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NON-LINEAR FILTERING FOR THE

RECONSTRUCTION OF A SURFACE

ELECTROCARDIOGRAM FROM AN
ENDOCARDIAL ELECTROGRAM

FIELD OF THE INVENTION

[0001] The present invention relates to “implantable medi-
cal devices” such as those defined by the Jun. 20, 1990 Direc-
tive 90/385/EEC of the Council of European Communities,
specifically to implantable devices that continuously monitor
heart rhythm and deliver to the heart, if necessary, electrical
stimulation pulses for cardiac resynchronization and/or
defibrillation

[0002] The invention more particularly relates to process-
ing the signals representative of cardiac depolarization poten-
tials of the myocardium, such signals being collected through
epicardial or endocardial electrodes for pacing, sensing or
defibrillation of the right and left atria or ventricles, of these
implantable devices.

[0003] Even more particularly, the present invention is
directed to a method, whether or not implemented in that
implanted device, for the reconstruction of a surface electro-
cardiogram (ECG) from an endocardial or epicardial electro-
gram (EGM).

BACKGROUND OF THE INVENTION

[0004] TItis known that EGM signals are collected by use of
electrodes placed on endocardial or epicardial leads of a
device implanted in a patient. These signals, directly related
to electrical activities of cardiac cells of the patient, provide
much useful information for the purpose of assessing the
patient’s condition. Hence, after amplifying, conditioning,
digitizing and filtering, EGM signals are mainly utilized to
control the implanted device and diagnose rhythm disorders
requiring, for example, automatic triggering of an antitachy-
cardia, antibradycardia, or interventricular resynchronization
therapy.

[0005] However, when it comes to analyzing subjectively
the cardiac rhythm, e.g., to perform a diagnosis or to readjust
the control/operating parameters of an implanted device,
practitioners prefer, in practice, to interpret the information
given by a surface electrocardiogram (ECG). A surface ECG
allows oneto visualize in a direct manner, certain determining
factors (e.g., QRS width) and thereby assess the evolution of
a cardiac failure.

[0006] ECG signals are usually recorded over a long period
of time through ambulatory practice by Holter recorders. The
recorded ECG signals are then further processed and ana-
lyzed in order to evaluate the clinical condition of the patient
and eventually diagnose whether a cardiac rhythm disorder is
present.

[0007] The ECG and EGM signals actually have the same
signal source, i.e., electrical activities of the myocardium,
however they visually appear in much different manners: the
EGM collected by the implantable device provides local
information on electrical activities of a group of heart cells,
whereas the ECG appears in the form of more global infor-
mation, in particular influenced by the propagation of elec-
trical signals between the myocardium and body surface with
certain morphologic and pathologic specificities. Thus, the
display of EGM signals is not very useful to a practitioner
who interprets ECG signals.
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[0008] When a patient implanted with a medical device
comes to his/her practitioner for a routine visit, two distinct
devices are used: an ECG recorder and an external implant
programmer. In order to collect ECG signals, the practitioner
places electrodes in particular locations of the patient’s torso.
The ECG signals are collected between predefined pairs of
electrodes to define typically twelve derivations of the col-
lected ECG signals. The external programmer is used to con-
trol certain operating parameters of the implanted device
(e.g., the battery life), download data from the memory ofthe
implantable device, modify the parameters thereof, or upload
an updated version of the device operating software, etc.
[0009] The visit with the practitioner therefore usually
requires two different devices, as well as specific manipula-
tions for placing the surface electrodes and collecting the
ECG signals.

[0010] Moreover, the use of these two devices requires the
patient to come to a specifically equipped center, usually
having the consequence that routine visits are spaced farther
apart, resulting in a less rigorous follow-up of the patient.
[0011] Furthermore, the ECG recording has various draw-
backs, notably:

[0012] the preparation of the patient which requires a
certain time, correlated with a globally increased follow-
up cost;

[0013] the local irritation of the skin created by fixing of
the electrodes in some patients;

[0014] theposition ofthe electrodes varies from one visit
to another, inducing variations in the reconstructed
ECG;

[0015] the ECG recording is affected by several param-
eters that are difficult to control, such as breathing,
movements of the patient, as well as the interferences
emitted by various external electrical sources.

[0016] In order to overcome such drawbacks, some algo-
rithms have been developed for reconstruction of the ECG
based upon EGM signals that are directly provided by the
implanted device. Indeed, reconstruction of the ECG based
upon EGM signals would:

[0017] avoid, during routine visits, having to place sur-
face electrodes and resort to an ECG recorder;

[0018] rendera patient’s visit simpler and quicker, even-
tually allow performing a routine visit at the patient’s
home, and subsequently shorten the intervals between
successive visits, and improve the patient’s follow-up;
and

[0019] allow a remote transmission of the EGM data
recorded by the implanted device, without the interven-
tion of a practitioner or a medical aid.

[0020] Various algorithms for ECG reconstruction based
upon EGM signals have been previously proposed.

[0021] U.S.Pat.No. 5,740,811 (Hedberg, etal.) proposes to
synthesize an ECG signal by combining a plurality of EGM
signals by means of a neural network, fuzzy logic, and/or
summer circuit, after a learning process by a “feedforward”
type algorithm. This technique does not take into account the
propagation time delay between the EGM signals and the
surface ECG signals leading to a precision loss in the recon-
structed ECG signal. Another drawback of such technique is
that it does not take into account the varying position of the
endocardial leads between the moment of the learning pro-
cess and that of the use of the device; a change in the heart
electrical axis may bias the synthesized ECG signal, gener-
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ating a misleading ECG signal. A cardiac disorder that is
masked by the biased synthesis may not be accurately diag-
nosed.

[0022] U.S. Pat. No. 6,980,850 (Kroll et al.) proposes to
overcome this difficulty, by proposing a method of surface
ECG reconstruction implementing a matrix transform allow-
ing to render each of the ECG derivations individually. Such
transform also allows to take into account several parameters,
such as patient’s respiratory activity or posture that influence
tracking the position of the endocardial leads through space.
The proposed reconstruction consists of transforming,
through a predetermined transfer matrix, an input vector rep-
resentative of a plurality of EGM signals into a resulting
vector representative of the different ECG derivations. The
transfer matrix is learned through averaging several instanta-
neous matrices based upon ECG and EGM vectors recorded
simultaneously over the same period of time.

[0023] Although this last technique brings an improvement
to that proposed in U.S. Pat. No. 5,740,811, it nevertheless
presents certain drawbacks. First, it makes an assumption that
there exists a linear relationship between ECG and EGM
vectors: such an approximation, though relatively accurate
with patients presenting a regular rhythm, leads in some cases
to large errors of ECG reconstruction in the presence of
atypical or irregular signal morphologies—corresponding to
potentially pathologic cases. Second, in the presence of noise,
it does not provide a unique solution for appropriately recon-
structing the ECG signals.

[0024] The U.S. Pat. No. 7,383,080 and U.S. Patent Publi-
cation No. 2008/0065161 describes yet another technique for
concatenating the ventricular far field signal (distant signal)
observed on the atrium electrode on one hand, with the atrial
far field signal (distant signal) observed on the ventricular
electrode on the other hand to reconstruct an ECG signal. To
connect the two signals at their concatenation, the process
includes a step of subtracting a shift to avoid a mismatch, then
multiplying each signal by a factor to amplify or attenuate it
appropriately.

[0025] In the case of a patient with a regular rhythm, this
concatenation technique is effective because the two far field
signals are well separated. However, for a patient with an
irregular rhythm, thus potentially pathological, the far field
signals are obscured by the P and R waves and cannot be
satisfactorily distinguished from each other. In addition, the
proposed processing that simply applies a gain and a time
shift reconstructs the ECG signals in a very rough approxi-
mation format, and thus does not reproduce the exact mot-
phology of ECG signals.

[0026] EP 1902 750 Al and its US counterpart US Patent
Publication No. 2008 0114259(A1) (EL A Medical) describes
a technique for reconstruction of ECG using a principal com-
ponents analysis (PCA) to extract an endocardial vectogram
(VGM) from which a surface vectocardiogram is rebuilt
(VCQG) to obtain, by a reverse transformation, the recon-
structed signals of the different ECG derivations. The recon-
struction of the VCG from the VGM is made by a learning
phase, including use of a neural network.

[0027] These various techniques present certain draw-
backs, notably because the EGM and ECG signals, even if
they have the same origin, have very different characteristics.
[0028] Indeed, electrical activities of a heart reflect the
spontaneous stimulations due to the ionic currents in the
cardiac cells or artificial stimulations produced by the appli-
cation of an electrical current to these cells. The EGM (or
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VGM) signals, directly collected by the implanted device on
one or several derivations, reflect the electrical potential of the
myocardium, whereas the ECG signals correspond to the
electrical potential recorded on the body surface, over a cetr-
tain number of derivations, after propagating from the myo-
cardium to this body surface.

[0029] A satisfactory reconstruction of ECG signals from
EGM signals implies taking into account the propagation of
the electrical phenomena through the patient’s body, and the
dependence of transmembrane potential of the ionic currents
and of the conductivity of the tissue. These phenomena have
been modeled in various forms, generally known as “bido-
main models”, that are formulated as nonlinear differential
equations of the electrical potential, containing linear, qua-
dratic and cubic terms.

[0030] But the reconstruction techniques described in the
documents cited above rely on a simple linear relationship
between EGM and ECG signals, regardless of the physiologi-
cal knowledge of the bidomain models, with the exception of
techniques using neural networks, which introduce non-lin-
ear relationships between the EGM and ECG signals. How-
ever, the non-linearity introduced by the neural network is
simply a sigmoid function or a limiter, and it is very different
from the physiological non-linear bidomain model, reflected
by the presence of a quadratic term and a cubic term.

[0031] Another drawback, specific to all these techniques is
that they can not verify that the reconstruction of ECG signal
gives a correct result. and even less quantify the quality of this
reconstruction.

OBJECT AND SUMMARY OF THE INVENTION

[0032] Itis, therefore, an object of the present invention to
reconstruct ECG signals from the collected EGM signals and
to provide a criterion, especially corresponding to an intended
use of the reconstructed ECG signals: for a simple determi-
nation of the presence or absence of a peak ora QRS complex
the ECG signals are reconstructed with an average quality,
while for an accurate diagnosis based on specific details of
ECG or measurements on it, the ECG signals are recon-
structed with a higher quality.

[0033] The present invention broadly aims to remedy vari-
ous drawbacks of prior art techniques by proposing a new
technique for reconstruction of ECG signals from EGM sig-
nals with a nonlinear filter that is close to physiological non-
linearity of a bidomain model. A delay representative of the
propagation of electrical signals in body tissues is introduced.
[0034] The present invention in a preferred embodiment is
based on an approach using non-linear Volterra filters to rep-
resent the relationship between EGM signals and ECG sig-
nals. The Volterra filters of order 3 introduce quadratic and
cubic terms and delays, thereby approach in a much more
realistic manner a bidomain model to represent electrical
signal propagation in the patient’s body between the myocar-
dium and the body surface.

[0035] One aspect of the present invention is thus directed
to a device for processing signals representative of cardiac
potential of depolarization of the myocardium, of the type
known according to EP 1902750A1 (and its counterpart U.S.
Patent Publications 2008/0114257 and 2008/0114259) cited
above for processing signals representative of a cardiac
potential of depolarization of the myocardium having means
for reconstructing an ECG including: a plurality of inputs,
receiving a corresponding plurality of EGM signals from
endocardial or epicardial electrogram, each EGM signal
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input being acquired on a respective EGM derivation or chan-
nel; at least one output, delivering a reconstructed surface
electrocardiogram (ECG) signal related to an ECG deriva-
tion; and a digital filter with a non-linear transfer function
able to determine said ECG signal based on said plurality of
EGM signals.

[0036] In a manner characteristic of the present invention,
the non-linear digital filter is preferably a Volterra type filter
having a transfer function including a linear term and at least
one quadratic and/or cubic term.

[0037] The technique of Volterra filtering in the medical
field is already known, particularly in WO 2008/008692 A2,
which describes a Volterra filter applied to the RR signals
representative of the cardiac rhythm. But the heart rate is
obtained from the ECG or EGM signals by processes that are
very different from those of the present invention, without
using a reconstruction with non-linear filtering. In fact, the
prior art is directed to the characterization of a heart rate
variability (HRV), which is a specific problem that is unre-
lated to that of the present invention. WO 2008/008692 does
not use a Volterra filter for generating a reconstructed surface
electrocardiogram (ECG) signal from EGM signals directly
delivered by an implanted prosthesis.

[0038] The Volterra filtering is also a very different tech-
nology from that implemented by the EP 1 902 750 A1 cited
abovebecause, although the treatment by a neural network for
reconstruction of a VCG from a VGM is of a non-linear type,
it resembles in no way a Volterra filtering. Indeed, a neural
network applies a nonlinear function only to the value of the
input x[n] at a given time nT (T being the sampling period),
while in a Volterra filter, the linear filtering is applied to
quadratic or cubic terms using inputs x[n-k] from earlier
instants.

[0039] Various forms of advantageous implementations of
the present invention include the followings:

[0040] The transfer function of the non-linear digital filter
preferably comprises at least a finite time delay (z7).

[0041] In one embodiment, the device includes a plurality
of non-linear Volterra filters (12) each receiving as an input an
EGM signal (x,[k]) representing the i-th EGM channel or
derivation at time k, and delivering as an output a correspond-
ing filtered signal (y, |k]), and an adder circuit to combine
linearly the filtered signals output by the plurality of non-
linear filters, having as the output a reconstructed ECG signal
(v,[k]) representing the j-th BCG derivation.

[0042] Inyet another embodiment, the device includes, for
each EGM derivation of a plurality of EGM derivations: a first
linear filter receiving as an input the corresponding EGM
signals (x,[n], X,[n]), a second linear filter receiving as an
input the same EGM signals squared, and/or a third linear
filter receiving as an input the same EGM signals cubed, and
means for linearly combining the filtered signals of the first,
second and/or third linear filters of each EGM derivation,
delivering as an output a reconstructed ECG signal (y[n]).
More preferably, the device optionally includes an additional
linear filter receiving as an input a cross product of signals of
each EGM derivation; and an adder to combine linearly, in
addition to the filtered signals by the first, and one or both of
the second and third linear filters of each EGM derivation, the
signal delivered by said additional filter.

[0043] More preferably, two EGM derivations are used,
including an atrial EGM derivation and a ventricular EGM
derivation.
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[0044] In yet another embodiment, the device includes
means for concatenating sequences of samples (x,[n], x,[n] .
.. Xg[n]) each of them produced at frequency F on each of Q
respective EGM derivations, and delivering as an output a
concatenated signal (z[n]) of frequency QF; a nonlinear Vol-
terra filter receiving as an input the concatenated signal (z[n])
and delivering as an output a corresponding filtered signal
(W[n]) of frequency QF, and means for performing a 1/Q
down sampling of'said filtered signal (w[n]), and delivering as
an output at a frequency F a reconstructed ECG signal (y[n]).
[0045] Still another embodiment of the present invention
includes means for predetermining the settings of the digital
filter, comprising:
[0046] means for collecting EGM signals and at least one
acquired ECG signal simultaneously, and
[0047] means for determining parameters of the digital
filter, by minimizing a difference between the acquired
ECG signal and a reconstructed ECG signal from the
acquired EGM signals using the digital filter.
[0048] More preferably, the means for determining param-
eters of the digital filter includes means for directly calculat-
ing these parameters using an algorithm for computing a
matrix solution satisfying a least squares minimization
(LSM) criterion. Alternatively, the means for determining
parameters of the digital filter includes means for implement-
ing an algorithm for computing a matrix solution satisfying a
composite criterion combining the least squares minimiza-
tion and a Tikhonov regularization.
[0049] In another embodiment, the means for determining
parameters of the digital filter include means for iteratively
calculating those parameters using a recursive least squares
(RLS) algorithm with variable step.
[0050] Another aspect of the invention provides the device
with means for evaluating the quality of the ECG reconstruc-
tion of the non-linear digital filter, comprising:
[0051] means for simultaneously acquiring EGM signals
and at least one ECG signal;
[0052] means for determining a reconstructed ECG sig-
nal from said acquired EGM signals, and
[0053] means for calculating a correlation coefficient
between the acquired ECG signal and the reconstructed
ECG signal.
[0054] More preferably, the device further includes:
[0055] means for predetermining the settings of the digi-
tal filter, and
[0056] means for validating the determining parameters
including means for comparing to a given threshold the
calculated correlation coefficient and to validate or
invalidate those parameters depending on the outcome
of said comparison.
[0057] It should be understood that the plurality of inputs
may correspond to a plurality of EGM signals acquired from
electrodes selected from a group of: distal and/or proximal
right ventricular electrode, distal and/or proximal right atrial
electrode, distal and/or proximal left ventricular electrode,
ventricular or atrial defibrillation coil, supra-ventricular
defibrillation coil. Further, the device may be an implantable
cardiac prosthesis device selected from a group of stimula-
tion, resynchronization, cardioversion and defibrillation type
devices. Alternatively, the device may be an external pro-
grammer comprising means for downloading and analyzing
EGM signals collected by an implanted device, or a home
monitor, including means for downloading and analyzing
EGM signals collected by an implanted device and producing
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therefrom data, and means for automatic uploading said data
to a remote site. In yet another embodiment, the device may
be a data server of a site receiving data from a remote monitor
for home monitoring including means for downloading EGM
signals collected by an implanted device, and means for auto-
matically transmitting said downloaded EGM signals to said
remote site.

[0058] Yet another aspect of the present invention is
directed to an apparatus for reconstructing a surface electro-
cardiogram (ECG) from a signal representative of a depolar-
ization potential of a myocardium. One such apparatus
includes a plurality of inputs corresponding to a plurality of
electrogram (EGM) signals from an endocardial or epicardial
electrogram (x,, X, . . . X,), each acquired on one EGM
derivation respectively; at least one output corresponding to a
reconstructed ECG (y;) for an ECG derivation; and a nonlin-
ear digital filter having a transfer function to determine said
reconstructed ECG signal for said given ECG derivation in
response to said plurality of inputs, said nonlinear digital filter
including a Volterra type filter having a transfer function
including a linear term (h, ) and atleast one of'a quadratic term
(h,) and a cubic term (hy).

[0059] Thedevice ofthe invention thus can be implemented
in various forms referenced above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0060] Further features, advantages and characteristics of
the present invention will become apparent to a person of
ordinary skill in the art in view of the following detailed
description of preferred embodiments of the invention, made
with reference to the drawings annexed, in which like refer-
ence characters refer to like elements, and in which:

[0061] FIG.1isaschematic representation ofthe technique
of reconstruction of an ECG, and of learning of the coeffi-
cients of the filters in accordance with a preferred embodi-
ment of the present invention;

[0062] FIG. 2 is a block diagram illustrating an implemen-
tation of a Volterra filter of order 2 for a system with one input
and one output;

[0063] FIG. 3 is a block diagram of a first embodiment of
the present invention, allowing the reconstruction of an ECG
derivation from three EGM channels;

[0064] FIG. 4 is a block diagram of a second embodiment
of the present invention, allowing the reconstruction of an
ECG derivation from an atrial and a ventricular EGM chan-
nel; and

[0065] FIG.5is a block diagram of a third embodiment of
the present invention, allowing the reconstruction of an ECG
derivation using a single Volterra filter.

DETAILED DESCRIPTION OF THE INVENTION

[0066] With reference to the drawings FIGS. 1-5, several
examples of implementations of preferred embodiments of
the present invention will now be described. Preferably, the
functionality and processes of the present invention as
described herein can be implemented by an appropriate pro-
gramming of software of a known implantable pulse genera-
tor, for example, a pacemaker or defibrillator/cardioverter,
comprising known and conventional circuits and signal
acquisition and processing algorithms for acquiring a signal
provided through endocardial leads and/or several implanted
sensors.
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[0067] The invention can advantageously be applied to and
implemented in the commercial implantable devices mat-
keted by Sorin CRM, Montrouge France, such as the Reply™
and Paradym™ brand pacemakers and comparable commet-
cial and/or proprietary devices of other manufacturers. These
devices are equipped with programmable microprocessors,
including circuits intended to acquire, condition and process
electrical signals collected by implanted electrodes and vari-
ous sensors, and deliver pacing pulses to implanted elec-
trodes. It is also possible to upload towards these devices, by
telemetry, pieces of software (i.e., a software control module)
that will be stored in internal memory and run so as to imple-
ment the features and functionality of the present invention,
as described herein. Implementing the features of the inven-
tion into these devices is believed to be easily within the
abilities of a person of ordinary skill in the art, and will
therefore not be described in detail.

[0068] The invention may be implemented within an
implant (i.e., direct data processing of the EGM signals by the
implanted device), but it may also be implemented in an
external programmer used by a practitioner by downloading
and analyzing the cardiac signals collected and memorized by
an implant.

[0069] Inyetanother advantageous preferred embodiment,
the invention is implemented in a home monitor. The home
monitor is a special type of programmer whose operation is
essentially fully automated without requiring a practitioner. It
is particularly intended to allow transmission at regular inter-
vals to a remote site of the collected and analyzed data, e.g.
daily, in order to monitor the cardiac condition of the patient
remotely.

[0070] The invention may also be implemented at a server
located at a remote site. For example, the raw EGM data from
the implanted device is uploaded to the remote site server
directly, without prior processing. The processing is pet-
formed by the remote server or a terminal (e.g., a PC com-
puter or programmer) that implements the present invention.

A. Collection of the EGM Signals

[0071] The EGM signals are acquired on a plurality of
“channels”, each channel corresponding to a pair of endocar-
dial or epicardial electrodes connected to the housing of the
implanted cardiac device. These channels also are known as
“derivations”.

[0072] The choice of electrodes defining these channels
depends on the considered implanted cardiac prosthesis, for
example, pacemaker (for treatment of bradycardia), defibril-
lator (for treatment of tachycardia and fibrillation) or resyn-
chronizer (for treatment of heart failure). Three modes of
cardiac stimulation are distinguished: single, dual or triple
chamber. These different functions correspond to different
choice of electrodes, and to a number of EGM signals differ-
ent in each situation.

[0073] Asused herein “RV”, “RA” and “LV”, respectively,
designate the right ventricular, right atrial and left ventricular
electrodes of the intracardiac leads with a “+” or “-=" sign
indicating the distal or proximal position of the electrode, and
“CoilV” and “SVC” respectively designate the ventricular
and supraventricular defibrillation coils. Thus, the possible
combinations of electrodes are (with each time, the possibil-
ity to select a bipolar configuration by considering the differ-
ence between two electrodes or to select an unipolar configu-
ration by considering the difference between one electrode
and the generator housing or CAN):
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[0074] single chamber: RV+, RV~ (and CoilV and in the
case of a defibrillator), a single chamber pacemaker
provides two EGM signals through the distal and proxi-
mal electrodes, the ground being taken on the CAN. The
version in a defibrillator delivers three EGM signals
through the added CoilV electrode.

[0075] dual chamber: RV+, RV-, RA+, RA- (and CoilV
and SVC in the case of a defibrillator), a dual-chamber
pacemaker provides four EGM signals, and six in a
defibrillator version.

[0076] triple chamber: RV+,RV—- RA+,RA- LV+,LV-
(and CoilV and SVC in the case of a defibrillator), a
triple chamber pacemaker provides six EGM signals,
and eight in a defibrillator version.

B. Principle of Reconstruction of the ECG

[0077] The ECG signals, which are the manifestation of the
cardiac electrical activities on the surface of the patient’s
body, are well known and normally collected between pairs of
electrodes applied in predetermined locations of the patient’s
chest. Each pair of electrodes determines a “derivation”. The
whole forms a set of twelve derivations, including bipolar
derivations (I, I1, IIT), unipolar derivations (aVF, aVR, aVL)
and precordial derivations (V1 to V6).

[0078] According to one embodiment, the present inven-
tion reconstructs one or more of these ECG signals from the
signals collected in the form of a plurality of EGM deriva-
tions. The basic principle of this reconstruction is schemati-
cally shown in FIG. 1. A plurality of EGM signals x, X, . . .
X are collected and sampled on Q EGM channels (10). Each
of these signals is applied to a respective filter F |, F, . . . F,,
(reference 12). The output signals of each of these filters 12
are linearly combined in adder 14 to produce a reconstructed
ECG signal 16, corresponding to one of the twelve deriva-
tions to be reconstructed. The reconstructed signal 16 on the
derivation No. j will be designated y;. Other ECG derivations
are reconstructed by the same technique but typically with
different filter settings.

[0079] The setting of the filters corresponding to an ECG
derivation is achieved by a learning process that includes
comparing the reconstructed ECG signal 16 to an ECG signal
18 actually measured on the considered derivation. These two
signals are applied to a linear differentiator 20 delivering an
error signal 22 to ensure, through learning, an adaptation and
setting of filters 12. This stage of learning, which will be
explained in more detail in the following description, is essen-
tially to calculate, for each of the filters F|, F, . . . F,, the
parameters (i.e., coefficients) of these filters that minimize the
difference between the reconstructed ECG and the ECG actu-
ally measured.

C. Principle of Volterra Filtering

[0080] In a preferred embodiment of the invention, filters
F), F,. .. Fg,are Volterra type non-linear filters. The Volterra
filter is described, for example by Schetzen M, “The Volterra
and Wiener Theories of Nonlinear Systems,” Wiley and Sons,
New York, 1980, or by V J Mathews, “Adaptive Polynomial
Filters”, IEEE Signal Processing Magazine, 8 (3) pp. 10-26,
July 1991. Volterra filters allow in particular establishing a
non-linear relationship between the EGM signals and the
ECG signals similar to the one of a bidomain model that
includes linear, quadratic and cubic terms. They also intro-
duce in this relationship a finite delay reflecting the propaga-
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tion of the electrical signals through body tissues from the
myocardium to the surface of the patient’s skin.

[0081] Specifically, a Volterra filter receives as input dis-
crete real time signal x[n], with n being an integer (n being the
rank of the sample signal), and generates an output y[n]
defined by:

p Ni-l

y[n]:h0+ZZ Z Il

m=1 k=0

alxlin =kl ... x[n—ky]

[0082] This equation defines an input-output relationship
of a Volterra filter of the p-th order.

[0083] In the following description, the order of the Volt-
erra filter is limited to p=3, but it should be understood that
this simplification is in no manner a limitation and the inven-
tion also contemplates the use of higher order filters. In the
embodiment of order p=3, the above equation becomes:

P-1

‘U

—1

ho+Zh1 x[n - k] + o[k, x[n — Kxfn — 1] +
k=0 {=D
M-1 M-1 M-1
hslk, L, rlx[n—klx[n - [xlr - r]
k=0 =0 r=0
[0084] This equation can be simplified as:

yinj=hoth (N)+hy(Py+hy(M)

where b, is a constant term, independent of the input, h, is a
linear filter, h, a quadratic filter and h, a cubic filter (the term
h,,1s called “kernel of order m” filter). It should be understood
that such a filter is causal, since it only involves the previous
values at time n. Here, N represents the “memory” of the
linear filter h,, corresponding to more or less the important
part of the past of the inputs involved in the construction of the
present output, P and M representing, in the same way, the
memory of quadratic h, and cubic h, filters. In the published
literature, Volterra filters generally have identical memories
N, M and P, but in the case of the present invention, it is
preferable to use different memory for each kernel h,, in order
to reduce certain kernels memory and hence reducing the
overall complexity of computing.

[0085] With reference to F1G. 2, details are illustrated of an
embodiment implementing a Volterra filter of second order.
For simplicity, the present example does not have a constant
term. This filter 12 comprises an input x[n] and an output y[n].
[0086] The linear kernel 24 (term h,) acts directly on the
input signal. The quadratic kernel 26 (term h,) has P linear
filters 28, 30, 32, and so on. The first linear filter 28, h, , of the
quadratic kernel 26 acts on the signal x[n] multiplied by itself,
that is x[n]x[n]=x*[1]. The second linear filter 30, h, , of the
quadratic kernel 26 acts on the signal x[n] multlphed by that
same signal delayed by one sample. The operator z~* of the
block 34 represents a delay of one sample. The input of the
second linear filter 30 is the signal x[n]x[n-1]. This process
repeats and the last linear filter h, ,, of the quadratic kernel
26 acts on the signal x[n]x[n-P-1].

[0087] Inits general form, the quadratic filter h, is a PxP
matrix of two-dimensional elements, and the filter cube h; is
a three-dimensional matrix of MxMxM elements. If one
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eliminates from these matrices the redundant terms, the num-
ber of coefficients is reduced, and the general equation of a
Volterra filter of third order becomes:

Balk, Dxin — Klxln -1 +

M-1 M-1 M-1
Z Z Z tk, L rxln — k1xln = {xln — r]
zr r=0

[0088] Note that if hy=0 and if P=0 and M=0 (i.e., no
memory of the past for quadratic and cubic kernels), this
equation is reduced to a conventional convolution of a trans-
verse linear filter, also known as a finite impulse response
(FIR) filter.

D. First Mode of Implementation of the Invention

[0089] In the case of a reconstruction of ECG signals from
EGM, the system receives multiple inputs depending on the
number measurable by the implant EGM channels and out-
puts one or more ECG derivations (e.g., from one to twelve
depending on the number of desired). Such a system is of
multi-input/multi-output (MIMO) type.

[0090] To simplify the discussion below, each ECG deriva-
tion will be considered separately, and the reconstruction of
one ECG derivation from a plurality of input EGM channels
(a multi-input/single output (MISO) system) is described
below. The reconstruction method can obviously be general-
ized to a plurality of ECG derivations, each with its own filter
coefficients.

[0091] This first implementation is made with reference to
FIG. 3. A Volterra filter (filter 12) is applied to each EGM
derivation 10. The outputs of filters 12 are subjected to alinear
combination using adder 14 to reconstruct the ECG deriva-
tion from all the filtered channels.

[0092] Ifwe designate x,[k] the discrete signal of the EGM
channel No. 1, and h,,"” the Volterra filter kernel of order m
driven by this signal x [K] to reconstruct the signal y [K] rep-
resenting the ECG derivation (reconstructed) n° j, the output
y, 1K] of the Volterra filter 12 is given by:

N-1

¥iiln] = %uz 1!

o

-1

-

-1

klx[n— k] + W3llk, N = Klx[n - 1)+

=~
v
T
>

M-1 M-1

=

-1
Wk, 1, Al - Kl = Dl — 1]

(& 0

=r

i

[0093] The signal y k] of the ECG derivation n° j recon-
structed from the Q signals y, [K] is given by:

2
ml= )yl
i=1

[0094] It is demonstrated that the number of unknowns to
be determined to reconstruct a (unique) ECG derivation from
Q EGM channels is equal to:

K =14Q/N+P(P+1)/2+MM+1)(M+2)/6]
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[0095] Ttis possible to cancel some kernels h,, to reduce the
number of unknowns in the system to solve, for example, by
using only quadratic Volterra filters of order 2, with M=0.
Alternately, one may choose to cancel the quadratic term
(P=0) and keep the cubic term.

E. Second Mode of Implementation of the Invention

[0096] The second embodiment of the present invention
uses a simplified version of the Volterra filter to take into
account the products x,[n-k]x [n-1] between the temporal
samples of the same input signal x,[k] taken at the same
sampling moments. This is equivalent to apply linear filters to
their squares x,[k]x,[k]=x,7[k] . . . (diagonal terms of the
kernels h,,).

[0097] The contribution of the signal x,[k] of the EGM
derivation n° i in the construction of the ECG derivation y[k]
is then:

h0+2h1 Tln—k] + Z 13 - k]+Zh‘

[0098] With this simplified version, it may be advantageous
to also take into account the cross-products x_[k] between
several EGM inputs on the same sampling moments. In this
case, the equation of the reconstructed ECG signal is:

Xelk] = x [k xo[k] ... xp[k]

[0099] The number of unknown variables is: 1 for the con-
stant term, QN for the linear term, QP for the quadratic term,
QM for the cubic term and N for the cross product term, or
K,=1+N+Q(N+P+M) unknowns to be determined.
[0100] With reference to FIG. 4, the block diagram illus-
trates the second implementation with two input EGM chan-
nels, namely:

[0101] the signal x,[n] representing the EGM collected

by a lead located in an atrium, and
[0102] the signal x,[n] representing the EGM collected
by a lead located in a ventricle.

[0103] The block 12' represents a first simplified Volterra
filter, acting on the diagonal terms only. It contains three
linear filters 24, 26, 40 representing the three kernels of that
filter, which respectively receive the signal x,[n], its square
42, and its cube 44. Block 12" performs the same operations
respectively on the signal x,[n].
[0104] Thefilter 46 is a linear filter that receives as an input
the cross product 48 of x,[n] and x,[n] signals; x,[n] is the
signal collected in the atrium and x,[n] is the signal collected
in the ventricle; the cross product x [k]=x, [k]x,[k] is a signal
close 1o the far-field signal because the signal x,[n] is attenu-
ated everywhere except at the moments when the P wave
occurs; and the signal x, [n] is reduced everywhere except at
the moments when the R wave occurs. In other words, the
signal x_[k] represents the signal acquired by the atrial lead,
amplified at the moments when the R wave occurs.
[0105] The ECG signalis calculated by an adder 14 making
a linear combination of outputs of Volterra filter 12" and 12"
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and ofthe output h, of filter 46 (the constant term h, is omitted
in this figure). This simplified version has the advantage of a
reduced complexity as compared to the full version of the first
implementation, taking into account non-linearity of a bido-
main model.

[0106] As in the case of the first implementation, it is pos-
sible to further reduce the complexity of the Volterra filter of
the second implementation by cancelling some kernels of
order 2 or 3 in particular.

F. Third Mode of Implementation of the Invention

[0107] The third embodiment implementing the present
invention uses only one Volterra filter for the reconstruction of
an ECG derivation, irrespective of the number Q of EGM
channels. The technique, illustrated with reference to FIG. 5,
is to produce a signal z[n] consisting of a concatenation of
successive BGM signals x,[n]=x, [n], X,[n] . . . x,[n]. For each
sampling instant nT, the signal z is built using all the Q) values
of signals x,[n]. Thus, if the sampling frequency of the EGM
signals is F, the frequency of the signal z[n] is equal to QF.
[0108] According to one embodiment, the function 50 is
implemented by a parallel to series converter, or by a circular
switch 50 switching between the Q input signals at a fre-
quency QF.

[0109] Volterra filter 12 is applied to the signal z[n] thus
formed, and produces an output signal w[n], also at the fre-
quency QF.

[0110] The signal y[n] at frequency F, is extracted from the
signal w[n] by down-sampling of order Q by keeping a value
every Q values (block 52).

[0111] This implementation involves cross products
between the values of various input signals, taken at different
sampling instants. Since Volterra filter 12 works at frequency
QF it requires Q times more memory, to cover the same past
of the signal, than the same filter operating at frequency F.
[0112] Thenumber of unknowns to be determined to recon-
struct an ECG derivation from Q EGM channels is:

Ky=1+[ON+QP(QP+1)/2+ OM(OM+1)(OM+2)/6]

[0113] The complexity of Volterra filter 12 is mainly based
on the number of channels Q of EGM derivations in input.

G. Determination of Coefficients of Volterra Filters

[0114] As stated above, the determination of the coeffi-
cients of the Volterra filters used to reconstruct the ECG is
based on a learning process operated in a first step by collect-
ing simultaneously a set of reference data consisting of EGM
signals x%[k] and of ECG signals y*[k] synchronized with
the EGM signals.

[0115] The number of unknowns to be determined in the
system depends on the size of N, P and M memories of the
filters, and the length of the training sequence should be
sufficient for an unambiguous determination of the filter coef-
ficients (greater than the number of unknowns in the Volterra
system).

[0116] The filtering equations developed above are
expressed in a simpler form. The basic idea is that the output
is generally linear in terms of the parameters h, although it is
not linear in input x. This allows to write the input-output
relationship as a scalar product of properly defined vectors.
[0117] In the case of the first embodiment of implementa-
tion of the invention, a vector of unknowns H, of size K,
defined above, is formed by the concatenation of several
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sub-vectors h, ’, each representing the coefficients of the ker-
nel of order m driven by the EGM derivation signal No. i:

H=[hoh st el nlr

[0118] This simplification of the kernels is reused for the
input signal. In particular, the vector x,[n]={x,[n], . .., x,[n-
N-1]} of the EGM input No. i is associated to the vector x,,
representing the non-redundant terms implied in the kernel of
order m:

x'pj=xn]
xzi[”] ={fn=kjx 1] } prjeato

xsi[n] =X fn=kjx 115, 1= ] Yagorarmtno

A global vector X representing the total contribution of all Q
EGM inputs:

X[”]:[lr’fl1[”]=le[”]:x31[”] ----- xlg[n],ng[n],)%g
"

The constant 1 represents the input signal to the constant term
h, of the filter.

[0119] The input-output relationship described above for
the first embodiment of implementation takes a simplified
form:

vin]=Xm]H

[0120] Inthe case of second and third modes of implemen-
tation, the equations are transformed into a scalar product of
two vectors, namely a vector H containing the filter coeffi-
cients and a vector X containing quantities calculated from
products formed between the input values for different sam-
pling instants.

H. Determination of Filter Coeflicients
Technique—Regularization Tikhonov)

[0121] With a reference set containing EGM signals and
ECG signals acquired simultaneously, the above equation
allows to deduce the filter H that best fits this equation. Sev-
eral techniques may be implemented to achieve this result.
[0122] A first matrix technique is to transform the previous
vector equation to a matrix equation, using all data. Assuming
that the dataset has already been acquired before, the conver-
sion can be done offline (batch mode). Let L be the size of data
set reference, and ny=max(N,P,M) the maximum memory of
the kernels of the Volterra filter. We now have L-n, vector
equations that are grouped as:

(First

X T
. R[:ﬂo]
: =| xxl" |H
¥l .
. :
L —
Yol XL -nol"

Or

Y=-AH

[0123] Y being a vector of L-n, values of a given ECG
derivation,

A being a matrix of (L-n,)xK, non-redundant elements
formed from the EGM inputs, and



US 2014/0073894 A1

H being a vector of K, unknowns representing the Volterra
filter coefficients.

[0124] The fact that the matrix A is composed of elements
that are not formally redundant does not guarantee that it is
numerically well conditioned to ensure a unique and stable
solution H obtained in solving the linear (in H) system above.
Note also that the values of ECG in Y and the EGM values
used in A are affected by various types of noise. This makes
the linear system an “ill-posed inverse problem” in the sense
that the matrix A is a “ill-conditioned matrix”. i

[0125] The least squares solution of the linear system that
minimizes the norm of the difference between the values Y of
the acquired ECG and the ECG values calculated by the
solution H; ¢ is given by:

Hy =@ AT

[0126] This solution H,, minimizes the least squares criteria
[IY-AH|P.
[0127] To ensure a numerically stable solution, the present

invention proposes to use a regularization that finds a solution
satisfying a composite criterion, by adding a constraint to the
constraint of the least squares. This regularization, known as
a “Tikhonov regularization”, is described as a general prin-
ciple, especially by A N Tikhonov and V A Arsenin, “Solution
of I11-Posed Problems,” Winston & Sons, Washington, 1977
(ISBN 0-470-99124-0). The composite criterion used is writ-
ten:

|[7-AHP+)THP

[0128] Where T is the Tikhonov matrix. Often this matrix is
chosen as the identity matrix T=L, to favour solutions with a
low norm and hence to ensure numerical stability. In other
cases, the matrix T may present an operator of first order
difference

[0129] to obtain smooth solutions. The parameter A is
called the regularization parameter and represents a tradeoff
between the least squares criterion and the additional Tih-
konov criterion. The regularized solution is given by:

Hipy=(@™A0 T T2y

[0130] Several techniques for choosing the regularization
parameter A can be found in the literature, the method of
“cross validation” being the most common.

[0131] This first technique for determining the coefficients
of the Volterra filter provides a high quality of reconstruction.
However, it may not be practical in a real time application
because it requires the combination of the reference EGM
data in a matrix. Tt also requires a relatively large memory
because the size of the formed matrix depends on the size of
the reference data. It is therefore preferably implemented in a
programmer communicating with the implant and having a
fast processor and large memory size.

I. Determination of Filter Coefficients
Technique—Recursive Least Squares)

[0132] Another technique that is used to determine the
coefficients of the filter is the Recursive Least Squares (RLS).
An example of this method is described by Hayes, MH
(1996), “Recursive Least Squares, Statistical Digital Signal
Processing and Modeling,” Wiley, p. 541 (ISBN 0-471-
59431-8), or by S Haykin, Adaptive Filter Theory, Prentice
Hall, 2002 (ISBN 0-13-048434-2).

[0133] This approach solves linear system y[n]=X[n]“H in
real-time (on-line), and requires less computational resources

(Second
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for calculating the coefficients. It is therefore implemented in
an implanted device without the need for an external pro-
grammer. This iterative method uses a variable step to control
the convergence speed during iterations, which represents an
advantage in multi-input systems compared to iterative meth-
ods with fixed step like LMS. The RLS forgetting factor plays
the role of the regularization of the matrix method of
Tikhonov.

J. Assessing the Quality of the Reconstruction of the ECG

[0134] Another aspect of the present invention concerns
assessing the quality of the reconstruction of the ECG. The
quality of the reconstruction is estimated, for example, to
choose a particular reconstruction technique based on an
acceptable tradeoff between hardware limitations (computa-
tion time, hardware and software resources available) and the
actual needs according to the intended use of the recon-
structed ECG (e.g., detecting the mere presence of certain
characteristics, or further examination of waveforms).
[0135] To assess the quality of the reconstruction, the EGM
and ECG signals (ECG signals that are actually collected) are
acquired simultaneously during a measurement period T,,.
This period T,, must be at least two cardiac cycles long (ap-
proximately 2 s) and may be extended up to 100 or 1000
seconds. The sequences chosen as a set of reference data for
the learning process has duration T, of at least one second and
can be extended up to 99 or 999 seconds. The EGM and ECG
signals are acquired simultaneously during a period T,,, for
example, with a sampling rate of 128 Hz.

[0136] If the sampling frequency of the ECG and EGM
(usually located in the range 100 Hz to 1 kHz) are different, it
is necessary to synchronize the data by a suitable technique,
such as interpolation (linear, polynomial or splines) or com-
pression (e.g., turning point Mueller algorithm).

[0137] The quality of the reconstruction of the ECG signals
is evaluated by a numerical criterion that involves determin-
ing, for a sequence that has not been used for the learning
process, the correlation coefficient p between the real ECG
signals y[k] and the reconstructed ECG signals y,,.[k].
[0138] Specifically, ashift or a time delay in the order of 40
ms (i.e., a shift of d=5 samples for a sampling frequency of
128 Hz) in the reconstructed signal does not alter the capacity
to diagnose the ECG signals.

[0139] The correlation coefficient is evaluated for each
shift k:

J

2 Ol = Il + K] = Fre)

i=0

P =

J / J
2 (y[i] _y)z \J Z (yrec[i+k]_yrec)z

i=0 i=0

[0140] Thequality ofreconstruction (between -1 and +1) is
estimated by:

p= jdfﬁgd (o)

[0141] For ECG sequences that have a regular rhythm, the
present invention provides a quality reconstruction superior
to 97% from bipolar signals from the atrium and from the
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ventricle (the proximal signal being considered by reference
to the distal signal). The reconstructed ECG signals faithfully
reproduce the polarity, width and position of the QRS com-
plex in the ECG.

[0142] The quality of reconstruction obtained by the
present invention is very high in comparison to that obtained
with methods based on known neural networks, which is only
about 85% when using two bipolar, atrial and ventricular,
signal for a patient having a regular cardiac thythm. Specifi-
cally, the quality of reconstruction should be of the order of at
least 60 to 65% in order to find in the reconstructed ECG
certain peculiarities that we look to determine its presence or
absence like (peaks, polarity, etc . . . ). These peculiarities may
be sufficient for a quick patient follow-up visit for ECG
monitoring. However, in order to establish a more accurate
diagnosis from a detailed examination of waveforms, the
quality of reconstruction should be at least about 80%.
[0143] The quantified quality of reconstruction is espe-
cially used to validate the calculation of the filter coefficients
in the learning process. Thus, after calculating the filter
parameters, the quality of reconstruction is compared to a
threshold value. This threshold is programmable and is
adjusted if necessary by the practitioner, or is preset to an
acceptable value, e.g. 65%.

[0144] If the quality criterion is verified (threshold is
exceeded), the estimated coefficients are stored, and the cal-
culated filter is used for later reconstruction of the considered
ECG derivation. The process is optionally repeated for each
ECG derivation to be used. However, if the criterion is not
verified, it is necessary to restart the determination of the filter
parameters, either by selecting a different reference period T,
in the measurement window T,, (in the window T,, there were
perhaps arrhythmias that might interfere with the learning
process), or by repeating the acquisition of another data set
over another length Tm.

[0145] One skilled in the art will appreciate that the present
invention can be protected by embodiments other than those
described herein, which are provided for purposes of illustra-
tion and not of limitation.

1. A device for processing signals representative of a car-
diac potential of depolarization of the myocardium for recon-
struction of a surface electrocardiogram (ECG), comprising:

a plurality of inputs, corresponding to a plurality of EGM

signals from endocardial or epicardial electrogram (x,,
X, ... Xy) eachacquired ona respective EGM derivation
of a plurality of EGM derivations (10);

at least one output delivering a reconstructed surface elec-

trocardiogram ECG signal (yj), relative to an ECG (16)
derivation; and

anon-linear digital filter including a Volterra type filter (F,

F,...Fy) (12,14,12', 12", 14,12, 52) with a transfer
function that reconstructs said ECG signal derivation
based on said plurality of inputs, said transfer function
including a linear term (h,) and at least one quadratic
(h,) and/or cubic (h;) term(s).

2. The device of claim 1, wherein the transfer function of
the non-linear digital filter further comprises at least a finite
time delay (z7).

3. The device of claim 1, comprising:

a plurality of non-linear Volterra filters (12) each receiving
as an input the EGM signal (x,[k]) of one of said respec-
tive EGM derivations (10), and delivering as an output a
corresponding filtered signal (y, [k]) and
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an adder (14) to combine linearly the output of the filtered
signals by the plurality of non-linear Volterra filters,
having as said output said reconstructed ECG signal
kD).

4. The device of claim 1, comprising:

for each of the EGM derivations: a first linear filter (24)
receiving as an input the corresponding EGM signal
(x4[n], x,[n]), a second linear filter (26) receiving as an
input the same EGM signal squared (42), and/or a third
linear filter (40) receiving as an input the same EGM
signal cubed (44) and

means (14) for linearly combining the filtered signals of the
first, second and/or third linear filters of each EGM
derivation, delivering as an output said reconstructed
ECG signal (y[n]).

5. The device of claim 4, further comprising:

an additional linear filter (46) receiving as an input a cross
product (48) of signals of each EGM derivation;

an adder to combine linearly in addition to the filtered
signals by the first and one or both of the second and
third linear filters of each EGM derivation the signal
delivered by said additional filter.

6. The device of claim 5, wherein the EGM derivations
includes an atrial EGM derivation and a ventricular EGM
derivation.

7. The device of claim 1, comprising:

means (50) for concatenating sequences of samples (x,[n],
X,[n] . .. x[n]) produced at frequency F on each of Q
respective EGM derivations, and delivering as an output
a concatenated signal (z[n]) of frequency QF;

a nonlinear Volterra filter (12) receiving as an input said
concatenated signal (z[n]) and delivering as an output a
corresponding filtered signal (w[n]) of frequency QF,
and

means for performing a 1/Q down sampling of said filtered
signal (w[n]), and delivering as an output at a frequency
F said reconstructed ECG signal (y[n]).

8. The device of claim 1, further comprising means for

predetermining the settings of the digital filter, comprising:
means for collecting the plurality of EGM signals (10) and
at least one acquired ECG signal (18) simultaneously,
and

means (20, 22) for determining parameters of the digital
filter, by minimizing a difference between said acquired
ECG signal (18) and a reconstructed ECG signal (16)
from said acquired plurality of EGM signals (10) using
said digital filter (12, 14).

9. The device of claim 8, wherein the means (20, 22) for
determining parameters of the digital filter comprises means
for directly calculating said parameters using an algorithm for
computing giving a matrix solution satisfying a least squares
minimization criterion.

10. The device of claim 9, wherein the means (20, 22) for
determining parameters of the digital filter comprises means
for implementing an algorithm for computing a matrix solu-
tion satisfying a composite criterion combining the least
squares minimization and a Tikhonov regularization type of
constraint.

11. The device of claim 8, wherein the means (20, 22) for
determining parameters of the digital filter comprises means
for iteratively calculating those parameters using a recursive
least squares (RLS) algorithm with variable step.
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12. The device of claim 1, further comprising means for
evaluating the quality of the ECG reconstruction of the non-
linear digital filter, comprising:

means for simultaneously acquiring the plurality of EGM

signals and at least one ECG signal;

means for determining a reconstructed ECG signal from

said acquired plurality of EGM signals, and

means for calculating a correlation coefficient between the

acquired ECG signal and the reconstructed ECG signal.

13. The device of claim 12, further comprising:

means for predetermining settings of the digital filter, and

means for validating the means for determining parameters

comprising means for comparing to a given threshold
the calculated correlation coefficient to validate or
invalidate the parameters depending on the outcome of
said comparison.

14. The device of claim 1, wherein said plurality of inputs
correspond to the plurality of EGM signals acquired from
electrodes selected from a group consisting of: distal and/or
proximal right ventricular electrode, distal and/or proximal
right atrial electrode, distal and/or proximal left ventricular
electrode, ventricular or atrial defibrillation coil, supra-ven-
tricular defibrillation coil.

15. The device of claim 1, wherein said device is an
implantable cardiac prosthesis device selected from a group
of stimulation, resynchronization, cardioversion and defibril-
lation type.

16. The device of claim 1, wherein said device is an extet-
nal programmer comprising means for downloading and ana-
lyzing EGM signals collected by an implant.
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17. The device of claim 1, wherein said device is a home
monitor, including means for downloading and analyzing
EGM signals collected by an implant and producing there-
from data, and means for automatic uploading said data to a
remote site.

18. The device of claim 1, wherein said device is a data
server of a site receiving data from a remote monitor forhome
monitoring including means for downloading EGM signals
collected by an implant, and means for automatically trans-
mitting said downloaded EGM signals to said remote site.

19. Apparatus for reconstructing a surface electrocardio-
gram (ECG) from a signal representative of a depolarization
potential of a myocardium, comprising:

a plurality of inputs corresponding to a plurality of elec-
trogram (EGM) signals from an endocardial or epicar-

dial electrogram (x,, X, . . . Xp), each acquired on an
EGM derivation of a plurality of EGM derivations
respectively;

at least one output corresponding to a reconstructed ECG
(yj) for an ECG derivation; and

anonlinear digital filter having a transfer function to deter-
mine said reconstructed ECG signal for said given ECG
derivation in response to said plurality of inputs, said
nonlinear digital filter including a Volterra type filter
having a transfer function including a linear term (h,)
and at least one of a quadratic term (h,) and a cubic term

(hy).
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