elec-
trophysiological potential have to be located “distant” from
the electrophysiological region to be measured/mapped to
provide an electrophysiclogical reference potential that is
essentially indifferent with respect to the electrophysiologi-
cal potentials in the region to be measured/mapped. For ease
of access and availability, the indifferent terminal may be
collected from electrodes probing body surface potentials,
such as a Wilson Central Terminal defining a known elec-
trophysiological reference. Preferably, the indifferent termi-
nal is adapted to collecting electrophysiological potentials
from electrodes probing an intra-cardiovascular location,
wherein a preferred location for probing a useful signal
reference is the inferior vena cava. Other intra-cardiovascu-
lar locations are, however, conceivable.

By including an indifferent signal from an indifferent
terminal, requiring the indifferent signal to be included in the
common mode signal, and referencing the intracardiac sig-
nal with respect to that common mode signal, noise reduced
intracardiac data is obtained, which is related to a reliable
electrophysiological reference. Based on this improved data,
output signals with a reliable morphology may be derived.

Most preferably, the processor device is a digital proces-
sor device. By performing at least a part of the processing of
the signals in a digital processor device a significantly
improved flexibility is achieved allowing for tailoring, con-
figuring and reconfiguring the signal recording and process-
ing according to e.g. the context of a specific set-up, the
intracardiac procedures to be performed, and/or a particular
noise environment.

Further according to one embodiment of the system for
recording intracardiac signals, the differential amplifier
stage is an average reference amplifier, wherein the average
of the intracardiac and indifferent signals is fed back as a
signal reference to the input side of the differential amplifier
stage so as to reference the intracardiac signals and the
indifferent signal to the common mode signal. Thereby, a
surprisingly good mains interference suppression is already
achieved in the amplifier stage for the intracardiac signals
and, where applicable, also for the indifferent signal. The
differential amplifier stage thus provides significantly less
noisy signals to the processor device for subsequent pro-
cessing in the digital domain. The average to be fed back
may be determined analogue or digital, within the amplifier
stage or by the processor device, and suitably converted for
being used as a signal reference in the differential amplifier
stage. Note, that even though the average of the intracardiac
and indifferent signals in this configuration may already be
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determined within the amplifier stage, the obtained average
also corresponds to the common mode signal of the intrac-
ardiac and indifferent signals.

According to another embodiment of the system for
recording intracardiac signals, the differential amplifier
stage is a common reference amplifier, wherein a common
reference signal is provided to the channels of the differen-
tial amplifier stage for amplifying the intracardiac signals
and, where present, the indifferent signal. The common
reference signal is preferably defined by one or more elec-
trodes providing a well-defined electrophysiological poten-
tial independent of the electrophysiological potentials col-
lected by the intracardiac terminals and, where present, by
the indifferent terminal. Preferably, the common reference
signal is defined such that it may be considered an electro-
physiological reference point or electrophysiological “zero”
of the individual.

In general, the signal reference for all channels of the
differential amplifier stage is either the same, or the signal
references of the different channels are at least unambigu-
ously related to each other. The former is preferable, when
the amplifier channels are for signals collected by similar
probes. The latter, more complex configuration may be a
necessity when some of the probes are subject to particular
constraints resulting in differing hardware requirements,
such as electrical protection requirements for different chan-
nels/terminals for patient safety reasons, for the protection of
the apparatus, or for the protection of a user of the apparatus.
Such requirements may include defibrillation protection,
specific filtering needs for some of the probes, and/or
specific bandwidth requirements for intracardiac channels as
compared to other channels. In all cases, the intracardiac
signals and, where present, the indifferent signal have to be
synchronized with respect to each other.

Further according to one embodiment of the system for
recording intracardiac signals the processor device is further
adapted to determining respective differential mode intrac-
ardiac signals by subtracting the common mode signal from
the intracardiac signals so as to reference the intracardiac
signals to the common mode signal. Thereby, a strict sepa-
ration of the intracardiac signals into differential mode
components and a common mode component is achieved.
The differential mode components are indicative of the local
variations in the intracardiac signals with a spatial resolution
corresponding to the dimension of the probing electrode
from which the electrophysiological potential has been
collected. The common mode component contains common
noise affecting all intracardiac probes and amplifier chan-
nels, such as power line interference, but also far field
components of the electrophysiological environment probed
commonly by all the intracardiac electrodes. A surprisingly
efficient suppression of the power line interference is
achieved in the differential mode intracardiac signals also
for signals obtained using a set-up or an amplifier configu-
ration with less than ideal power line interference suppres-
sion. The separation into differential mode signals and a
common mode signal thus allows for reducing the noise in
intracardiac signals probed by a single electrode to a level
that makes it possible to identify localized variations with
the spatial resolution of a single electrode.

Further according to one embodiment of the system for
recording intracardiac signals the processor device is further
adapted to determining a differential mode indifferent signal
by subtracting the common mode signal from the indifferent
signal. Thereby bringing the indifferent signal in line with
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the intracardiac signals, wherein the common mode signal is
obtained as the average of the intracardiac and indifferent
signals.

Further according to one embodiment of the system for
recording intracardiac signals, the intracardiac data com-
prises

an ensemble of the differential mode intracardiac signals

and/or the differential mode indifferent signal,

an ensemble of unipolar intracardiac signals obtained by

subtracting the indifferent signal from the intracardiac
signals; and/or

an ensemble of unipolar intracardiac signals obtained by

subtracting the differential mode indifferent signal from
the differential mode intracardiac signals; and/or

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the intracardiac signals
from a first one of the intracardiac signals; and/or

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the differential mode intrac-
ardiac signals from a first one of the differential mode
intracardiac signals.

By including these signals in the intracardiac data, the
following advantages are achieved. As mentioned above
separation into differential mode signals and a common
mode signal allows for reducing the power line noise in
intracardiac signals probed by a single electrode to a level
that makes it possible to identify localized variations with
the spatial resolution of a single electrode. By referring the
intracardiac signals to the indifferent signal or equivalently
by referring the differential mode intracardiac signals to the
differential mode indifferent signal, unipolar intracardiac
signals with a well-defined morphology are obtained.
Accordingly, also bipolar intracardiac signals may be
obtained by referring two intracardiac signals to each other,
or equivalently by referring two differential mode intracar-
diac signals to each other.

Further according to one embodiment of the system for
recording intracardiac signals the indifferent terminal is
adapted to collecting indifferent electrophysiological poten-
tials from one or more indifferent electrodes probing an
intra-cardiovascular location in the individual. By using an
indifferent signal that has been collected from an electrode
in an intra-cardiovascular location, a closer resemblance of
the noise environment seen by the intracardiac probes and
the indifferent probe is achieved as compared to other
locations, such as a body surface probe, resulting in an
improved suppression of the noise components as common
mode noise. A particularly advantageous intra-cardiovascu-
lar location for probing an indifferent electrophysiological
potential is in the inferior vena cava.

According to one embodiment of the system for recording
intracardiac signals, the processor device further implements
filtering means adapted for selectively filtering the intracar-
diac and indifferent signals and/or the differential mode
intracardiac and indifferent signals, prior to generating
intracardiac output data. By implementing the filtering in the
processor device, full flexibility for tailoring the filters is
achieved, e.g. for the context of a specific set-up, for the
characteristics of a specific channel, for the intracardiac
procedures to be performed, and/or for a particular noise
environment. The selective filtering may include noise fre-
quency tracking filtering or otherwise adaptive filtering, e.g.
using noise pattern recognition for estimating the noise
pattern from the common mode signal and/or from addi-
tional information, such as mains frequency, synchronously
monitored mains frequency, or the like. The filter charac-
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teristics of the adaptive filter may then be adapted according
to that noise pattern and/or additional information.

According to a further aspect of the invention, a measur-
ing system for probing and recording intracardiac signals
includes a recording system for recording intracardiac sig-
nals according to any of the above-mentioned embodiments,
and further includes one or more intracardiac catheters
having at a distal end multiple intracardiac electrodes for
probing intracardiac electrophysiological potentials, and
having at a proximal end an interface for providing the
probed intracardiac electrophysiological potentials to the
intracardiac terminals of the recording system. More pref-
erably, the measuring system further comprises one or more
indifferent electrodes adapted for probing an indifferent
electrophysiological potential and connected to an interface
for providing the probed indifferent electrophysiological
potential to the indifferent terminal of the recording system.
Most preferably, the one or more indifferent electrodes are
arranged on a catheter for probing the indifferent electro-
physiological potential at an intra-cardiovascular location,
such as in the inferior vena cava. Advantageously, the
intracardiac and indifferent electrodes are arranged on the
same catheter.

According to a second preferred aspect, the object of the
invention is achieved by a method for processing intracar-
diac signals as disclosed in the following, wherein the same
advantages as discussed above with respect to the system are
also achieved by the corresponding features of the method.

According to one embodiment, a method for processing
intracardiac signals comprises:

receiving multiple sequences of electrophysiological

potentials collected from a plurality of intracardiac
terminals and an indifferent terminal;
amplifying the electrophysiological potentials in a differ-
ential amplifier stage with respect to a signal reference
to obtain respective intracardiac and indifferent signals;

determining a common mode signal as an average of the
intracardiac and indifferent signals; and

providing an output of intracardiac data based at least on

the intracardiac signals, wherein the intracardiac sig-
nals are referenced with respect to the common mode
signal.

The electrophysiological potentials have preferably been
collected from a plurality of intracardiac electrodes at intrac-
ardiac locations in an individual via corresponding intrac-
ardiac terminals and from at least one indifferent electrode
in or on the individual via one or more corresponding
indifferent terminals. At least when placed in the individual,
the electrodes are most preferably passive electrodes.

Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises feeding the average of the intracardiac and indifferent
signals back to the input side of the amplifier stage in an
average reference amplifier configuration so as to reference
the intracardiac signals and the indifferent signal with
respect to the common mode signal.

Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises subtracting the indifferent signal from one or more of
the intracardiac signals to generate respective unipolar
intracardiac output signals.

Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises selectively applying a channel-specific filtering step to
one or more of the intracardiac and indifferent signals prior
to generating the intracardiac output signals.
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Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises subtracting the common mode signal from one or
more of the intracardiac signals to obtain corresponding
differential mode intracardiac signals and/or subtracting the
common mode signal from the indifferent signal to obtain a
corresponding differential mode indifferent signal.

Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises subtracting the differential mode indifferent signal
from one or more of the differential mode intracardiac
signals to generate respective unipolar intracardiac output
signals.

Further according to one embodiment of the method for
processing intracardiac signals, the method further com-
prises selectively applying a channel-specific filtering step to
one or more of the differential mode intracardiac and indif-
ferent signals prior to generating the intracardiac output
signals;

Further according to one embodiment of the method for
processing intracardiac signals, the average is the arithmetic
mean of the intracardiac and indifferent signals.

According to one embodiment of the method for process-
ing intracardiac signals, the average is the weighted arith-
metic mean of the intracardiac and indifferent signals. In the
special case that all weights are equal, the weighted arith-
metic mean is equal to the arithmetic mean. By applying
different weighting factors, the intracardiac and indifferent
signals obtained from the respective channels of the differ-
ential amplifier stage contribute to the average at different
weights. Such a configuration is advantageous in order to
compensate to hardware related variations between the
different channels. For example, such variations may be due
to different amplification factors for the different channels.

According to some embodiments of the method for pro-
cessing intracardiac signals, the number of intracardiac
signals is 3, 4, 5, 6, 7, 8, 9, at least 10, up to or at least 20,
up to or at least 50, up to or at least 100, or even more.
Correspondingly, in some embodiments of the above-men-
tioned system for recording intracardiac signals, the number
of intracardiac terminals is 3, 4, 5, 6, 7, 8, 9, at least 10, up
to or at least 20, up to or at least 50, up to or at least 100,
Or even more.

Further according to one embodiment of the invention, a
system for recording intracardiac signals according to any of
the above-mentioned embodiments is adapted to performing
the method for processing intracardiac signals according to
any of the above-mentioned embodiments. At least a part of
the system thus implements the method to obtain noise
reduced intracardiac data, and in particular to obtain noise
reduced intracardiac data for providing output signals with
a reliable or at least reproducible morphology as discussed
above.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will be described
in more detail in connection with the appended drawings,
which show in

FIG. 1 Schematic of a set-up including a system for
recording intracardiac signals according to one embodiment
of the invention,

FIG. 2 composite plot of a first set of signals including
intracardiac and indifferent signals,

FIG. 3 composite plot of a second set of signals including
intracardiac signals,

FIG. 4 plot of the average of the signals of the second set,
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FIG. 5 composite plot of intracardiac data based on the
intracardiac signals of the second set,

FIG. 6 composite plot of a third set of signals including
intracardiac signals,

FIG. 7 plot of the average of the signals of the third set,

FIG. 8 composite plot of intracardiac data based on the
intracardiac signals of the third set,

FIG. 9 plot of the average of the signals of the first set,

FIG. 10 composite plot of differential mode intracardiac
and indifferent signals obtained from the first set,

FIG. 11 composite plot of intracardiac data with unipolar
intracardiac output signals generated from the differential
mode signals of the first set,

FIG. 12 composite plot of differential mode intracardiac
and indifferent signals of a fourth set of signals, shown on
a larger scale,

FIG. 13 composite plot of intracardiac data with unipolar
intracardiac output signals generated from the differential
mode signals of FIG. 12,

FIG. 14 composite plot of the differential mode signals of
FIG. 12 after selective filtering, and in

FIG. 15 composite plot of intracardiac data with unipolar
intracardiac output signals generated from the selectively
filtered differential mode signals of FIG. 14.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 shows schematically a set-up for recording intrac-
ardiac signals from an individual 99 using a system accord-
ing to one embodiment of the invention. The system com-
prises a plurality of intracardiac terminals 10a-d that are
connected to respective intracardiac electrodes 1a-d at the
distal end of a multi-electrode catheter 3 via an interface 5
at the proximal end of the catheter 3. The system further
comprises an indifferent terminal 20 that is connected to an
intra-cardiovascular indifferent electrode 2 at the distal end
of a catheter 4 via an interface 6 at the proximal end of the
catheter 4. A typical set-up may include further apparatus,
such as for 3D mapping catheter probes, for monitoring the
individual, for stimulation of the heart, for applying defi-
brillation, and/or for performing ablation procedures. Such
further apparatus has been omitted in FIG. 1 for reasons of
clarity. The system further comprises a differential amplifier
stage 30 and a processor device 40 communicating with
each other via a link 50.

Prior to recording, the electrodes 1a-d have been placed
in an intracardiac location in a known manner, e.g. in a
minimally invasive procedure by means of a catheter 3
carrying the plurality of electrodes 1a-d. The intracardiac
electrodes are located within the same heart chamber to be
monitored and probe the intracardiac electrophysiological
potentials at their respective intracardiac locations. Accord-
ingly, the electrode 2 has been placed in an intra-cardiovas-
cular location, e.g. in the inferior vena cava, by means of a
catheter 4, and probes electrophysiological potentials that
are considered indifferent with respect to the intracardiac
electrophysiological potentials. The probed electrophysi-
ological potentials from the electrodes 1a-d, 2 are transmit-
ted to the interfaces 5, 6 at the proximal end of the catheters
3, 4 via respective leads. Advantageously, the intracardiac
electrodes 1a-d and their respective leads are bundled in a
single catheter 3, whereas the indifferent electrode 2 is
placed on a separate catheter 4. However, different bundling
combinations may be conceived, e.g. a set-up where the
intracardiac electrodes 1a-d and the indifferent electrode 2
are grouped on one catheter, or a set-up comprising multiple



US 10,568,534 B2

11

catheters comprising multiple groups of intracardiac elec-
trodes for simultaneously probing intracardiac potentials at
respective locations. Furthermore, the number of four intrac-
ardiac electrodes shown in FIG. 1 is to be considered as an
example and different numbers of intracardiac electrodes,
such as S, 6, 7, 8, 9, 10, 20, 50, 100, or even more may be
conceived. The intracardiac potentials from the intracardiac
electrodes 1a-d are collected at interface 5 by the respective
intracardiac terminals 10a-d. Accordingly, the indifferent
potential from the indifferent electrode 2 is collected at
interface 6 by the indifferent terminal 20. While the indif-
ferent potential provided at the interface 6 in the set-up
shown in FIG. 1 is defined by a single electrode 2, it may
also be conceived that the indifferent potential collected by
the indifferent terminal 20 is defined as a combination of
potentials probed by a plurality of electrodes.

The intracardiac and indifferent electrophysiological
potentials collected by the terminals 10a-d, 20 are passed on
the input side 31 of the differential amplifier stage 30 to
respective amplifier channels where they are amplified with
respect to a signal reference. The respective intracardiac and
indifferent signals obtained from the amplifier stage 30 are
passed from an output side 32, via link 50, to an input
interface 41 of a processor device 40. The processor device
40 determines a common mode signal as an average of the
intracardiac and indifferent signals received from the ampli-
fier stage 30 and generates an output of intracardiac data at
an output interface 42. The intracardiac data output is based
at least on the intracardiac signals, wherein the intracardiac
signals are referenced with respect to the common mode
signal.

Preferably, the signal reference is common for all ampli-
fier channels. In a particularly advantageous embodiment,
the amplifier stage has an average reference amplifier con-
figuration, wherein the average of all amplifier output sig-
nals is fed back to the input side of the amplifier stage and
is used as the signal reference. Thereby a good first level
suppression of mains interference as common mode noise is
achieved already in the differential amplifier stage. Alterna-
tively, the amplifier stage has a common reference amplifier
configuration, wherein an indifferent potential may be used
as common reference for all amplifier channels.

In the following, the advantageous processing of intrac-
ardiac signals by different embodiments of a method accord-
ing to the present invention is described by way of example.
Processing has been performed on different sets of signals
that have been obtained on a pig 99 with a set-up corre-
sponding to the one shown in FIG. 1, using a system 10, 20,
30, 40, 50 according to one embodiment of the system
according to the invention.

A first set of four intracardiac signals 201a-d (Channels
1-4) and one indifferent signal 202 (Channel IVC) is shown
in the composite plot of FIG. 2, wherein all channels are
shown on the same time scale and at the same vertical scale
indicated by the vertical scale bar labelled 1 mV. The same
time scale and vertical voltage scale also apply to the plots
of FIGS. 3-11. The plots of FIGS. 12-14 are shown on a
larger time scale and in particular on an about 80 times larger
vertical voltage scale as indicated in each of the plots by the
vertical scale bar labelled 0.01 mV.

The intracardiac and indifferent signals 201a-d, 202
shown in FIG. 2 have been obtained by amplifying intrac-
ardiac and indifferent potentials collected from the intrac-
ardiac and indifferent terminals 10a-d, 20 in an average
reference amplifier configuration using the arithmetic mean
of all five channels as the signal reference fed back to the
input side 31 of the differential amplifier stage 30.
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A second set of four intracardiac signals 301a-d (Chan-
nels 1-4) is shown in the composite plot of FIG. 3, wherein
the intracardiac signals 301a-d have been obtained by ampli-
fying intracardiac potentials collected from intracardiac ter-
minals 10a-d in a common reference amplifier configuration
using the potentials collected from the indifferent terminal
20 as a common signal reference for all intracardiac signals
301a-d. A prominent mains interference contribution is
observed as a regular periodic ripple present in all intracar-
diac signals 301a-d. Note that no indifferent signal can be
provided, since the indifferent terminal is used as a common
signal reference. The intracardiac signals 301a-d of FIG. 3
are passed to the processor 40, and the common mode signal
400 of all four intracardiac signals 301a-d is determined as
the arithmetic mean shown in FIG. 4. The common mode
signal 400 of FIG. 4 is then subtracted from each of the
intracardiac signals 301a-d of FIG. 3 to obtain the corre-
sponding differential mode signals 501a-d shown in the
composite plot of FIG. 5. The differential mode signals
501a-d may then be output as intracardiac data based on the
intracardiac signals 301a-d of FIG. 3, wherein the intracar-
diac signals 301a-d are referenced with respect to the
common mode signal 400. By referencing the intracardiac
signals 301a-d to the common mode signal 400, the mains
interference is clearly reduced, even though a remainder of
the periodic ripple characteristic for mains interference is
still evident.

A third set of four intracardiac signals 601a-d (Channels
1-4) is shown in the composite plot of FIG. 6, wherein the
intracardiac signals 601a-d have been obtained by amplify-
ing intracardiac potentials collected from intracardiac ter-
minals 10a-d in an average reference amplifier configuration
feeding the arithmetic mean of the intracardiac signals
601a-d back to the input side 31 of the amplifier stage 30 as
signal reference for all amplifier channels. The mains inter-
ference contribution is largely reduced as compared to the
intracardiac signals obtained in the common reference
amplifier configuration. As for the second set of signals, no
indifferent signal is present in the third set. The intracardiac
signals 601a-d of FIG. 6 are passed to the processor 40, and
the common mode signal 700 of all four intracardiac signals
601a-d is determined as the arithmetic mean shown in FIG.
7. The common mode signal 700 of FIG. 7 is then subtracted
from each of the intracardiac signals 601a-d of FIG. 6 to
obtain the corresponding differential mode signals 801a-d
shown in the composite plot of FIG. 8. The differential mode
signals 801a-d may then be output as intracardiac data based
on the intracardiac signals 601a-d of FIG. 6, wherein the
intracardiac signals 601a-d are referenced with respect to the
common mode signal 700. Also in this case, the mains
interference is clearly reduced by referencing the intracar-
diac signals 601a-d to their common mode signal 700.

While subtracting the common mode signal from the
intracardiac signals and also amplifying the intracardiac
signals in an average amplifier configuration thus clearly
achieves a significant improvement in terms of reducing the
detrimental effects of mains interference on the intracardiac
signals, this results in a distortion of the signals beyond
recognition with respect to well-known unipolar signal
shapes. The resulting deviant morphology can be seen e.g. in
the above-mentioned differential mode intracardiac signals
501a-d and 801a-d and in a similar manner in the intracar-
diac signals 201a-d and 601a-d obtained in the average
reference amplifier configuration as compared to the unipo-
lar morphology of the more noisy intracardiac signal data
301a-d obtained in the common reference amplifier con-
figuration. Furthermore, the morphology of intracardiac
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differential mode signals, such as signals 501a-d and 801a-
d, as well as of intracardiac signals obtained from the
average reference amplifier configuration, such as signals
201a-d and 601a-d, depends by definition on the actual
intracardiac potentials probed and also on the actual number
and location of the intracardiac electrodes 1a-d within the
intracardiac region to be studied. The obtained intracardiac
data may therefore be difficult to relate to a well-defined
electrophysiological reference.

However, the deviant morphology may be repaired and a
unipolar morphology may be restored by requiring that the
set of signals in addition to the plurality of intracardiac
signals collected from intracardiac terminals 10a-d also
includes an indifferent signal from an indifferent terminal
20, and that the indifferent signal is included in the common
mode signal to which the intracardiac signal is to be refer-
enced. This is illustrated in the following by revisiting the
first set of signals, which includes intracardiac signals
201a-d from intracardiac terminals 10a-d, and an indifferent
signal 202 from an indifferent terminal 20.

Just like in the previous embodiments for the second and
third set of signals 301a-d and 601a-d, the signals provided
by the amplifier stage 30 are passed to the processor 40.
However, now the set of signals passed to the processor 40
includes both the intracardiac signals 201a-d and the indif-
ferent signal 202. As mentioned above, the intracardiac and
indifferent signals 201a-d, 202 are obtained in an average
reference amplifier configuration leading to an eflicient
suppression of mains interference noise, but severely affects
the morphology of the intracardiac signals. Analogue to the
above mentioned embodiments, differential mode signals
may be derived by determining the common mode signal
900 as the arithmetic mean of all five signals including the
four intracardiac signals 201a-d and the indifferent signal
202. The common mode signal 900 is shown in FIG. 9. The
common mode signal 900 of FIG. 9 is then subtracted from
each of the intracardiac and indifferent signals 201a-d, 202
of FIG. 2 to obtain the corresponding differential mode
signals 1001a-d, 1002 shown in the composite plot of FIG.
10. The differential mode intracardiac signals 1001a-d may
again be output as intracardiac data for further use. The
differential mode signals 1001a-d exhibit again very little
mains interference. Yet again, the morphology of the differ-
ential mode signals 1001a-d is distorted as in the cases
discussed above. However, since the set of signal includes a
compatible indifferent signal, the morphology may be
restored by either directly subtracting the indifferent signal
202 from the intracardiac signals 201a-d to generate respec-
tive unipolar intracardiac output signals (not shown), or by
subtracting the differential mode indifferent signal 1002
from the differential mode intracardiac signals 1001a-d to
generate respective unipolar intracardiac output signals
1101a-d.

The short-cut of directly subtracting the indifferent signal
from the intracardiac signals is possible without compro-
mising the noise suppression properties of the method, when
the signals are referenced to a common mode signal already
in the amplifier stage, e.g. in the above-mentioned average
reference amplifier configuration, which is also applied for
the first set of signals 201a-d, 202. Including the steps of
deriving the differential mode signals first before performing
the subtraction is also possible in this case where the
intracardiac signals are referenced to the common mode
signal already in the amplifier stage. However, the additional
step of deriving the differential mode signals first is particu-
larly advantageous, when efficient common mode suppres-

10

20

25

40

45

50

60

65

14

sion could not be applied or simply has not been applied to
the signals in the amplifier stage.

A further improvement of the noise reduction may be
achieved by selectively applying a channel-specific filtering
step to one or more of the intracardiac and indifferent
signals, or differential mode intracardiac and indifferent
signals, prior to generating the intracardiac output signals.
This is described by way of example in the following for a
fourth set of signals including a plurality of intracardiac
signals and an indifferent signal. FIG. 12 shows the respec-
tive differential mode intracardiac and indifferent signals
1201a-d, 1202 obtained by subtracting the common mode
signal from the intracardiac and indifferent signals. On the
large scale of this plot, the differential mode indifferent
signal 1202 clearly exhibits a remaining mains interference
signal as evident from the periodic ripple, whereas a corre-
sponding noise component is absent from the differential
mode intracardiac signals 1201a-d. FIG. 13 shows the
respective unipolar intracardiac output signals 1301a-d gen-
erated by subtracting the differential mode indifferent signal
1202 from the differential mode intracardiac signals 1201a-
d. The noisy differential mode indifferent signal 1202 clearly
contaminates the unipolar intracardiac output signals 1301a-
d. FIG. 14 shows a composite plot of differential mode
intracardiac and indifferent signals 1401a-d corresponding
to those of FIG. 12 after a selective filtering step has been
applied. In fact, the differential mode intracardiac signals
1401a-d are identical to the differential mode intracardiac
signals 1201a-d. Only the differential mode indifferent sig-
nal 1202 has selectively been subjected to a filtering step,
thereby removing the remaining periodic ripple and obtain-
ing the filtered differential mode indifferent signal 1402. As
a result, unipolar intracardiac output signals 1501a-d as
shown in FIG. 15 may be obtained with a significantly
reduced noise contamination from the filtered differential
mode indifferent signal 1402.

The invention claimed is:

1. System for recording intracardiac signals and for pro-
viding stimulation pulses and/or ablation energy at intrac-
ardiac locations, the system comprising:

a plurality of intracardiac terminals adapted to collecting
intracardiac electrophysiological potentials from a plu-
rality of passive intracardiac electrodes at respective
intracardiac locations in an individual;

an indifferent terminal adapted to collecting indifferent
electrophysiological potentials from one or more indif-
ferent electrodes in or on the individual;

a differential amplifier stage adapted to receiving and
amplifying the electrophysiological potentials col-
lected from the intracardiac and indifferent terminals
with respect to a signal reference to obtain respective
intracardiac and indifferent signals; and

a processor device 40 adapted to determining a common
mode signal as an average of the intracardiac and
indifferent signals and adapted to providing an output
of intracardiac data based at least on the intracardiac
signals, wherein the intracardiac signals are referenced
with respect to the common mode signal.

2. System according to claim 1, wherein the differential
amplifier stage is an average reference amplifier, wherein the
average of the intracardiac and indifferent signals is fed back
as a signal reference to the input side of the differential
amplifier stage so as to reference the intracardiac signals and
the indifferent signal to the common mode signal.

3. System according to claim 1, wherein the processor
device is further adapted to determining respective differ-
ential mode intracardiac signals by subtracting the common
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mode signal from the intracardiac signals so as to reference
the intracardiac signals to the common mode signal.

4. System according to claim 3, wherein the processor
device is further adapted to determining a differential mode
indifferent signal by subtracting the common mode signal
from the indifferent signal.

5. System according to claim 1, wherein the intracardiac
data comprises

an ensemble of the differential mode intracardiac signals

and/or the differential mode indifferent signal,

an ensemble of unipolar intracardiac signals obtained by

subtracting the indifferent signal from the intracardiac
signals; or

an ensemble of unipolar intracardiac signals obtained by

subtracting the differential mode indifferent signal from
the differential mode intracardiac signals; or

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the intracardiac signals
from a first one of the intracardiac signals; or

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the differential mode intrac-
ardiac signals from a first one of the differential mode
intracardiac signals.
6. System according to claim 1, wherein the indifferent
terminal is adapted to collecting indifferent electrophysi-
ological potentials from one or more indifferent electrodes
probing an intra-cardiovascular location in the individual.
7. Method for processing intracardiac signals, the method
comprising:
receiving multiple sequences of electrophysiological
potentials collected from a plurality of passive intrac-
ardiac electrodes via corresponding intracardiac termi-
nals and from at least one indifferent electrode via a
corresponding indifferent terminal,
amplifying the electrophysiological potentials in a differ-
ential amplifier stage with respect to a signal reference
to obtain respective intracardiac and indifferent signals;

determining a common mode signal as an average of the
intracardiac and indifferent signals; and

providing an output of intracardiac data based at least on

the intracardiac signals, wherein the intracardiac sig-
nals are referenced with respect to the common mode
signal.

8. Method according to claim 7, further comprising feed-
ing the average of the intra-cardiac and indifferent signals
back to the input side of the amplifier stage in an average
reference amplifier configuration so as to reference the
intracardiac signals and the indifferent signal with respect to
the common mode signal.

9. Method according to claim 8, further comprising sub-
tracting the indifferent signal from one or more of the
intracardiac signals to generate respective unipolar intrac-
ardiac output signals.

10. Method according to claim 9, further comprising
selectively applying a channel-specific filtering step to one
or more of the intracardiac and indifferent signals prior to
generating the intracardiac output signals.
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11. Method according to claim 7, further comprising
subtracting the common mode signal from one or more of
the intracardiac signals to obtain corresponding differential
mode intracardiac signals and/or subtracting the common
mode signal from the indifferent signal to obtain a corre-
sponding differential mode indifferent signal.

12. Method according to claim 11, further comprising
subtracting the differential mode indifferent signal from one
or more of the differential mode intra-cardiac signals to
generate respective unipolar intracardiac output signals.

13. Method according to claim 12, further comprising
selectively applying a channel-specific filtering step to one
or more of the differential mode intracardiac and in-different
signals prior to generating the intracardiac output signals.

14. Method according to claim 7, wherein the average is
the arithmetic mean of the intracardiac and indifferent
signals.

15. System according to claim 2, wherein the processor
device is further adapted to determining respective differ-
ential mode intracardiac signals by subtracting the common
mode signal from the intracardiac signals so as to reference
the intracardiac signals to the common mode signal.

16. System according to claim 2, wherein the indifferent
terminal is adapted to collecting indifferent electrophysi-
ological potentials from one or more indifferent electrodes
probing an intra-cardiovascular location in the individual.

17. System according to claim 3, wherein the indifferent
terminal is adapted to collecting indifferent electrophysi-
ological potentials from one or more indifferent electrodes
probing an intra-cardiovascular location in the individual.

18. System according to claim 4, wherein the indifferent
terminal is adapted to collecting indifferent electrophysi-
ological potentials from one or more indifferent electrodes
probing an intra-cardiovascular location in the individual.

19. System according to claim 5, wherein the indifferent
terminal is adapted to collecting indifferent electrophysi-
ological potentials from one or more indifferent electrodes
probing an intra-cardiovascular location in the individual.

20. System according to claim 1, wherein the intracardiac
data comprises

an ensemble of the differential mode intracardiac signals

and/or the differential mode indifferent signal,

an ensemble of unipolar intracardiac signals obtained by

subtracting the indifferent signal from the intracardiac
signals;

an ensemble of unipolar intracardiac signals obtained by

subtracting the differential mode indifferent signal from
the differential mode intracardiac signals;

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the intracardiac signals
from a first one of the intracardiac signals; and

an ensemble of bipolar intracardiac signals obtained by

subtracting a second one of the differential mode intrac-
ardiac signals from a first one of the differential mode
intracardiac signals.
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