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Description
Field of the Invention

[0001] This invention relates to apparatuses, systems and methods for continuous, non-invasive monitoring of a fetus
and/or mother using from multiple sensors that collect maternal and fetal cardiac signals data.

Background

[0002] Monitoring maternal and fetal cardiac activity can be useful to determine of the health of a fetus and the mother
during pregnancy. US2011098586 A1 discloses a system for generating an estimation of fetal cardiac activity based on
ECG and PCG data.

Summary
[0003] In an example, there is provided a garment that includes:

a) at least one electrocardiogram sensor configured to contact the skin of the abdomen of a pregnant human subject
and detect fetal and maternal cardiac electrical activity;

b) at least one acoustic sensor configured to contact the skin of the abdomen of a pregnant human subject and
detect fetal and maternal cardiac electrical activity; and

c) a garment configured to position and contact the at least one electrocardiogram sensor and the at least one
acoustic sensor on the abdomen of the pregnant human subject.

[0004] In an example, the garment is further configured to include:

d) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations: receiving raw Electrocardiogram (ECG)
signals data from the at least one pair of ECG sensors; wherein the at least one pair of ECG sensors is positioned
in on an abdomen of a pregnant human subject; wherein the raw ECG signals data comprise data representative
of a N number of raw ECG signals (raw N-ECG signals data) which are being acquired in real-time from the at least
one pair of ECG sensors; digital signal filtering the raw ECG signals data to form filtered N-ECG signals data having
filtered N-ECG signals; detecting maternal heart peaks in each of the filtered N-ECG signal in the filtered N-ECG
signals data; subtracting, from each of the filtered N-ECG signal of the filtered N-ECG signals data, the maternal
ECG signal, by utilizing at least one non-linear subtraction procedure to obtain corrected ECG signals data which
comprise data representative of a N number of corrected ECG signals (corrected N-ECG signals data), wherein the
atleast one non-linear subtraction procedure comprises: iteratively performing: i) dividing each filtered N-ECG signal
of N-ECG signals of the filtered N-ECG signals data into a second plurality of ECG signal segments, ) wherein each
ECG signal segment of the plurality of ECG signal segments corresponds to a beat interval of a full heartbeat, and
2) wherein each beat interval is automatically determined based, atleast in part on automatically detecting an onset
value and an offset value of such beat interval; ii) modifying each of the plurality of filtered N-ECG signal segments
to form a plurality of modified filtered N-ECG signal segments, wherein the modifying is performed using at least
one inverse optimization scheme based on a set of parameters, wherein values of the set of parameters is determined
based on: iteratively performing: 1) defining a global template based on a standard heartbeat profile of an adult
human being; 2) setting a set of tentative values for a local template for each filtered N-ECG signal segment; and
3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG signal
segment based on the local template being matched to the global template within a pre-determined similarity value;
and iii) eliminating the modified segments from each of the filtered N-ECG signals, by subtracting the adaptive
template from the filtered N-ECG signal thereby generating each corrected ECG signal; extracting raw fetal ECG
signals data from the filtered N-ECG signals data based on the corrected ECG signals data, wherein the raw fetal
ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal signals data); processing the raw
N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal signals to form filtered N-ECG fetal
signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data; calculating, based on detected fetal
heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart
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rate variability; and outputting a result of the calculating operation;

e) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to atleast perform the following operations: receiving, by at least one computer processor
executing specific programmable instructions configured for the method, a plurality of Phonocardiogram (PCG)
signals data inputs from a plurality of acoustic sensors; digital signal filtering, by the at least one computer processor,
utilizing a plurality of bandpass filters, the plurality of PCG signals data inputs to form a plurality of filtered PCG
outputs, wherein the plurality of bandpass filters comprises a L number of bandpass filters, wherein each bandpass
filter outputs a K number of filtered PCG outputs; wavelet denoising, by the at least one computer processor, a first
subset of filtered PCG outputs of the plurality of filtered PCG outputs to form a M number of denoised filtered PCG
outputs, wherein M is equal to L multiply by K; transforming, by the at least one computer processor, utilizing an
Independent-Component-Analysis (ICA), a second subset of filtered PCG outputs of the plurality of filtered PCG
outputs to form the M number of filtered ICA transforms; transforming, by the at least one computer processor,
utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG
outputs to form the M number of denoised filtered ICA transforms; compiling, by the at least one computer processor,
a S number of a plurality of detection heartbeat (DH) inputs, comprising: i) the M number of filtered PCG outputs,
ii) the M number of the denoised filtered PCG outputs, iii) the M number of the filtered ICA transforms, and iv) the
M number of the denoised filtered ICA transforms; detecting, by the at least one computer processor, beat locations
of beats in each of DH inputs; calculating, by the at least one computer processor, a confidence score that describes
a probability that the beats in each DH input of the plurality of DH inputs represent actual heartbeats and not a noise;
dividing, by the at least one computer processor, the plurality of DH inputs into at least two groups: i) a first group
of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing maternal heartbeats; selecting,
by the at least one computer processor, from the first group of DH inputs, at least one particular fetal DH input that
contains the fetal heartbeat based on a first confidence score of the at least one particular fetal DH input; and
selecting, by the at least one computer processor, from the second group of DH inputs, at least one particular
maternal DH input that contains the maternal heartbeat, based on a second confidence score of the at least one
particular maternal DH input;

f) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;
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2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0005] In an example, the garment is a belt.
[0006] In an example, there is provided a system for monitoring maternal and fetal cardiac activity that includes:

a) at least one electrocardiogram sensor configured to contact the skin of the abdomen of a pregnant human subject
and detect fetal and maternal cardiac electrical activity;

b) at least one acoustic sensor configured to contact the skin of the abdomen of a pregnant human subject and
detect fetal and maternal cardiac electrical activity;

c) a garment configured to position and contact the at least one electrocardiogram sensor and the at least one
acoustic sensor on the abdomen of the pregnant human subject;

d) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations: receiving raw Electrocardiogram (ECG)
signals data from the at least one pair of ECG sensors; wherein the at least one pair of ECG sensors is positioned
in on an abdomen of a pregnant human subject; wherein the raw ECG signals data comprise data representative
of a N number of raw ECG signals (raw N-ECG signals data) which are being acquired in real-time from the at least
one pair of ECG sensors; digital signal filtering the raw ECG signals data to form filtered N-ECG signals data having
filtered N-ECG signals; detecting maternal heart peaks in each of the filtered N-ECG signal in the filtered N-ECG
signals data; subtracting, from each of the filtered N-ECG signal of the filtered N-ECG signals data, the maternal
ECG signal, by utilizing at least one non-linear subtraction procedure to obtain corrected ECG signals data which
comprise data representative of a N number of corrected ECG signals (corrected N-ECG signals data), wherein the
atleast one non-linear subtraction procedure comprises: iteratively performing: i) dividing each filtered N-ECG signal
of N-ECG signals of the filtered N-ECG signals data into a second plurality of ECG signal segments, ) wherein each
ECG signal segment of the plurality of ECG signal segments corresponds to a beat interval of a full heartbeat, and
2) wherein each beat interval is automatically determined based, atleast in part on automatically detecting an onset
value and an offset value of such beat interval; ii) modifying each of the plurality of filtered N-ECG signal segments
to form a plurality of modified filtered N-ECG signal segments, wherein the modifying is performed using at least
one inverse optimization scheme based on a set of parameters, wherein values of the set of parameters is determined
based on: iteratively performing: 1) defining a global template based on a standard heartbeat profile of an adult
human being; 2) setting a set of tentative values for a local template for each filtered N-ECG signal segment; and
3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG signal
segment based on the local template being matched to the global template within a pre-determined similarity value;
and iii) eliminating the modified segments from each of the filtered N-ECG signals, by subtracting the adaptive
template from the filtered N-ECG signal thereby generating each corrected ECG signal; extracting raw fetal ECG
signals data from the filtered N-ECG signals data based on the corrected ECG signals data, wherein the raw fetal
ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal signals data); processing the raw
N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal signals to form filtered N-ECG fetal
signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data; calculating, based on detected fetal
heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart
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rate variability; and outputting a result of the calculating operation;

e) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to atleast perform the following operations: receiving, by at least one computer processor
executing specific programmable instructions configured for the method, a plurality of Phonocardiogram (PCG)
signals data inputs from a plurality of acoustic sensors; digital signal filtering, by the at least one computer processor,
utilizing a plurality of bandpass filters, the plurality of PCG signals data inputs to form a plurality of filtered PCG
outputs, wherein the plurality of bandpass filters comprises a L number of bandpass filters, wherein each bandpass
filter outputs a K number of filtered PCG outputs; wavelet denoising, by the at least one computer processor, a first
subset of filtered PCG outputs of the plurality of filtered PCG outputs to form a M number of denoised filtered PCG
outputs, wherein M is equal to L multiply by K; transforming, by the at least one computer processor, utilizing an
Independent-Component-Analysis (ICA), a second subset of filtered PCG outputs of the plurality of filtered PCG
outputs to form the M number of filtered ICA transforms; transforming, by the at least one computer processor,
utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG
outputs to form the M number of denoised filtered ICA transforms; compiling, by the at least one computer processor,
a S number of a plurality of detection heartbeat (DH) inputs, comprising: i) the M number of filtered PCG outputs,
ii) the M number of the denoised filtered PCG outputs, iii) the M number of the filtered ICA transforms, and iv) the
M number of the denoised filtered ICA transforms; detecting, by the at least one computer processor, beat locations
of beats in each of DH inputs; calculating, by the at least one computer processor, a confidence score that describes
a probability that the beats in each DH input of the plurality of DH inputs represent actual heartbeats and not a noise;
dividing, by the at least one computer processor, the plurality of DH inputs into at least two groups: i) a first group
of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing maternal heartbeats; selecting,
by the at least one computer processor, from the first group of DH inputs, at least one particular fetal DH input that
contains the fetal heartbeat based on a first confidence score of the at least one particular fetal DH input; and
selecting, by the at least one computer processor, from the second group of DH inputs, at least one particular
maternal DH input that contains the maternal heartbeat, based on a second confidence score of the at least one
particular maternal DH input;

f) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outpults;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid, determining;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
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minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0007] Inoneembodiment, the presentinvention provides a system for generating an estimation of fetal cardiac activity
that includes:

a) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outpults;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;
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v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particulartime interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0008] In one embodiment, cost representing fetal heart probability mesh values at each point of the estimated fetal
heart rate over the particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate
over the particular time interval is performed, by the at least one computer processor, using dynamic programming,
where each value of the accumulated cost mesh is calculated as a sum of the fetal heart rate probability mesh value at
that point and of the minimal path in its neighborhood in the previous step, based on:

E(i,j))=e(i,))+min(EG—-1j—-k) ; k=—-4%4
where:

e eis the value of the fetal heart rate probability mesh.
e Eis the accumulated cost.
* irepresents time, j represents heart rate values in neighborhood, +/-4 bpm/second.

[0009] In one embodiment, cost representing fetal heart probability mesh values at each point of the estimated fetal
heart rate over the particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate
over the particular time interval is performed, by the at least one computer processor, using an exhaustive search.
[0010] In one embodiment, the present invention provides a computer implemented method that includes:

a) receiving raw Electrocardiogram (ECG) signals data from the at least one pair of ECG sensors; wherein the at
least one pair of ECG sensors is positioned in on an abdomen of a pregnant human subject; wherein the raw ECG
signals data comprise data representative of a N number of raw ECG signals (raw N-ECG signals data) which are
being acquired in real-time from the at least one pair of ECG sensors; digital signal filtering the raw ECG signals
data to form filtered N-ECG signals data having filtered N-ECG signals; detecting maternal heart peaks in each of
the filtered N-ECG signal in the filtered N-ECG signals data; subtracting, from each of the filtered N-ECG signal of
the filtered N-ECG signals data, the maternal ECG signal, by utilizing at least one non-linear subtraction procedure
to obtain corrected ECG signals data which comprise data representative of a N number of corrected ECG signals
(corrected N-ECG signals data), wherein the at least one non-linear subtraction procedure comprises: iteratively
performing: i) dividing each filtered N-ECG signal of N-ECG signals of the filtered N-ECG signals data into a second
plurality of ECG signal segments, ) wherein each ECG signal segment of the plurality of ECG signal segments
corresponds to a beat interval of a full heartbeat, and 2) wherein each beat interval is automatically determined
based, atleast in part on automatically detecting an onset value and an offset value of such beat interval; ii) modifying
each of the plurality of filtered N-ECG signal segments to form a plurality of modified filtered N-ECG signal segments,
wherein the modifying is performed using at least one inverse optimization scheme based on a set of parameters,
wherein values of the set of parameters is determined based on: iteratively performing: 1) defining a global template
based on a standard heartbeat profile of an adult human being; 2) setting a set of tentative values for a local template
for each filtered N-ECG signal segment; and 3) utilizing at least one optimization scheme to determine an adaptive
template for each filtered N-ECG signal segment based on the local template being matched to the global template
within a pre-determined similarity value; and iii) eliminating the modified segments from each of the filtered N-ECG
signals, by subtracting the adaptive template from the filtered N-ECG signal thereby generating each corrected ECG
signal; extracting raw fetal ECG signals data from the filtered N-ECG signals data based on the corrected ECG
signals data, wherein the raw fetal ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal
signals data); processing the raw N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal
signals to form filtered N-ECG fetal signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data;
calculating, based on detected fetal heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-2-
beat fetal heart rate, or iv) fetal heart rate variability; and outputting a result of the calculating operation;

b) receiving, by at least one computer processor executing specific programmable instructions configured for the
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method, a plurality of Phonocardiogram (PCG) signals data inputs from a plurality of acoustic sensors; digital signal
filtering, by the at least one computer processor, utilizing a plurality of bandpass filters, the plurality of PCG signals
data inputs to form a plurality of filtered PCG outputs, wherein the plurality of bandpass filters comprises a L number
of bandpass filters, wherein each bandpass filter outputs a K number of filtered PCG outputs; wavelet denoising,
by the at least one computer processor, a first subset of filtered PCG outputs of the plurality of filtered PCG outputs
to form a M number of denoised filtered PCG outputs, wherein M is equal to L multiply by K; transforming, by the
at least one computer processor, utilizing an Independent-Component-Analysis (ICA), a second subset of filtered
PCG outputs of the plurality of filtered PCG outputs to form the M number of filtered ICA transforms; transforming,
by the at least one computer processor, utilizing the Independent-Component-Analysis (ICA), a first portion of the
second subset of denoised filtered PCG outputs to form the M number of denoised filtered ICA transforms; compiling,
by the at least one computer processor, a S number of a plurality of detection heartbeat (DH) inputs, comprising: i)
the M number of filtered PCG outputs, ii) the M number of the denoised filtered PCG outputs, iii) the M number of
the filtered ICA transforms, and iv) the M number of the denoised filtered ICA transforms; detecting, by the at least
one computer processor, beat locations of beats in each of DH inputs; calculating, by the at least one computer
processor, a confidence score that describes a probability that the beats in each DH input of the plurality of DH
inputs represent actual heartbeats and not a noise; dividing, by the at least one computer processor, the plurality
of DH inputs into at least two groups: i) a first group of DH inputs containing fetal heartbeats, ii) a second group of
DH inputs containing maternal heartbeats; selecting, by the at least one computer processor, from the first group
of DH inputs, at least one particular fetal DH input that contains the fetal heartbeat based on a first confidence score
of the at least one particular fetal DH input; and selecting, by the at least one computer processor, from the second
group of DH inputs, at least one particular maternal DH input that contains the maternal heartbeat, based on a
second confidence score of the at least one particular maternal DH input;

c) performing the following operations on the results of step a and b:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outpults;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;
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v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particulartime interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0011] In an example, there is provided a computer implemented method that includes:

a) receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered N-
ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time interval
from filtered PCG outputs;

b) determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

c) determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

d) based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval from
filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points over a
particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score for the
plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points is
determined as one of the four options selected from the group consisting of:

1. the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals data
and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if the scores
of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal signals data and
the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per minute,
and if the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG fetal
signals data or the filtered PCG outputs has a valid score;

e) based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

f) based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an estimated
fetal heart rate over the particular time interval,

wherein the estimated fetal heart rate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0012] In one embodiment, cost representing fetal heart probability mesh values at each point of the estimated fetal

heart rate over the particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate
over the particular time interval is performed, by the at least one computer processor, using dynamic programming,
where each value of the accumulated cost mesh is calculated as a sum of the fetal heart rate probability mesh value at
that point and of the minimal path in its neighborhood in the previous step, based on:

E(i,j))=e(i,))+min(EG—-1j—-k) ; k=—-4%4
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where:
* eis the value of the fetal heart rate probability mesh.
e Eis the accumulated cost.
* irepresents time, j represents heart rate values in neighborhood, +/-4 bpm/second.
[0013] In one embodiment, cost representing fetal heart probability mesh values at each point of the estimated fetal
heart rate over the particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate
over the particular time interval is performed, by the at least one computer processor, using an exhaustive search.
Brief Description of the Drawings

[0014]

Figure 1 shows a representation of a system suitable for use in fetal heart rate monitoring systems according to
some embodiments of the present invention.

Figure 2 shows a first view of a garment according to some embodiments of the present invention being worn by a
pregnant human subject.

Figure 3 shows a front view of a garment according to some embodiments of the present invention.
Figure Figure 4 shows a rear view of a garment according to some embodiments of the present invention.
Figure 5 shows an ECG sensor according to some embodiments of the present invention.

Figure 6 shows an ECG sensor according to some embodiments of the present invention.

Figure 7 shows an ECG sensor according to some embodiments of the present invention.

Figure 8 shows an ECG sensor according to some embodiments of the present invention.

Figure 9 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 10 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 11 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 12 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 13 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 14 shows a micrograph of electrically conductive fabric suitable as a cutaneous contact according to some
embodiments of the present invention.

Figure 15, panels a-c show recorded ECG signals data using electrode serial nos. 3-5 respectively.

Figure 16, panels a-d, show the recorded ECG signals data using electrode serial nos. 3-5, and a control wet gel
ECG electrode (GE Healthcare), respectively at 25 weeks from a pregnant human subject.

Figure 17, panels a-d, show the recorded ECG signals data using electrode serial nos. 3-5, and a control wet gel
ECG electrode (GE), respectively at 25 weeks from a pregnant human subj ect.
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Figure 18 shows an experimental set up to determine surface resistivity and resistance of an electrically conductive
fabric according to some embodiments of the present invention.

Figure 19 shows an experimental set up to determine BTFT of an electrically conductive fabric according to some
embodiments of the present invention.

Figure 20 shows a diagram if a skin-electrode interface equivalent circuit according to some embodiments of the
present invention.

Figure 21 shows a representation of a test electrode configuration.
Figure 22 shows a body of an acoustic sensor according to some embodiments of the present invention.

Figure 23 shows a body of an acoustic sensor located within a housing according to some embodiments of the
present invention.

Figure 24 shows another housing according to some embodiments of the present invention.

Figure 25 shows a structure configured to isolate the microphone from acoustic signals not from the abdomen of
the pregnant human subject.

Figure 25 shows a representation of the transduction of acoustic signals using an acoustic sensor according to
some embodiments of the present invention.

Figure 27 shows the positions of the acoustic sensor (positions A1, A2, A3, A4, B1,B2, B3, B4, C1, C2, C3, C4)on
the abdomen of the pregnant human subject according to some embodiments of the present invention.

Figure 28 shows maternal acoustic signals data received using an acoustic sensor according to some embodiments
of the present invention.

Figure 29 shows the positions of the at least one ECG sensor (positions A1, A2, A3, A4, B1, B2, B3, B4) and the
at least one acoustic sensor (positions M1, M2, M3 M4) on the abdomen of the pregnant human subject.

Figure 30 shows a flow chart of an algorithm used to detect and analyze cardiac electrical activity data according
to some embodiments of the present invention.

Figure 31 shows an exemplarary recording of cardiac eletrical activity data according to some embodiments of the
present invention.

Figure 32 shows a template maternal electrocardiogram according to some embodiments of the present invention.

Figure 33 shows a flow chart of an algorithm used to perform maternal cardiac activity elimination according to some
embodiments of the present invention.

Figure 34 shows a flow chart of an algorithm used to perform maternal cardiac activity elimination according to some
embodiments of the present invention.

Figure 35 shows an overlay of a template maternal electrocardiogram over a single maternal heart beat according
to some embodiments of the present invention.

Figure 36 shows an overlay of a template maternal electrocardiogram over a single maternal heart beat according
to some embodiments of the present invention.

Figure 37 shows the result of maternal ECG elimination of according to some embodiments of the present invention.

Figure 38 shows a flow chart of an algorithm used to detect and analyze cardiac activity data according to some
embodiments of the present invention.

1"



10

15

20

25

30

35

40

45

50

55

EP 3 270 774 B1

Figure 39A and 39B show flow charts of a signal denoising algorithm according to some embodiments of the present
invention.

Figures 40-44 show graphs illustrating results of processing of data from acoustic sensors according to some
embodiments of the present invention.

Figure 45 shows a graphical display where the ECG signals data has "good" signal properties, but the PCG signals
data has "poor" signal properties.

Figure 46 shows a graphical display where the PCG signals data has "good" signal properties, but the ECG signals
data is "poor" shows a graphical display where the ECG signals data has "good" signal properties, but the PCG
signals data is "poor".

Figure 47 shows a graphical display of the calculated fetal heart rate and scores for a plurality of time points over
a particular time interval from the filtered N-ECG fetal signals data and the calculated fetal heart rate for a plurality
oftime points over a particular time interval from the filtered PCG outputs Scores are displayed by the marker fullness
- a fuller marker means a lower score, meaning higher confidence in the single fetal heart rate estimation.

Figure 48 shows a graphical display of the consolidated fetal heart rate and scores for a plurality of time points over
a particular time interval. Scores are displayed by the marker fullness - a fuller marker means a lower score, meaning
higher confidence in the single fetal heart rate estimation.

Figure 49 shows a fetal heart rate probability mesh, based on fetal heart rate estimation and score, as a function of
heart rate (beats per minute) and time (seconds).

Figure 50 shows a fetal heart rate probability mesh, based on fetal heart rate estimation and score, as a function of
heart rate (beats per minute) and time (seconds).

Figure 51 shows an estimated fetal heart rate over the particular time interval, calculated according to some em-
bodiments of the present invention.

Figure 52 shows a fetal heart rate estimation probability mesh according to some embodiments of the present
invention.

Figure 53 shows an accumulated cost mesh built according to some embodiments of the present invention.
Detailed Description

[0015] For clarity of disclosure, and not by way of limitation, the detailed description of the invention is divided into the
following subsections that describe or illustrate certain features, embodiments or applications of the present invention.
[0016] As used herein the term "contact region" encompasses the contact area between the skin of a pregnant human
subject and cutaneous contacti.e. the surface area through which current flow can pass between the skin of the pregnant
human subject and the cutaneous contact.

The System According to Some Embodiments of the Present Invention:

[0017] This invention relates to apparatuses, systems and methods for continuous, non-invasive monitoring of a fetus
and/or mother using from multiple electrocardiogram sensors that collect maternal and fetal electrical cardiac signals
data and/or acoustic sensors that collect maternal and fetal acoustic cardiac signals data.

[0018] Referring to Figure 1, in some embodiments, the system for recording, detecting and analyzing fetal cardiac
electrical activity comprises a skin-electode interface, at least one electrode, an analog pre-processing module, an
analog to digital converter/ microcontroller (ADC/MCU) module, a communications module, a smartphone module, and
a cloud computing module.

[0019] In some embodiments, the analog pre-processing module performs at least one function selected from the
group consisting of: amplification of the recorded signals, and filtering the recorded signals.

[0020] In some embodiments, the ADC/MCU module performs at least one task selected from the group consisting
of: converting analog signals to digital signals, , converting the recorded signals to digital signals, compressing the data,
digital filtering, and transferring the recorded electrocardiogram signals data to the transmitter.
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[0021] In some embodiments, the communications module transmits the recorded signals to a wireless receiver.
[0022] In some embodiments, the system for recording, detecting and analyzing fetal cardiac electrical activity data
regardless of sensor position, fetal orientation, fetal movement, or gestational age is the system disclosed in International
Patent Application Serial No. PCT/IL2015/050407.

[0023] Without intending to be limited by any particular theory, cardiac activity produces both acoustic and electrical
signals. While the acoustic and electrical signals produced by cardiac activity may differ, they can be used together
because they emanate from the same source (i.e. the feral and/or maternal heart).

[0024] However, the accuracy of fetal cardiac activity can be affected by several factors, such as, for example, fetal
movement, the position of the fetal heart with respect to the at least one ECG electrode and/or the at least one acoustic
sensor, maternal muscular activity, maternal cardiac activity, maternal anatomy, placental position, and the like.
[0025] Without intending to be limited to any particular theory, the background signals can be, for example, scattered
signals from the placenta, fetal and/or maternal gastric sounds, fetal and/or maternal skeletal muscle activity, endometrial
muscle activity, and the like.

[0026] For example, without intending to be limited to any particular theory, in some embodiments, the at least one
ECG sensor and the at least one acoustic sensor are in fixed positions. The fetus moves freely within the womb of the
pregnant human subject, and is rarely in a fixed position with respect to the sensors. This, together with the small size
of the fetal heart, can (i) create artifacts in the signals data that is recorded, and (ii) require sensitive sensors and signal
processing to detect fetal signals from a constantly varying background signals.

[0027] Without intending to be limited to any particular theory, electrical signals, such as fetal and maternal ECG
signals and acoustic signals, such as fetal and maternal cardiac activity propagate differently. For instance, acoustic
signals propagate well in fluid environments, such as, for example, the amniotic fluid, with minimal scattering. As another
example, acoustic signals frequently have a lower signal to noise ratio, compared to ECG signals, possibly due to a
lesser contribution of noise interference in ECG signals.

[0028] Thus, depending on the position of the fetus, the signal to noise ratio of the ECG signals and/or the acoustic
signals may vary to a greater or lesser extent. For example, at one individual time point in a particular time frame, the
acoustic signal may be absent, whilst the ECG signal is present. Thus, in some embodiments, the system of the present
invention is capable of estimating fetal heart rate from either both fetal ECG signals data and fetal acoustic cardiac
signals data, or just fetal ECG signals data, or just fetal acoustic cardiac signals data.

[0029] In the embodiments where the system of the present invention is estimates fetal heart rate from both fetal ECG
signals data and fetal acoustic cardiac signals data, the relative contribution of either the fetal ECG signals data or the
fetal acoustic cardiac signals data may be equal, or unequal.

[0030] In some embodiments, the system of the present invention is able to continuously fetal and maternal cardiac
activity.

[0031] In some embodiments, the system of the present invention is used in a hospital setting. Alternatively, in some
embodiments, the system of the present invention is used in a non-hospital setting.

[0032] In some embodiments, the system of the present invention, ECG signals data and or acoustic cardiac activity
signals data is collected and analyzed from a plurality of systems, to establish a database.

[0033] In some embodiments, the database is utilized in "big data analysis", wherein the signals data collected from
the system of the present invention by the pregnant human subject is compared to signals data obtained from pregnant
human subjects having particular demographic and/or geographic or other statistical properties. Without intending to be
limited to any particular theory, the comparison can allow a medical practitioner to advise the pregnant human subject
to adjust diet, activity, medications, for example.

[0034] In some embodiments, the database is used by a healthcare professional and/or the pregnant human subject
to monitor fetal and/or maternal cardiac activity and well being. Alternatively, the database can be used by the healthcare
professional and/or the pregnant human subject to detect potentially harmful conditions, complications, or diseases
during pregnancy. In some embodiments, a system according to the present invention is capable of detecting potentially
harmful conditions, complications, or diseases earlier than would be possible during routine check-ups during standard
of care ante-natal practice.

[0035] In some embodiments, the system is used by the pregnant human subject to reduce pregnancy associated
factors, such as, for example, stress and risks related to nutrition, physical activity or lack thereof, sleep and other life-
style factors that may affect the pregnancy.

[0036] In some embodiments, the pregnant human subject has been diagnosed as a high-risk pregnancy, and the
system of the present invention is used in conjunction with a therapeutic treatment to treat or manage the high risk
pregnancy.

[0037] In some embodiments, the pregnant human subject has at least one disease or disorder selected from the
group consisting of heart disease, hypotension, hypertension, low body weight, obesity, preeclampsia, gestational dia-
betes, thrombolytic complications and placental lesions, and the system of the present invention is used in conjunction
with a therapeutic treatment to treat or manage the at least one disease or disorder.
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[0038] In some embodiments, the pregnant human subject has factors that are associated with a high risk pregnancy,
and the system of the present invention is used in conjunction with a therapeutic treatment to treat or manage the high
risk pregnancy.

[0039] In some embodiments, the garment according to some embodiments is worn by the pregnant human subject,
wherein the garment is configured to continuously monitor fetal and maternal cardiac activity. In some embodiments,
the fetal and maternal cardiac activity signals data is transmitted to a remote system, where the fetal and maternal
cardiac activity signals data is processed to output fetal and maternal heart rate.

[0040] In some embodiments, the system of the present invention is capable of receiving and processing additional
data, such as, for example, maternal physical activity, fetal kicks, maternal dietary intake, maternal health information,
mood, and the like. In some embodiments, the additional data is used, along with the fetal and maternal cardiac activity
signals data to detect potentially harmful conditions, complications, or diseases during pregnancy.

[0041] In some embodiments, the additional data is used, along with the fetal and maternal cardiac activity signals
data to reduce pregnancy associated factors, such as, for example, stress and risks related to nutrition, physical activity
or lack thereof, sleep and other life-style factors that may affect the pregnancy.

[0042] Examples of fetal parameters according to some embodiments of the present invention is capable of monitoring
include: cardiac activity, heart rate, cardiac vibro/acoustic sounds, pulse rate, heart rate variability, bradycardia event,
tachycardia event, desaturation, fetal movement, fetal position/orientation, fetal sounds, fetal kicks, fetal brain activity,
fetal temperature, glucose, sleeping state, blood flow, blood pressure, or activity level.

[0043] Examples of maternal parameters according to some embodiments of the present invention is capable of
monitoring include: cardiac activity, ejection fraction, heart rate, heart sounds, breathing depth and duration, pulse rate,
heart rate variability, bradycardia event, tachycardia event, desaturation, brain activity, temperature, glucose, inflamma-
tion level, uterus activity, sleeping stages, blood pressure, physical activity level, posture, or body position.

[0044] In some embodiments, the system of the present invention is worn by the pregnant human subject for an
extended period of time. The extended period of time can be 24 hours or more. Alternatively, in some embodiments,
the system of the present invention is worn by the pregnant human subject for 24 hours or less. Alternatively, in some
embodiments, the system of the present invention is worn by the pregnant human subject for 24 hours. Alternatively, in
some embodiments, the system of the presentinvention is worn by the pregnant human subjectfor 12 hours. Alternatively,
in some embodiments, the system of the present invention is worn by the pregnant human subject for 11 hours. Alter-
natively, in some embodiments, the system of the present invention is worn by the pregnant human subject for 10 hours.
Alternatively, in some embodiments, the system of the present invention is worn by the pregnant human subject for 9
hours. Alternatively, in some embodiments, the system of the present invention is worn by the pregnant human subject
for 8 hours. Alternatively, in some embodiments, the system of the present invention is worn by the pregnant human
subject for 7 hours. Alternatively, in some embodiments, the system of the present invention is worn by the pregnant
human subject for 6 hours. Alternatively, in some embodiments, the system of the present invention is worn by the
pregnant human subject for 5 hours. Alternatively, in some embodiments, the system of the present invention is worn
by the pregnant human subject for 4 hours. Alternatively, in some embodiments, the system of the present invention is
worn by the pregnant human subject for 3 hours. Alternatively, in some embodiments, the system of the presentinvention
is worn by the pregnant human subject for 2 hours. Alternatively, in some embodiments, the system of the present
invention is worn by the pregnant human subject for 1 hour.

[0045] In one embodiment, the present invention provides a system for monitoring maternal and fetal cardiac activity
that includes:

a) at least one electrocardiogram sensor configured to contact the skin of the abdomen of a pregnant human subject
and detect fetal and maternal cardiac electrical activity;

b) at least one acoustic sensor configured to contact the skin of the abdomen of a pregnant human subject and
detect fetal and maternal cardiac electrical activity;

c) a garment configured to position and contact the at least one electrocardiogram sensor and the at least one
acoustic sensor on the abdomen of the pregnant human subject;

d) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations: receiving raw Electrocardiogram (ECG)
signals data from the at least one pair of ECG sensors; wherein the at least one pair of ECG sensors is positioned
in on an abdomen of a pregnant human subject; wherein the raw ECG signals data comprise data representative
of a N number of raw ECG signals (raw N-ECG signals data) which are being acquired in real-time from the at least
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one pair of ECG sensors; digital signal filtering the raw ECG signals data to form filtered N-ECG signals data having
filtered N-ECG signals; detecting maternal heart peaks in each of the filtered N-ECG signal in the filtered N-ECG
signals data; subtracting, from each of the filtered N-ECG signal of the filtered N-ECG signals data, the maternal
ECG signal, by utilizing at least one non-linear subtraction procedure to obtain corrected ECG signals data which
comprise data representative of a N number of corrected ECG signals (corrected N-ECG signals data), wherein the
atleast one non-linear subtraction procedure comprises: iteratively performing: i) dividing each filtered N-ECG signal
of N-ECG signals of the filtered N-ECG signals data into a second plurality of ECG signal segments, ) wherein each
ECG signal segment of the plurality of ECG signal segments corresponds to a beat interval of a full heartbeat, and
2) wherein each beat interval is automatically determined based, atleast in part on automatically detecting an onset
value and an offset value of such beat interval; ii) modifying each of the plurality of filtered N-ECG signal segments
to form a plurality of modified filtered N-ECG signal segments, wherein the modifying is performed using at least
one inverse optimization scheme based on a set of parameters, wherein values of the set of parameters is determined
based on: iteratively performing: 1) defining a global template based on a standard heartbeat profile of an adult
human being; 2) setting a set of tentative values for a local template for each filtered N-ECG signal segment; and
3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG signal
segment based on the local template being matched to the global template within a pre-determined similarity value;
and iii) eliminating the modified segments from each of the filtered N-ECG signals, by subtracting the adaptive
template from the filtered N-ECG signal thereby generating each corrected ECG signal; extracting raw fetal ECG
signals data from the filtered N-ECG signals data based on the corrected ECG signals data, wherein the raw fetal
ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal signals data); processing the raw
N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal signals to form filtered N-ECG fetal
signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data; calculating, based on detected fetal
heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart
rate variability; and outputting a result of the calculating operation;

e) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to atleast perform the following operations: receiving, by at least one computer processor
executing specific programmable instructions configured for the method, a plurality of Phonocardiogram (PCG)
signals data inputs from a plurality of acoustic sensors; digital signal filtering, by the at least one computer processor,
utilizing a plurality of bandpass filters, the plurality of PCG signals data inputs to form a plurality of filtered PCG
outputs, wherein the plurality of bandpass filters comprises a L number of bandpass filters, wherein each bandpass
filter outputs a K number of filtered PCG outputs; wavelet denoising, by the at least one computer processor, a first
subset of filtered PCG outputs of the plurality of filtered PCG outputs to form a M number of denoised filtered PCG
outputs, wherein M is equal to L multiply by K; transforming, by the at least one computer processor, utilizing an
Independent-Component-Analysis (ICA), a second subset of filtered PCG outputs of the plurality of filtered PCG
outputs to form the M number of filtered ICA transforms; transforming, by the at least one computer processor,
utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG
outputs to form the M number of denoised filtered ICA transforms; compiling, by the at least one computer processor,
a S number of a plurality of detection heartbeat (DH) inputs, comprising: i) the M number of filtered PCG outputs,
ii) the M number of the denoised filtered PCG outputs, iii) the M number of the filtered ICA transforms, and iv) the
M number of the denoised filtered ICA transforms; detecting, by the at least one computer processor, beat locations
of beats in each of DH inputs; calculating, by the at least one computer processor, a confidence score that describes
a probability that the beats in each DH input of the plurality of DH inputs represent actual heartbeats and not a noise;
dividing, by the at least one computer processor, the plurality of DH inputs into at least two groups: i) a first group
of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing maternal heartbeats; selecting,
by the at least one computer processor, from the first group of DH inputs, at least one particular fetal DH input that
contains the fetal heartbeat based on a first confidence score of the at least one particular fetal DH input; and
selecting, by the at least one computer processor, from the second group of DH inputs, at least one particular
maternal DH input that contains the maternal heartbeat, based on a second confidence score of the at least one
particular maternal DH input;

f) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:
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i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

The Garment According to Some Embodiments of the Present Invention

[0046]

In one embodiment, the present invention provides a garment that includes:

a) at least one electrocardiogram sensor configured to contact the skin of the abdomen of a pregnant human subject
and detect fetal and maternal cardiac electrical activity;

b) at least one acoustic sensor configured to contact the skin of the abdomen of a pregnant human subject and
detect fetal and maternal cardiac electrical activity; and

c) a garment configured to position and contact the at least one electrocardiogram sensor and the at least one
acoustic sensor on the abdomen of the pregnant human subject.

[0047]

In one embodiment, the garment is further configured to include:

d) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
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a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations: receiving raw Electrocardiogram (ECG)
signals data from the at least one pair of ECG sensors; wherein the at least one pair of ECG sensors is positioned
in on an abdomen of a pregnant human subject; wherein the raw ECG signals data comprise data representative
of a N number of raw ECG signals (raw N-ECG signals data) which are being acquired in real-time from the at least
one pair of ECG sensors; digital signal filtering the raw ECG signals data to form filtered N-ECG signals data having
filtered N-ECG signals; detecting maternal heart peaks in each of the filtered N-ECG signal in the filtered N-ECG
signals data; subtracting, from each of the filtered N-ECG signal of the filtered N-ECG signals data, the maternal
ECG signal, by utilizing at least one non-linear subtraction procedure to obtain corrected ECG signals data which
comprise data representative of a N number of corrected ECG signals (corrected N-ECG signals data), wherein the
atleast one non-linear subtraction procedure comprises: iteratively performing: i) dividing each filtered N-ECG signal
of N-ECG signals of the filtered N-ECG signals data into a second plurality of ECG signal segments, ) wherein each
ECG signal segment of the plurality of ECG signal segments corresponds to a beat interval of a full heartbeat, and
2) wherein each beat interval is automatically determined based, atleast in part on automatically detecting an onset
value and an offset value of such beat interval; ii) modifying each of the plurality of filtered N-ECG signal segments
to form a plurality of modified filtered N-ECG signal segments, wherein the modifying is performed using at least
one inverse optimization scheme based on a set of parameters, wherein values of the set of parameters is determined
based on: iteratively performing: 1) defining a global template based on a standard heartbeat profile of an adult
human being; 2) setting a set of tentative values for a local template for each filtered N-ECG signal segment; and
3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG signal
segment based on the local template being matched to the global template within a pre-determined similarity value;
and iii) eliminating the modified segments from each of the filtered N-ECG signals, by subtracting the adaptive
template from the filtered N-ECG signal thereby generating each corrected ECG signal; extracting raw fetal ECG
signals data from the filtered N-ECG signals data based on the corrected ECG signals data, wherein the raw fetal
ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal signals data); processing the raw
N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal signals to form filtered N-ECG fetal
signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data; calculating, based on detected fetal
heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart
rate variability; and outputting a result of the calculating operation;

e) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to atleast perform the following operations: receiving, by at least one computer processor
executing specific programmable instructions configured for the method, a plurality of Phonocardiogram (PCG)
signals data inputs from a plurality of acoustic sensors; digital signal filtering, by the at least one computer processor,
utilizing a plurality of bandpass filters, the plurality of PCG signals data inputs to form a plurality of filtered PCG
outputs, wherein the plurality of bandpass filters comprises a L number of bandpass filters, wherein each bandpass
filter outputs a K number of filtered PCG outputs; wavelet denoising, by the at least one computer processor, a first
subset of filtered PCG outputs of the plurality of filtered PCG outputs to form a M number of denoised filtered PCG
outputs, wherein M is equal to L multiply by K; transforming, by the at least one computer processor, utilizing an
Independent-Component-Analysis (ICA), a second subset of filtered PCG outputs of the plurality of filtered PCG
outputs to form the M number of filtered ICA transforms; transforming, by the at least one computer processor,
utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG
outputs to form the M number of denoised filtered ICA transforms; compiling, by the at least one computer processor,
a S number of a plurality of detection heartbeat (DH) inputs, comprising: i) the M number of filtered PCG outputs,
ii) the M number of the denoised filtered PCG outputs, iii) the M number of the filtered ICA transforms, and iv) the
M number of the denoised filtered ICA transforms; detecting, by the at least one computer processor, beat locations
of beats in each of DH inputs; calculating, by the at least one computer processor, a confidence score that describes
a probability that the beats in each DH input of the plurality of DH inputs represent actual heartbeats and not a noise;
dividing, by the at least one computer processor, the plurality of DH inputs into at least two groups: i) a first group
of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing maternal heartbeats; selecting,
by the at least one computer processor, from the first group of DH inputs, at least one particular fetal DH input that
contains the fetal heartbeat based on a first confidence score of the at least one particular fetal DH input; and
selecting, by the at least one computer processor, from the second group of DH inputs, at least one particular
maternal DH input that contains the maternal heartbeat, based on a second confidence score of the at least one
particular maternal DH input;
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f) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0048] In some embodiments, the system of the present invention can includes at least one additional maternal or
fetal cardiac sensing modality. Such modality can also replace the said electric or acoustic cardiac sensing modality.
This can be an active or passive sensing modality, selected from the group consisting of: ultrasound, Doppler, ultra-
sound/Doppler (which may be described as high frequency acoustic signals with sensors using Doppler technology),
PAT (which stands for Peripheral Arterial Tone) optical sensor which observes maternal heart rate from skin color
changes and FNIRS (which stands for functional near infra-red spectroscopy).

[0049] In some embodiments, the acoustic sensor can be a vibro-acoustic sensor which senses the acoustic signal
of the closure of the valves and also senses the cardiac vibrations of the contractions of the heart muscle.

[0050] In some embodiments, the garment is configured to allow the system to be ambulatory and operable by the
pregnant human subject in any setting, such as, for example, at home. For example, referring to Figures 2-Figure 4, the
garment (1) is incorporated with at least one ECG sensor (3), at least one acoustic sensor (2) and a transmitter (4) for
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communicating the output of the one or more processors to a remote server via at least one of low emission Bluetooth
(Bluetooth Low Energy) for communication of an output of the processor to a remote server.

[0051] In some embodiments, the garment is washable. In some embodiments, wiring necessary for the operation of
the system is waterproof, and hidden.

[0052] In some embodiments, the garment is made from a non-irritating material.

[0053] In the embodiment shown in Figures 2-Figure 4, the at least one acoustic sensor is removable. In alternate
embodiments, the at least one acoustic sensor is removable. In alternate embodiments, the transmitter is removable.
[0054] In some embodiments, the garment further includes audio speakers.

[0055] In some embodiments, the garment further includes a power supply.

[0056] In some embodiments, the garment comprises the belt disclosed in U.S. Patent No. 8,396,229 B2.

[0057] In some embodiments, the garment is manufactured from the materials disclosed in U.S. Patent No. 8,396,229
B2.

[0058] In some embodiments, the garment is manufactured according to the methods disclosed in U.S. Patent No.
8,396,229 B2.

ECG Sensors According to Some Embodiments of the Present Invention

[0059] In some embodiments, the present invention provides an ECG sensor configured to detect fetal electrocardi-
ogram signals, comprising:

a) a cutaneous contact for sensing fetal electrocardiogram signals from a pregnant human subj ect;
b) a connector in electrical contact with the cutaneous contact for connection to a lead wire; and

c) a substructure for attachment to a human pregnant subject
wherein, the cutaneous contact is configured on the substructure to allow a surface of the cutaneous contact to be
in electrical communication with the skin of the pregnant human subj ect.

[0060] Without intending to be limited to any particular theory, in some embodiments, the three-dimensional shape of
the ECG sensor affects the performance. For example, a curved profile without sharp angles is likely to prevent abrupt
changes in the electrical field generated by the cutaneous contact, or flow of current from the cutaneous contact to the
lead wire.

[0061] Figure 5 shows a circular ECG sensor according to some embodiments of the present invention. In the em-
bodiment shown in Figure 5, the ECG sensor, as shown along the section A-A, comprises an electrically conductive
fabric (5) attached over an elastomeric dome shaped circular structure (6), which is, in turn, attached to a circular foam
backing. The foam backing is attached to a printed circuit board (8), which has one electrical connection (9) that outputs
the sensed fetal electrocardiogram signals, and at least one electrical connection (10) that connects the electrically
conductive fabric to the printed circuit board (8).

[0062] In some embodiments, the printed circuit board is configured to interface the cutaneous contact with the lead
wire. Alternatively, in some embodiments, the printed circuit board is further configured to perform additional functions,
such as, for example, signal filtering, or pre-amplification.

[0063] Figure 6 shows an ECG sensor according to some embodiments of the present invention. In the embodiment
shown, the ECG sensor consists of a teardrop-shaped electrically conductive fabric, with a flat portion that terminates
at one end with a connection to a printed circuit board, and a dome-shaped structure that forms a skin contact at the
opposite end. In the embodiment shown, only the dome-shaped structure would be exposed and touch the skin of the
pregnant human subject.

[0064] Figure 7 and 8 show alternate embodiments of ECG sensors according to the present invention comprising a
planar cutaneous contact.

[0065] Inthe embodimentshown in Figure 5, the elastomeric dome shaped circular structure is configured to maximize
contactbetween the cutaneous contact and the skin ofthe pregnanthuman subject undera all possible attachment angles.
[0066] Inthe embodiment shown in Figure 5, the elastomeric dome shaped circular structure is configured to generate
a profile without sharp angles which are likely to affect performance of the ECG sensor.

[0067] In some embodiments, the elastomeric dome shaped circular structure has a diameter ranging from 20 to 50
mm. In some embodiments, the elastomeric dome shaped circular structure has a diameter of 20 mm. In some embod-
iments, the elastomeric dome shaped circular structure has a diameter of 25 mm. In some embodiments, the elastomeric
dome shaped circular structure has a diameter of 30 mm. In some embodiments, the elastomeric dome shaped circular
structure has a diameter of 35 mm. In some embodiments, the elastomeric dome shaped circular structure has a diameter
of 40 mm. In some embodiments, the elastomeric dome shaped circular structure has a diameter of 45 mm. In some
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embodiments, the elastomeric dome shaped circular structure has a diameter of 50 mm.

[0068] In some embodiments, the elastomeric dome shaped circular structure has an un-deformed height (i.e. a height
before pressure is applied) ranging from 5 to 15 mm. In some embodiments, the elastomeric dome shaped circular
structure has an un-deformed height of 5 mm. In some embodiments, the elastomeric dome shaped circular structure
has an un-deformed height of 10 mm. In some embodiments, the elastomeric dome shaped circular structure has an
un-deformed height of 15 mm.

[0069] In some embodiments, the circular foam backing has a thickness ranging from 0.3 to 5 mm. In some embodi-
ments, the circular foam backing has a thickness of 0.3 mm. In some embodiments, the circular foam backing has a
thickness of 0.5 mm. In some embodiments, the circular foam backing has a thickness of 1 mm. In some embodiments,
the circular foam backing has a thickness of 1.5 mm. In some embodiments, the circular foam backing has a thickness
of 2 mm. In some embodiments, the circular foam backing has a thickness of 2.5 mm. In some embodiments, the circular
foam backing has a thickness of 3 mm. In some embodiments, the circular foam backing has a thickness of 3.5 mm. In
some embodiments, the circular foam backing has a thickness of 4 mm. In some embodiments, the circular foam backing
has a thickness of 4.5 mm. In some embodiments, the circular foam backing has a thickness of 5 mm.

[0070] Inthe embodiment shown in Figure 6, the elastomeric dome shaped circular structure is configured to generate
a profile without sharp angles which are likely affect performance of the ECG sensor. In some embodiments, the elas-
tomeric dome shaped circular structure has a diameter ranging from 15 to 38 mm. In some embodiments, the elastomeric
dome shaped circular structure has a diameter of 15 mm. In some embodiments, the elastomeric dome shaped circular
structure has a diameter of 20 mm. In some embodiments, the elastomeric dome shaped circular structure has a diameter
of 25 mm. In some embodiments, the elastomeric dome shaped circular structure has a diameter of 30 mm. In some
embodiments, the elastomeric dome shaped circular structure has a diameter of 35 mm. In some embodiments, the
elastomeric dome shaped circular structure has a diameter of 38 mm.

[0071] In some embodiments, the elastomeric dome shaped circular structure has an un-deformed height (i.e. a height
before pressure is applied) ranging from 5 to 15 mm. In some embodiments, the elastomeric dome shaped circular
structure has an un-deformed height of 5 mm. In some embodiments, the elastomeric dome shaped circular structure
has an un-deformed height of 10 mm. In some embodiments, the elastomeric dome shaped circular structure has an
un-deformed height of 15 mm.

[0072] Without intending to be limited to any particular theory, the skin-ECG sensorimpedance varies with the pressure
at which the ECG sensor contacts the skin of the pregnant human subject. In some embodiments, the skin-ECG sensor
impedance decreases as the pressure at which the ECG sensor contacts the skin of the pregnant human subject
increases.

[0073] In some embodiments, the elastomeric dome is configured to deform when placed on the abdomen of the
pregnant human subject and pressure is applied to the ECG sensor. In some embodiments, the elastomeric dome is
configured to deform when placed on the abdomen of the pregnant human subject and pressure applied to create a
skin-ECG sensor impedance suitable for sensing fetal electrocardiogram signals from a pregnant human subject.
[0074] In some embodiments, the deformation of the elastomeric dome increases the surface area of the cutaneous
contact that contacts the skin of the pregnant human subject. In some embodiments, 100 % of the surface area of the
cutaneous contact contacts the skin of the pregnant human subject. In an alternate embodiment, 90 % of the surface
area of the cutaneous contact contacts the skin of the pregnant human subject. In an alternate embodiment, 80 % of
the surface area of the cutaneous contact contacts the skin of the pregnant human subject. In an alternate embodiment,
70 % of the surface area of the cutaneous contact contacts the skin of the pregnant human subject. In an alternate
embodiment, 60 % of the surface area of the cutaneous contact contacts the skin of the pregnant human subject. In an
alternate embodiment, 50 % of the surface area of the cutaneous contact contacts the skin of the pregnant human
subject. In an alternate embodiment, 40 % of the surface area of the cutaneous contact contacts the skin of the pregnant
human subject. In an alternate embodiment, 30 % of the surface area of the cutaneous contact contacts the skin of the
pregnant human subject. In an alternate embodiment, 20 % of the surface area of the cutaneous contact contacts the
skin of the pregnant human subject. In an alternate embodiment, 10 % of the surface area of the cutaneous contact
contacts the skin of the pregnant human subject. In an alternate embodiment, 75 % of the surface area of the cutaneous
contact contacts the skin of the pregnant human subject.

[0075] In some embodiments, the pressure applied is equivalent to a mass ranging between 0.2 kg to 5 kg. In some
embodiments, the pressure applied is equivalent to a mass of 0.2 kg. In some embodiments, the pressure applied is
equivalent to a mass of 0.2 kg. In some embodiments, the pressure applied is equivalent to a mass of 0.3 kg. In some
embodiments, the pressure applied is equivalent to a mass of 0.4 kg. In some embodiments, the pressure applied is
equivalent to a mass of 0.5 kg. In some embodiments, the pressure applied is equivalent to a mass of 0.6 kg. In some
embodiments, the pressure applied is equivalent to a mass of 0.7 kg. In some embodiments, the pressure applied is
equivalent to a mass of 0.8 kg. In some embodiments, the pressure applied is equivalent to a mass of 0.9 kg. In some
embodiments, the pressure applied is equivalent to a mass of 1 kg. In some embodiments, the pressure applied is
equivalent to a mass of 1.5 kg. In some embodiments, the pressure applied is equivalent to a mass of 2 kg. In some
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embodiments, the pressure applied is equivalent to a mass of 2.5 kg. In some embodiments, the pressure applied is
equivalent to a mass of 3 kg. In some embodiments, the pressure applied is equivalent to a mass of 3.5 kg. In some
embodiments, the pressure applied is equivalent to a mass of 4 kg. In some embodiments, the pressure applied is
equivalent to a mass of 4.5 kg. In some embodiments, the pressure applied is equivalent to a mass of 5 kg.

[0076] In some embodiments, the pressure is applied using a garment, such as a belt.

[0077] In some embodiments, the suitable skin-ECG sensor impedance is between 100 and 650 kQ. In some embod-
iments, the suitable skin-ECG sensor impedance is 602 kQ. In some embodiments, the suitable skin-ECG sensor
impedance is less than 150 kQ. In some embodiments, the suitable skin-ECG sensor impedance is 227 kQ. In some
embodiments, the suitable skin-ECG sensor impedance is 135 kQ.

[0078] In some embodiments, the cutaneous contact is configured to have skin-ECG sensor impedance of greather
than 150 kQ.

[0079] In some embodiments, the cutaneous contact is configured to have skin-ECG sensor impedance of less than
150 kQ.

[0080] In some embodiments, the cutaneous contact is configured to have skin-ECG sensor impedance of between
5to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG sensorimpedance of between
10 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG sensor impedance of
between 20 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG sensor impedance
of between 30 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 40 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 50 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 60 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 70 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 80 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 90 to 150 kQ. In some embodiments, the cutaneous contactis configured to have skin-ECG sensorimpedance
of between 100 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG sensor imped-
ance of between 110 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG sensor
impedance of between 120 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-ECG
sensor impedance of between 130 to 150 kQ. In some embodiments, the cutaneous contact is configured to have skin-
ECG sensor impedance of between 140 to 150 kQ.

[0081] In some embodiments, the cutaneous contact is attached to an elastomeric structure that is configured to
deform when placed on the abdomen of the pregnant human subject to create a skin-ECG sensor impedance of less
than 150 kQ.

[0082] In some embodiments, the cutaneous contact is attached to an elastomeric structure that is configured to
deform when placed on the abdomen of the pregnant human subject to create a skin-ECG sensor impedance of between
5 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is configured to
deform when placed on the abdomen of the pregnant human subject to create a skin-ECG sensor impedance of between
10 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is configured
to deform when placed on the abdomen of the pregnant human subject to create a skin-ECG sensor impedance of
between 20 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 30 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 40 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 50 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 60 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 70 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 80 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 90 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 100 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 110 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
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of between 120 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 130 to 150 kQ. In some embodiments, the cutaneous contact is attached to an elastomeric structure that is
configured to deformwhen placed on the abdomen of the pregnanthuman subject to create a skin-ECG sensorimpedance
of between 140 to 150 kQ.

[0083] In some embodiments, the ECG sensor is configured to have a surface resistance suitable for sensing fetal
electrocardiogram signals from a pregnant human subject. In some embodiments, the cutaneous contact is configured
to have a surface resistance of less than 1 Q/square. In some embodiments, the cutaneous contact is configured to
have a surface resistance between 0.01 and 1 Q/square.

[0084] In some embodiments, the cutaneous contact is configured to have a surface resistance of 0.01 Q/square. In
some embodiments, the cutaneous contact is configured to have a surface resistance of 0.02 Q/square. In some em-
bodiments, the cutaneous contact is configured to have a surface resistance of 0.03 Q)/square. In some embodiments,
the cutaneous contactis configured to have a surface resistance of 0.04 Q/square. In some embodiments, the cutaneous
contact is configured to have a surface resistance of 0.05 Q)/square. In some embodiments, the cutaneous contact is
configured to have a surface resistance of 0.06 Q/square. In some embodiments, the cutaneous contact is configured
to have a surface resistance of 0.07 Q/square. In some embodiments, the cutaneous contact is configured to have a
surface resistance of 0.08 Q/square. In some embodiments, the cutaneous contact is configured to have a surface
resistance of 0.09 Q/square. In some embodiments, the cutaneous contact is configured to have a surface resistance
of 0.1 Q/square. In some embodiments, the cutaneous contact is configured to have a surface resistance of 0.2 Q/square.
In some embodiments, the cutaneous contact is configured to have a surface resistance of 0.3 Q/square. In some
embodiments, the cutaneous contact is configured to have a surface resistance of 0.4 QO/square. In some embodiments,
the cutaneous contact is configured to have a surface resistance of 0.5 Q/square. In some embodiments, the cutaneous
contact is configured to have a surface resistance of 0.6 Q/square. In some embodiments, the cutaneous contact is
configured to have a surface resistance of 0.7 Q/square. In some embodiments, the cutaneous contact is configured to
have a surface resistance of 0.8 Q/square. In some embodiments, the cutaneous contact is configured to have a surface
resistance of 0.9 Q)/square. In some embodiments, the cutaneous contact is configured to have a surface resistance of
1 Q/square.

[0085] In some embodiments, the ECG sensor is configured to have a capacitance suitable for sensing fetal electro-
cardiogram signals from a pregnant human subject. In some embodiments, the capacitance is from 1 nF to 0.5 pF. In
some embodiments, the capacitance is 5 nF. In some embodiments, the capacitance is 10 nF. In some embodiments,
the capacitance is 15 nF. In some embodiments, the capacitance is 20 nF. In some embodiments, the capacitance is
25 nF. In some embodiments, the capacitance is 30 nF. In some embodiments, the capacitance is 35 nF. In some
embodiments, the capacitance is 40 nF. In some embodiments, the capacitance is 45 nF. In some embodiments, the
capacitance is 50 nF. In some embodiments, the capacitance is 60 nF. In some embodiments, the capacitance is 70
nF. In some embodiments, the capacitance is 80 nF. In some embodiments, the capacitance is 90 nF. In some embod-
iments, the capacitanceis 80 nF. In some embodiments, the capacitance is 0.1 wF. In some embodiments, the capacitance
is 80 nF. In some embodiments, the capacitance is 0.2 wF. In some embodiments, the capacitance is 80 nF. In some
embodiments, the capacitance is 0.3 pF. In some embodiments, the capacitance is 80 nF. In some embodiments, the
capacitance is 0.4 pnF. In some embodiments, the capacitance is 80 nF. In some embodiments, the capacitance is 0.5 wF.
[0086] Without intending to be limited to any particular theory, the capacitance of the ECG sensors increases as the
surface area of the cutaneous contact that contacts the skin of the pregnant human subject increases. Additionally,
without intending to be limited to any particular theory, the capacitance of the ECG sensors decreases as the pressure
applied to the cutaneous contact increases.

[0087] In some embodiments, the ECG sensor is configured to detect a fetal electrocardiogram signal having a signal
to noise ratio between -20 dB and 50 dB. In some embodiments, the ECG sensor is configured to detect a fetal electro-
cardiogram signal having a signal to noise ratio between 0 dB and 50 dB. In some embodiments, the ECG sensor is
configured to detect a fetal electrocardiogram signal having a signal to noise ratio less than 50 dB.

The Cutaneous Contact

[0088] In some embodiments, the cutaneous contact is an electrically conductive fabric. Electrically conductive fabrics
can be made with conductive fibers, such as, for example, metal strands woven into the construction of the fabric.
Examples of electrically conductive fabrics suitable for use in ECG sensors according to some embodiments of the
present invention include, but are not limited to, the textile ECG sensors disclosed in Sensors, 12 16907-16919, 2012.
Another example of electrically conductive fabrics suitable for use in ECG sensors according to some embodiments of
the present invention include, but are not limited to, the textile ECG sensors disclosed in Sensors, 14 11957-11992, 2014.
[0089] The electrically conductive fabric may be stretchable. Alternatively, the electrically conductive fabric may not
be stretchable. The electrically conductive fabric may be capable of stretching up to 50%, alternatively, 40%, alternatively,
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30%, alternatively 20%, alternatively 20%, alternatively, 10%, alternatively, 9%, alternatively, 8%, alternatively, 7%,
alternatively, 6%, alternatively, 5%, alternatively, 4%, alternatively, 3%, alternatively, 2%, alternatively, 1%.

[0090] In some embodiments, the electrically conductive fabric is anisotropic. In some embodiments, the anisotropy
is from 50% to 100%. As used herein, the term anisotropy refers to the difference in resistance of the electrically conductive
fabric measured in the main direction, compared to the direction perpendicular to the main direction. As used herein,
the term "main direction refers to the direction that the fabric was woven. In some embodiments, the anisotropy of the
electrically conductive fabric is configured to have an anisotropy suitable for sensing fetal electrocardiogram signals
from a pregnant human subject. In some embodiments, the anisotropy is 62%.

[0091] In some embodiments, the electrically conductive fabric is configured to be oriented so the current recorded is
the electrical activity that is generated by the fetal and/or maternal heart, and flows along the main direction of the fabric
to the lead wire. In some embodiments, the electrically conductive fabric is configured to be oriented so the current
recorded is the electrical activity that is generated by the fetal and/or maternal heart, and flows along the direction of
the fabric having the least resistance to the lead wire.

[0092] In some embodiments, the conductivity of one side of the electrically conductive fabric is greater than the other.
In some embodiments, the side of the electrically conductive fabric with the greater conductivity forms cutaneous contact.
[0093] In some embodiments, the electrically conductive fabric has a thickness between 0.3 and 0.5 mm. In some
embodiments, the thickness of the electrically conductive fabric is 0.3 mm. In some embodiments, the thickness of the
electrically conductive fabricis 0.4 mm. In some embodiments, the thickness of the electrically conductive fabricis 0.5 mm.
[0094] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename ORANGE IT. An example of this electrically conductive fabric is shown in Figure 9.

[0095] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename C+, sold by Clothing+, St. Petersburg, Florida, USA. An example of this electrically conductive fabric is shown
in Figure 10.

[0096] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename SHAOXING17, sold by Shaoxing Yunjia Textile Product Co. Ltd., Zhejiang, China. An example of this elec-
trically conductive fabric is shown in Figure 11.

[0097] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename SHAOXING27, sold by Shaoxing Yunjia Textile Product Co. Ltd., Zhejiang, China. An example of this elec-
trically conductive fabric is shown in Figure 12.

[0098] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename SHIELDEX TECHNIK-TEX P130-B, sold by Shieldex Trading USA, Palmyra, NY, USA. An example of this
electrically conductive fabric is shown in Figure 13.

[0099] In some embodiments, the electrically conductive fabric is the silver-based conductive fabric sold under the
tradename SILVERS30, sold by Shaoxing Yunjia Textile Product Co. Ltd., Zhejiang, China. An example of this electrically
conductive fabric is shown in Figure 14.

Acoustic Sensors According to Some Embodiments of the Present Invention

[0100] Inone embodiment, the presentinvention provides an acoustic sensor configured to detect fetal cardiac activity
signals, comprising:

a) a body formed of a solid integral mass having a circular apron with two opposite major side walls,

a. one side wall being concave in configuration and the other side wall having a rearwardly facing portion
coaxially formed thereon, the rearwardly facing portion defining an attachment for a microphone;

b. an opening coaxially formed through the rearwardly facing portion; and

c. an annular edge connecting the periphery of the side walls;
b) a microphone, attached to the rearwardly facing portion,
wherein the microphone is configured to produce electrical signals in response to acoustic signals transmitted from
an abdomen of a pregnant subj ect;
c) a flexible membrane covering the one side wall, wherein the edge of the flexible membrane covers the annular
edge of the one side wall,

wherein the flexible membrane is configured to contact the skin of the human pregnant subject,
wherein the flexible membrane is configured to transduce transmitted acoustic signals to the body; and
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wherein the body is configured to transmit the transduced acoustic signals to the microphone;
d) an electrical conductor electrically connected to the microphone; and
e) a connector in electrical contact with the electrical conductor for connection to a lead wire.

[0101] In some embodiments, the acoustic sensor is configured to compensate for the changes in sound propagation
caused by the skin-air interface. Acoustic signals comprise sound waves or vibrations that propagate as a mechanical
wave of pressure and displacement, through a medium such as air, water, or the body. Without intending to be limited
to any particular theory, the behavior of sound propagation can be affected by the relationship between the density and
pressure of the medium though which the sound wave propagates. Also, the behavior of sound propagation can be
affected by the motion of the medium though which the sound wave propagates. Furthermore, the behavior of sound
propagation can be affected by the viscosity of the medium though which the sound wave propagates.

[0102] Without intending to be limited to any particular theory, during a normal cardiac contraction cycle, the hear
produces the following sounds: S, which corresponds to the QRS complex of the cardiac electrical activity observed
during a normal cardiac contraction cycle, and is caused by the block of reverse blood flow due to closure of the tricuspid
and mitral (bicuspid) valves, at the beginning of ventricular contraction, or systole. S,, which corresponds to the T wave
of the cardiac electrical activity observed during a normal cardiac contraction cycle, and is caused by the closure of the
aortic and pulmonary valves.

[0103] Referring to Figure 22 and Figure 23, the at least one acoustic sensor comprises a body (11) formed of a solid
integral mass having a circular apron with two opposite major side walls (12) and (13); one side wall (12) being concave
in configuration and the other side wall (13) having a rearwardly facing portion (14) coaxially formed thereon, the rearwardly
facing portion (14) defining an attachment for a microphone; an opening (15) coaxially formed through the rearwardly
facing portion; and an annular edge (16) connecting the periphery of the side walls; a microphone (17), attached to the
rearwardly facing portion (14), wherein the microphone (17) is configured to produce electrical signals in response to
acoustic signals transmitted from an abdomen of a pregnant subject; a flexible membrane (18) covering the one side
wall, wherein the edge of the flexible membrane (18) covers the annular edge (16) of the one side wall, wherein the
flexible membrane (18) is configured to contact the skin of the human pregnant subject, wherein the flexible membrane
(18) is configured to transduce transmitted acoustic signals to the body (11); and wherein the body (11) is configured to
transmit the transduced acoustic signals to the microphone (17); an electrical conductor electrically connected to the
microphone; and a connector in electrical contact with the electrical conductor for connection to a lead wire.

[0104] In some embodiments, the microphone (17) is lockingly engaged on the rearwardly facing portion (14) via
friction. Alternative mechanisms to lockingly engage the microphone (17) on the rearwardly facing portion (14) include
adhesive, screw threads, and the like.

[0105] Referring to Figure 24, in some embodiments, the microphone is lockingly engaged in a structure configured
to isolate the microphone (17) from acoustic signals not from the abdomen of the pregnant human subject, and position
the microphone (17) on the rearwardly facing portion (14). Examples of acoustic signals not from the abdomen of the
pregnant human subject include, but are not limited to sounds caused by movement of the pregnant human subject, or
environmental noise.

[0106] In some embodiments, the microphone (17) is lockingly engaged in the structure configured to isolate the
microphone (17) from acoustic signals not from the abdomen of the pregnant human subject by friction. Alternative
mechanisms to lockingly engage the microphone (17) in the structure configured to isolate the microphone (17) from
acoustic signals not from the abdomen of the pregnant human subject include adhesive, screw threads, and the like.
[0107] In the embodiment shown in Figure 23, the flexible membrane (18) has a hole (19). Alternatively, the flexible
membrane (18) lacks a hole, and the flexible membrane (18) forms an air-tight chamber, defined by the body (11) and
the flexible membrane (18).

[0108] In some embodiments, the present invention provides at least one acoustic sensor configured to detect fetal
cardiac activity signals, comprising:

a)abody (11) formed of a solid integral mass having a circular apron with two opposite major side walls (12) and (13),

i. one side wall (12) being concave in configuration and the other side wall (13) having a rearwardly facing
portion (14) coaxially formed thereon, the rearwardly facing portion defining an attachment for a microphone;

ii. an opening (15) coaxially formed through the rearwardly facing portion; and

ii. an annular edge (16) connecting the periphery of the side walls (12) and (13);
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b) a microphone (17), attached to the rearwardly facing portion (14),
wherein the microphone (17) is configured to produce electrical signals in response to acoustic signals transmitted
from an abdomen of a pregnant subj ect;

c) a flexible membrane (18) covering the one side wall, wherein the edge of the flexible membrane (18) covers the
annular edge (16) of the one side wall,

wherein the flexible membrane (18) is configured to contact the skin of the human pregnant subject,

wherein the flexible membrane (18) is configured to transduce transmitted acoustic signals to the body (11); and
wherein the body (11) is configured to transmit the transduced acoustic signals to the microphone (17);

d) an electrical conductor electrically connected to the microphone; and
e) a connector in electrical contact with the electrical conductor for connection to a lead wire.

[0109] Insomeembodiments, the atleastone acoustic sensoris configured to reduce the acousticimpedance mismatch
between skin and air, thereby improving the performance of the at least one sensor.

[0110] Without intending to be limited to any particular theory, the body (11) is configured to detect fetal cardiac activity,
but isolate the microphone (17) from acoustic signals not from the abdomen of the pregnant human subject, and position
the microphone (17) at the opening (15). Examples of acoustic signals not from the abdomen of the pregnant human
subject include, but are not limited to sounds caused by movement of the pregnant human subject, or environmental
noise. The sensitivity of the at least one acoustic sensor according to some embodiments of the present invention to
fetal cardiac activity can be altered by varying one or more parameters selected from the group consisting of: the flexibility
of the flexible membrane, the diameter of the body, the sensitivity of the microphone, the material of the body, the size
of the body, the height of the cone defined by the concave configuration of the side wall (12), the material of the isolation
structure, and the algorithm used to extract fetal cardiac activity data from acoustic signals.

[0111] For example, by way of illustration, a larger acoustic sensor would be able collect more acoustic signals than
a smaller one. By way of another illustration, an aluminum body would reflect sound waves more efficiently (see, for
example Figure 25 than a plastic body.)

[0112] Insome embodiments, the body (11) is circular, with an outer diameter configured to detect fetal cardiac activity.
In some embodiments, the body (11) is circular, with an outer diameter of 20 mm to 60 mm. In some embodiments, body
(11) is circular, with an outer diameter of 60 mm. In some embodiments, body (11) is circular, with an outer diameter of
50 mm. In some embodiments, body (11) is circular, with an outer diameter of 43 mm. In some embodiments, body (11)
is circular, with an outer diameter of 40 mm. In some embodiments, body (11) is circular, with an outer diameter of 30
mm. In some embodiments, housing is body (11), with an outer diameter of 20 mm.

[0113] In some embodiments, the body (11) is non-circular in shape. Examples of non-circular shapes suitable for use
according to some embodiments of the present invention include, but are not limited to, oval, square, rectangular, and
the like.

[0114] In one embodiment, the distance between the two side walls (2) and (3) defines a thickness, wherein the
thickness has a minimum value between 0.3 mm to 5 mm. In some embodiments, the thickness is configured to detect
fetal cardiac activity. In some embodiments, the thickness is 5 mm. Alternatively, the thickness is 4 mm. Alternatively,
the thickness is 3 mm. Alternatively, the thickness is 2 mm. Alternatively, the thickness is 1 mm. Alternatively, the
thickness is 0.9 mm. Alternatively, the thickness is 0.8 mm. Alternatively, the thickness is 0.7 mm. Alternatively, the
thickness is 0.6 mm. Alternatively, the thickness is 0.5 mm. Alternatively, the thickness is 0.4 mm. Alternatively, the
thickness is 0.3 mm.

[0115] In some embodiments, the concave configuration of the side wall (12) defines a cone with a height from 1 mm
to 15 mm. Insome embodiments, the height of the cone is configured to detect fetal cardiac activity. In some embodiments,
the height of the cone is 15 mm. Alternatively, in some embodiments, the height of the cone is 14 mm. Alternatively, in
some embodiments, the height of the cone is 13 mm. Alternatively, in some embodiments, the height of the cone is 12
mm. Alternatively, in some embodiments, the height of the cone is 11 mm. Alternatively, in some embodiments, the
height of the cone is 10 mm. Alternatively, in some embodiments, the height of the cone is 9 mm. Alternatively, in some
embodiments, the height of the cone is 8 mm. Alternatively, in some embodiments, the height of the cone is 7 mm.
Alternatively, in some embodiments, the height of the cone is 6 mm. Alternatively, in some embodiments, the height of
the cone is 5 mm. Alternatively, in some embodiments, the height of the cone is 4 mm. Alternatively, in some embodiments,
the height of the cone is 3 mm. Alternatively, in some embodiments, the height of the cone is 2 mm. Alternatively, in
some embodiments, the height of the cone is 1 mm.

[0116] Insome embodiments, the height of the cone is less than or equal to 1/4 the diameter of the base of the body (11).
[0117] In some embodiments, the body (11) is configured to have an acoustic gain of 50 dB. Alternatively, in some
embodiments, the body (11) is configured to have an acoustic gain of 40 dB. Alternatively, in some embodiments, the
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body (11)is configured to have an acoustic gain of 30 dB. Alternatively, in some embodiments, the body (11) is configured
to have an acoustic gain of 20 dB. Alternatively, in some embodiments, the body (11) is configured to have an acoustic
gain of 10 dB.

[0118] In some embodiments, the acoustic gain is greater than the loss in transmission of the acoustic signal between
skin and air as a result of the impedance mismatch.

[0119] In some embodiments, the loss in transmission is calculated using the equation:

Zair * Zskin

(Zair + Zskin)z
- 7= -29dB

T=4

Where:

Z,;-is the equivalent acoustic impedance of air
Zgin is the equivalent acoustic impedance of skin

[0120] In some embodiments, the minimum acoustic gain G,,;, required to compensate the loss ris approximated
using the equation:

2
o Abase _ (Dbase> _ (Rbase)
Ahole Dhole Thote

Rbase 2 Rbase
Gmin = 29dB = 10l0910 < ) = 20[0910( )
Thole Thole

R 29
- —28%¢ > 1070 = 28
Thote

2

Where:

Apase is the space of the base
Apole is the space of the hole
Rpase is the radius of the base
I'hole is the radius of the hole

Dy .se is the diameter of the base
Dy is the diameter of the hole

[0121] In some embodiments, the hole (15) has a diameter from 2 mm to 5 mm. In some embodiments, the hole (15)
has a diameter of 5 mm. In some embodiments, the hole (15) has a diameter of 4 mm. In some embodiments, the hole
(15) has a diameter of 3 mm. In some embodiments, the hole (15) has a diameter of 2 mm.

[0122] Referring to Figures 23 and 24, in some embodiments, microphone (17) is lockingly engaged within a structure
configured to isolate the microphone (17) from acoustic signals not from the abdomen of the pregnant human subject,
and wherein the structure is configured to locate the microphone over the hole (15). In some embodiments, the structure
is has a spacer from 0.2 to 2 mm. In some embodiments, the spacer is 2 mm. In some embodiments, the spacer is 1.9
mm. In some embodiments, the spacer is 1.8 mm. In some embodiments, the spacer is 1.7 mm. In some embodiments,
the spacer is 1.6 mm. In some embodiments, the spacer is 1.5 mm. In some embodiments, the spacer is 1.4 mm. In
some embodiments, the spacer is 1.3 mm. In some embodiments, the spacer is 1.2 mm. In some embodiments, the
spacer is 1.1 mm. In some embodiments, the spacer is 1.0 mm. In some embodiments, the spacer is 0.9 mm. In some
embodiments, the spacer is 0.8 mm. In some embodiments, the spacer is 0.7 mm. In some embodiments, the spacer
is 0.6 mm. In some embodiments, the spacer is 0.5 mm. In some embodiments, the spacer is 0.4 mm. In some embod-
iments, the spacer is 0.3 mm. In some embodiments, the spacer is 0.2 mm.

[0123] In some embodiments, the structure has a hole that transmits the acoustic signals from the body to the micro-
phone (17). In some embodiments the structure is configured to lockingly engage the microphone (17). In some embod-
iments, the microphone is lockingly engaged within the structure via an adhesive.

[0124] In some embodiments, the structure has a height configured to isolate the microphone (17) from acoustic
signals not from the abdomen of the pregnant human subject. In some embodiments, the height is from 0.4 mm to 9
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mm. In some embodiments, the height is 9 mm. In some embodiments, the height is 8 mm. In some embodiments, the
height is 7 mm. In some embodiments, the height is 6 mm. In some embodiments, the height is 5.5 mm. In some
embodiments, the height is 5 mm. In some embodiments, the height is 4.5 mm. In some embodiments, the height is 4
mm. In some embodiments, the height is 3.5 mm. In some embodiments, the height is 3 mm. In some embodiments,
the height is 2.5 mm. In some embodiments, the height is 2 mm. In some embodiments, the height is 1.5 mm. In some
embodiments, the height is 1 mm. In some embodiments, the heightis 0.9 mm. In some embodiments, the height is 0.8
mm. In some embodiments, the height is 0.7 mm. In some embodiments, the height is 0.6 mm. In some embodiments,
the height is 0.5 mm. In some embodiments, the height is 0.4 mm.

[0125] In some embodiments, the structure comprises a circular portion. In some embodiments, the circular portion
is configured to lockingly engage with the rearwardly facing portion (14).

[0126] In some embodiments, the circular portion has an outer diameter configured to isolate the microphone (17)
from acoustic signals not from the abdomen of the pregnant human subject. In some embodiments, the outer diameter
is from 6 mm to 16 mm. In some embodiments, the outer diameter is 16 mm. In some embodiments, the outer diameter
is 15 mm. In some embodiments, the outer diameter is 14 mm. In some embodiments, the outer diameter is 13 mm. In
some embodiments, the outer diameter is 12 mm. In some embodiments, the outer diameter is 11 mm. In some em-
bodiments, the outer diameter is 10 mm. In some embodiments, the outer diameter is 9 mm. In some embodiments, the
outer diameter is 8 mm. In some embodiments, the outer diameter is 7.1 mm. In some embodiments, the outer diameter
is 7 mm. In some embodiments, the outer diameter is 6 mm.

[0127] In some embodiments the circular portion has an inner diameter configured to house the microphone (17) and
isolate the microphone from acoustic signals not from the abdomen of the pregnanthuman subject. In some embodiments,
the inner diameter is from 4 mm to 8 mm. In some embodiments, the inner diameter is 8 mm. In some embodiments,
the inner diameter is 7 mm. In some embodiments, the inner diameter is 6 mm. In some embodiments, the inner diameter
is 5 mm. In some embodiments, the inner diameter is 4 mm.

[0128] In some embodiments, the body (11) is made from a material configured to detect fetal cardiac activity. In some
embodiments, the body (11) is made from aluminum. In alternate embodiments, the body (11) is made from brass. In
alternate embodiments, the body (11) is made from stainless steel. In alternate embodiments, the body (11) is made
from plastic. In some embodiments, the plastic is nylon.

[0129] In some embodiments, the structure is made from a material configured to isolate the microphone (17) from
acoustic signals not from the abdomen of the pregnant human subject. In some embodiments, the structure is made
from Polyurethane 60 shore. In some embodiments, the structure is a resin. Examples of materials suitable for forming
the structure include, but are not limited to rubber, Silicone, TPE, TPU, and the like. In some embodiments the Poly-
urethane’s elasticity is from 20 to 80 shore.

[0130] In some embodiments, the flexible membrane (18) is attached to the body (11) by adhesive. Alternatively, in
some embodiments, the flexible membrane (18) is attached to the body (11) by crimping a portion of the flexible membrane
between the body (11) and a housing, by vacuum forming, followed by snapping.

[0131] As used herein, the term "flexible" refers to the property of a membrane to deform, both to conform to the skin
of the pregnant human subject, but also to transduce acoustic signals with sufficient fidelity to the microphone.

[0132] In some embodiments, the size of the flexible membrane (18), the material comprising the flexible membrane
(18), the thickness of the flexible membrane (18), or any combination thereof can alter the ability of the flexible membrane
(18) to contact the skin of a human pregnant subject and to transduce the acoustic signals. In some embodiments, the
flexible membrane (18) is configured to contact the skin of a human pregnant subject and to transduce the acoustic
signals. In some embodiments, the flexible membrane (18) is further configured to comprise a hole (19).

[0133] In some embodiments, the thickness of the flexible membrane (18) is from 0.2 mm to 0.6 mm. In some em-
bodiments, the thickness of the flexible membrane (18) is 0.6 mm. In some embodiments, the thickness of the flexible
membrane (18) is 0.5 mm. In some embodiments, the thickness of the flexible membrane (18) is 0.4 mm. In some
embodiments, the thickness of the flexible membrane (18) is 0.3 mm. In some embodiments, the thickness of the flexible
membrane (18)is 0.2 mm.

[0134] In some embodiments, the density of the flexible membrane (18) is 900 kg/m3 to 1900 kg/m3. In some embod-
iments, the density of the flexible membrane (18) is 1900 kg/m3. In some embodiments, the density of the flexible
membrane (18) is 1800 kg/m3. In some embodiments, the density of the flexible membrane (18) is 1700 kg/m3. In some
embodiments, the density of the flexible membrane (18) is 1600 kg/m3. In some embodiments, the density of the flexible
membrane (18) is 1500 kg/m3. In some embodiments, the density of the flexible membrane (18) is 1400 kg/m3. In some
embodiments, the density of the flexible membrane (18)is 1300 kg/m3. In some embodiments, the density of the flexible
membrane (18) is 1200 kg/m3. In some embodiments, the density of the flexible membrane (18) is 1100 kg/m3. In some
embodiments, the density of the flexible membrane (18) is 1000 kg/m3. In some embodiments, the density of the flexible
membrane (18) is 900 kg/m3.

[0135] In some embodiments, the flexible membrane (18) is circular, and has a diameter equal to the body. In some
embodiments, the flexible membrane has same outer perimeter as the body (11).
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[0136] In some embodiments, the flexible membrane (18) is circular, and has a diameter from 20 mm to 50 mm. In
some embodiments, the flexible membrane (18) is circular, and has a diameter of 50 mm. In some embodiments, the
flexible membrane (18) is circular, and has a diameter of 44 mm. In some embodiments, the flexible membrane (18) is
circular, and has a diameter of 40 mm. In some embodiments, the flexible membrane (18) is circular, and has a diameter
of 38 mm. In some embodiments, the flexible membrane (18) is circular, and has a diameter of 36 mm. In some embod-
iments, the flexible membrane (18)is circular, and has a diameter of 34 mm. In some embodiments, the flexible membrane
(18) is circular, and has a diameter of 30 mm. In some embodiments, the flexible membrane (18) is circular, and has a
diameter of 26 mm. In some embodiments, the flexible membrane (18) is circular, and has a diameter of 20 mm.
[0137] In some embodiments, the hole (19) has a diameter ranging from 0.4 mm to 1.2 mm. In some embodiments,
the hole (19) has a diameter of 1 mm. In some embodiments, the hole (19) has a diameter of 0.8 mm. In some embod-
iments, the hole (19) has a diameter of 0.6 mm. In some embodiments, the hole (19) has a diameter of 0.4 mm. In some
embodiments, the hole (19) is absent.

[0138] In some embodiments, the flexible membrane comprises PVC. In some embodiments the flexible membrane
comprises Polyester, Polycarbonate. In some embodiments, the flexible membrane comprises a Phenoxy resin. In some
embodiments, the flexible membrane comprises BoPET, such as, for example, the membrane sold under the trade name
MYLAR®. In some embodiments, the flexible membrane comprises BoPET, such as, for example, the membrane sold
under the trade name HOSTAPHAN®.

[0139] In some embodiments, the flexible membrane is the flexible membrane disclosed in U.S. Patent No. 3,276,536.
[0140] In some embodiments, the microphone (17) is configured to detect fetal cardiac activity.

[0141] In some embodiments, the microphone (17) is a free air microphone. Alternatively, in some embodiments, the
microphone (17) is a contact microphone. Alternatively, in some embodiments, the microphone (17) is a hybrid free air
and contact microphone.

[0142] In some embodiments, the microphone (17) is configured to detect sub-ELF (extremely low frequency) signals.
In some embodiments, the microphone is configured to have a flat response in the 5-150Hz region.

[0143] In some embodiments, the microphone (17) is an electrostatic capacitor-based microphone. In some embod-
iments, the electrostatic capacitor-based microphone is a foil, or diaphragm type electrostatic capacitor-based micro-
phone. In some embodiments, the electrostatic capacitor-based microphone is a back electret type electrostatic capacitor-
based microphone. In some embodiments, the electrostatic capacitor-based microphone is a front electret type electro-
static capacitor-based microphone.

[0144] Referring to Figure 2 to Figure 4, an example of a garment according to some embodiments of the present
invention is shown. In the embodiment shown, 4 acoustic sensors (2) are incorporated into a belt (1), wherein the belt,
when worn, positions the acoustic sensors on the abdomen of the pregnant mother, such that the acoustic sensors
contact the skin of the abdomen of the pregnant mother, and the acoustic sensors are positioned in a circumferential
arrangement around the uterus. In the embodiments shown, the belt also contains additional sensors (4) and a transmitter
(3).

[0145] In some embodiments, the additional sensors are ECG sensors.

[0146] For example, as shown in Figure 29, the exemplary inventive system of the present invention utilizes a set of
four acoustic sensors (M1-M4) at respective exemplary positions. In some embodiments, the positioning of acoustic
sensors can varies based, at least in part, on, for example, shape of mother’'s stomach, the stage of the pregnancy,
physiological characteristics of the pregnant human subject and/or fetus(es), previous acoustic and/or other types of
cardio recordings (e.g., Electrocardiogram (ECG) signal recordings and analysis, etc.), and other similarly suitable data.
[0147] An alternate positioning of the acoustic sensors is shown in Figure 27.

[0148] In some embodiments, the acoustic sensors of the present invention record the internal sound produced inside
the pregnant human subject with added noise from the environment. As detailed below, from these recordings the
heartbeat sound of the fetus(es) and/or the pregnant human subject are extracted and the heart rate of each subject is
calculated.

[0149] In some embodiments, the level of detection by each acoustic sensor is independent of the other acoustic
sensors (e.g, in Figure 29, on other three acoustic sensors). Referring to Figure 29, in some embodiments, itis determined
that, typically, the fetal PCG signals are detected by the acoustic sensors in locations M3 and/or M4, while the maternal
PCG signals are detected by the acoustic sensors in locations M1 and/or M2. In some embodiments, the maternal PCG
signals can be detected by all four sensors (M1-M4) and have to be cleaned in order to detect the fetal heartbeats. In
some embodiments, as detailed below, the cleaning process is performed using at least one Independent component
analysis (ICA) algorithm of the present invention. For instance, in some embodiments, the inventive system of the present
invention assumes that the interfering noises are audio sources which are not the fetal origin that thus are statistically
independent from the fetal heart sounds. An example of maternal acoustic signals detected using an acoustic sensor
according to some embodiments of the present invention is shown in Figure 28.
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ECG Signals Data Processing According to Some Embodiments of the Present Invention

[0150] In some embodiments, ECG signals data is processed according to the methods described in U.S. Patent
Application No. 14/921,489.

[0151] In some embodiments, the arrangement of the ECG sensors provides a system for recording, detecting and
analyzing fetal cardiac eletrical activity data regardless of sensor position, fetal orientation, fetal movement, or gestational
age. In some embodiments, the ECG sensors are attached, or positioned, on the abdomen of the pregnant human
subject in the configuration shown in Figure 29. In some embodiments, the ECG sensors are divided into channels
comprising a pair of ECG sensors, and cardiac eletrical activity data is recorded simultaneously from the channels. In
some embodiments, the channels output the acquired signal data, corresponding to the recorded cardiac eletrical activity
data.

[0152] In some embodiments, at least one ECG sensor pair is used to obtain the acquired signal data. In some
embodiments, the number of acquired signal data is referred to as "N". In some embodiments, the ability of the system
to detect fetal cardiac eletrical activity data is increased by increasing the value of N. For example, by way of a non-
limiting illustration, in some embodiments, the channels are specified as follows:

1.B1-B3
2.B1-B2
3.B2-B3
4. A1-A4
5. A2-A3
6. A2-A4

[0153] In some embodiments, the signal data corresponding to fetal cardiac eletrical activity data are extracted from
the acquired signal data.

[0154] As used herein, in some embodiments, the term "N-ECG signals" refers to ECG signals data received from
more than one, or N-ECG sensors.

[0155] In some embodiments the system of the present invention receives ECG signals from 1 electrode, comprising
N-ECG patterns corresponding to N heart beats.

[0156] Fetal cardiac activity elicits a semi-periodic electrical signal, typically from about 0.1 to 100 Hz. Frequently,
signals corresponding to fetal cardiac activity are contaminated with other electrical signals, including maternal cardiac
eletrical activity. The signal elicited by maternal cardiac activity can be 10-fold greater than the fetal signal corresponding
to fetal cardiac activity. See, for example, Figure 31, showing an exemplary recording of cardiac eletrical activity data,
showing both maternal and fetal electrical activity combined.

[0157] In some embodiments, the fetal cardiac eletrical activity data are extracted from the acquired signal data by a
method comprising:

a. obtaining raw N-ECG signals data by recording electrical activity from the abdomen of a pregnant human subject
carrying a fetus using at least one ECG sensor pair;

b. applying a set of linear and no-linear mathematical transformations to the raw N-ECG signals data, thereby
obtaining transformed/corrected N-ECG signals data; and

c. finding features in the transformed/corrected N-ECG signals data that correlates to fetal or maternal cardiac
electrical activity.

[0158] The term "transformations" as used herein refers to linear or non-linear mathematical transformations, which
may include, inter alia, digital filtering, mathematical linear or non-linear decomposition, mathematical optimization.

[0159] In some embodiments, the fetal cardiac eletrical activity data are extracted from the acquired signal data using
the algorithm shown in Figure 30. Using the algorithm shown in Figure 30, the recorded signal data are pre-processed
to remove noise ("Clean up signals"), then the peaks of the maternal cardiac electrical activity are detected (Detect
Maternal Peaks"), the maternal cardiac activity signal data is removed ("Remove Maternal Signals"), then the resulting
data is processed to remove noise ("Clean up signals"), then the peaks of the fetal cardiac electrical activity are detected
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(Detect Fetal Peaks"), to detect fetal cardiac activity. The detected fetal activity data is then subsequently analyzed to
calculate at least one of the parameters selected from the group consisting of: beat-to-beat fetal heart rate, fetal ECG,
average fetal heart rate, and the variability of fetal heart rate.

[0160] In some embodiments, the present invention provides a computer-implemented method, comprising: receiving,
by at least one computer processor executing specific programmable instructions configured for the method, raw Elec-
trocardiogram (ECG) signals data from at least one pair of ECG sensors; wherein the at least one pair of ECG sensors
are positioned in on an abdomen of a pregnant human subject; wherein the raw ECG signals data comprise data
representative of a N number of raw ECG signals data (raw N-ECG signals data) which are being acquired in real-time
from the at least one pair of ECG sensors; digital signal filtering, by the at least one computer processor, the raw N-
ECG signals data to form filtered N-ECG signals data having filtered N-ECG signals; detecting, by the at least one
computer processor, maternal heart peaks in each filtered ECG signal in the filtered N-ECG signals data; subtracting,
by the at least one computer processor, from each of N-ECG signal of the filtered N-ECG signals data, maternal ECG
signal, by utilizing at least one non-linear subtraction procedure to obtain corrected ECG signals data which comprise
data representative of a N number of corrected ECG signals, wherein the at least one non-linear subtraction procedure
comprises: iteratively performing: i) automatically dividing each ECG signal of N-ECG signals of the filtered N-ECG
signals data into a plurality of ECG signal segments, 1) wherein each ECG signal segment of the plurality of ECG signal
segments corresponds to a beat interval of a full heartbeat, and 2) wherein each beat interval is automatically determined
based, at least in part on automatically detecting an onset value and an offset value of such beat interval; ii) automatically
modifying each of the second plurality of filtered N-ECG signal segments to form a plurality of modified filtered N-ECG
signal segments, wherein the modifying is performed using at least one inverse optimization scheme based on a set of
parameters, wherein values of the set of parameters is determined based on: iteratively performing: 1) defining a global
template based on a standard heartbeat profile of an adult human being, 2) setting a set of tentative values for a local
template for each filtered N-ECG signal segment, 3) utilizing at least one optimization scheme to determine an adaptive
template for each filtered N-ECG signal segment based on the local template being matched to the global template
within a pre-determined similarity value; and iii) automatically eliminating the modified segments from each of the filtered
N-ECG signals, by subtracting the adaptive template from the filtered N-ECG signal thereby generating each corrected
ECG signal; extracting, by the at least one computer processor, raw fetal ECG signals data from the filtered N-ECG
signals data based on the corrected ECG signals data, wherein the raw fetal ECG signals data comprises a N number
of fetal ECG signals (raw N-ECG fetal signals data); processing, by the at least one computer processor, the raw N-
ECG fetal signals data to improve a signal-to-noise ratio of the raw N-ECG fetal signals data to form filtered N-ECG fetal
signals data; and detecting, by the at least one computer processor, fetal heart peaks in the filtered N-ECG fetal signals
data; and calculating, by the at least one computer processor, based on detected fetal heart peaks, at least one of: i)
fetal heart rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart rate variability; and outputting, by
the at least one computer processor, a result of the calculating step.

Pre-Processing of the Acquired Signal Data

[0161] In some embodiments, the raw N-ECG signals data are preprocessed to remove noise, to generate filtered N-
ECG signals data. In some embodiments, the preprocessing comprises applying a digital signaling filter selected from
the group consisting of: a baseline wander filter, a power line frequency filter, and a high frequency filter.

[0162] In some embodiments, the baseline wander filter is intended to remove low frequency compartments of the
recorded signals and enhance fast time varying parts of the signal.

[0163] In some embodiments, the baseline wander filter is a moving average filter with constant weights. In some
embodiments, the moving average filter with a length of 501 milliseconds is used.

[0164] In some embodiments, the baseline wander filter is a moving median filter.

[0165] In some embodiments, the powerline frequency filter is intended to remove the power line interference that is
picked up by the ECG sensor pairs. In some embodiments, the cut-off frequency of powerline frequency filter is set to
the powerline frequency of the geographical area where the system of the present invention is used. For example, if the
system is used in Europe, in some embodiments, the cut-off frequency is 49.5 to 50.5 Hz. If the system is used in the
USA, in some embodiments, the cut-off frequency is 59.5 to 60.5 Hz.

[0166] In some embodiments, the cut-off frequency of the powerline frequency filter is = 10 Hz of the powerline
frequency of the geographical area where the system of the present invention is used. In some embodiments, the cut-
off frequency of the powerline frequency filter is = 5 Hz of the powerline frequency of the geographical area where the
system of the present invention is used.

[0167] In some embodiments, a Butterworth type band-step filter with a cut-off frequency of 49.5 to 50.5 Hz whose
order is 10th order, 5 sections is used. In some embodiments, a band-stop digital filter is used to attenuate the frequency
components of the power line interference. In some embodiments, a digital adaptive filter is used to automatically
determine the exact power line frequency before applying the band-stop filter.
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[0168] In some embodiments, the high frequency filter is intended to remove very high frequency compartments from
the acquired signals. In some embodiments, the high frequency filter is a digital low pass filter. In some embodiments,
the digital low pass filter is used to attenuates the high frequency compartments of the acquired signals. In some
embodiments, the digital low pass filter is a Chebyshev type | low pass filter.

[0169] In some embodiments, the cutoff frequency of the low pass filter is set to 70 cycles/second. In some embodi-
ments, the baseline ripple is 0.12 decibels. In some embodiments, the order is 12th order, 6 sections.

[0170] In some embodiments, the high frequency filter is a smoothing filter. In some embodiments, the smoothing filter
is used to attenuate the high frequency compartments of the raw N-ECG signals data.

[0171] In some embodiments, the high frequency filter is an edge preserving filter. In some embodiments, the edge
preserving filter is used to remove high frequency noise from the raw N-ECG signals data while preserving valuable
information regarding the fetal and maternal ECG signals contained within the raw N-ECG signals data. In some em-
bodiments, the edge preserving filter is an adaptive mean filter. In some embodiments, the edge preserving filter is an
adaptive median filter.

[0172] In some embodiments, an additional transformation is applied to the filtered N-ECG signals data. In some
embodiments, a digital adaptive inverse-median filter is applied to the filtered N-ECG signals data to enhance the maternal
ECG peaks.

[0173] The term "maternal ECG peaks" as used herein refers any of the P, Q, R, S or T waves of the electrical activity
during a cardiac contraction cycle. Figure 32 shows a depiction of the electrical activity during a cardiac contraction cycle.
[0174] In some embodiments, the additional transformation comprises applying an adaptive median filter to the N
filtered N-ECG signals data, and subtracting the result filtered N-ECG signals data.

[0175] Insome embodiments, the length of the adaptive median filter is selected to be constant. In some embodiments,
the length is set to 100 samples.

[0176] In some embodiments, the length of the adaptive median filter is adapted depending on the local characteristics
of the maternal ECG peaks.

[0177] As used herein, the term "local" refers to the signal recorded from a sensor positioned in at a particular location
on the abdomen of the pregnant mother.

[0178] In some embodiments, the local characteristics are the duration of the QRS segment of the maternal electrical
activity during a cardiac contraction cycle.

[0179] In some embodiments, the local characteristics are the duration of the ST segment of the maternal electrical
activity during a cardiac contraction cycle.

[0180] In some embodiments, the local characteristics are the duration of the PR segment of the maternal electrical
activity during a cardiac contraction cycle.

[0181] In some embodiments, the additional transformation comprises a decomposition to filtered N-ECG signals data
to improve the signal to noise ratio. In some embodiments, the decomposition is a singular value decomposition (SVD).
In some embodiments, the decomposition is principle component analysis (PCA). In some embodiments, the decom-
position is independent component analysis (ICA). In some embodiments, the decomposition is wavelet decomposition
(CWT).

[0182] In some embodiments, an additional high pass filter is applied to the decomposed filtered N-ECG signals data.
In some embodiments, the high pass filter is 5! order at 1 Hz. In some embodiments, the decomposed N filtered signal
data is examined by preliminary and simple peak detector. In some embodiments, the relative energy of the peaks is
calculated

[0183] (relative to the overall energy of the signal). In some embodiments, the decomposed filtered N-ECG signals
data is given a quality score depending on this measure, decomposed filtered N-ECG signals data with a quality score
of less than a threshold are excluded and the signals are examined for missing data and NaNs (characters that are non-
numerical).

[0184] In some embodiments, the quality score is assigned by calculating the relation (energy of peaks)/(Total energy
of the filtered N-ECG signal). In some embodiments, the energy of the temporary peaks is calculated by calculating the
root mean square of the detected peaks. In some embodiments, the energy of the signal is calculated by calculating the
root mean square of the filtered N-ECG signals.

[0185] In some embodiments, the threshold is any value from 0.3 to 0.9. In some embodiments, the threshold is 0.8.

Detection of the Portion of the Acquired Signals Corresponding to Maternal Cardiac Activity from the Filtered N-ECG
Signals Data and Elimination of the Signals Corresponding to Maternal Cardiac Activity from the Filtered N-ECG Signals
Data

[0186] In some embodiments, maternal heart peaks in each filtered N-ECG signal in the filtered N-ECG signals data
are detected and subtracted from each of N-ECG signal of the filtered N-ECG signals data, by utilizing at least one non-
linear subtraction procedure to obtain corrected N-ECG signals data which comprise data representative of a N number
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of corrected ECG signals, wherein the at least one non-linear subtraction procedure comprises: iteratively performing:
i) automatically dividing each ECG signal of N-ECG signals of the filtered N-ECG signals data into a plurality of ECG
signal segments, 1) wherein each ECG signal segment of the plurality of ECG signal segments corresponds to a beat
interval of a full heartbeat, and 2) wherein each beat interval is automatically determined based, at least in part on
automatically detecting an onset value and an offset value of such beat interval; ii) automatically modifying each of the
second plurality of filtered N-ECG signal segments to form a plurality of modified filtered N-ECG signal segments, wherein
the modifying is performed using at least one inverse optimization scheme based on a set of parameters, wherein values
of the set of parameters is determined based on: iteratively performing: 1) defining a global template based on a standard
heartbeat profile of an adult human being, 2) setting a set of tentative values for a local template for each filtered N-ECG
signal segment, 3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG
signal segment based on the local template being matched to the global template within a pre-determined similarity
value; and iii) automatically eliminating the modified segments from each of the filtered N-ECG signals, by subtracting
the adaptive template from the filtered N-ECG signal thereby generating each corrected ECG signal.

[0187] Examples of adaptive templates according to some embodiments of the present invention are shown in Figures
32, 35 and 36.

[0188] In some embodiments, detecting of the maternal heart peaks in each filtered ECG signal in the filtered N-ECG
signals data is performed based at least on: i) dividing each filtered ECG signal into a first plurality of ECG signal
segments; ii) normalizing a filtered ECG signal in each ECG signal segment; iii) calculating a first derivative of the filtered
ECG signal in each ECG signal segment; iv) finding local maternal heart peaks in each ECG signal segment based on
determining a zero-crossing of the first derivative; and v) excluding the local maternal heart peaks having at least one
of: 1) an absolute value which is less than a pre-determined local peak absolute threshold value; or 2) a distance between
the local peaks is less than a pre-determined local peak distance threshold value.

[0189] In some embodiments, the pre-determined similarity value is based on an Euclidian distance, wherein the set
of parameters is a local minima solution to a non-linear least squares problem solved by at least one of: 1) minimizing
a cost function taken as the Euclidian distance; 2) utilizing a Gauss-Newton algorithm; 3) utilizing a Steepest-Descent
(Gradient-Descent) algorithm; or 4) utilizing a Levenberg-Marquardt algorithm.

[0190] In some embodiments, the length of each segment is set at 10 seconds.

[0191] In some embodiments, the length of each segment is selected automatically depending on the length of the
recording.

[0192] In some embodiments, the signal data in each segment is normalized by the absolute maximum value of the
signal data. In some embodiments, the signal data in each segment is normalized by the absolute non-zero minimum
value of the signal data.

[0193] In some embodiments, a first order forward derivative is used. In some embodiments, a first order central
derivative is used.

[0194] In some embodiments, the threshold is selected to be a constant value of 0.3.

[0195] In some embodiments, the threshold is selected depending on the local characteristics of the signal data. In
some embodiments, the local characteristic of the signal is the median value of the signal data or any multiplication of
this value. In some embodiments, the local characteristic of the signal is the mean value of the signal data or any
multiplication of this value.

[0196] In some embodiments, the threshold on the distance is selected to be 100 samples.

[0197] In some embodiments, the local characteristics of the signal can be the maximum predicted RR internal or any
multiple of this value.

[0198] Insome embodiments, a"peaks array"is generated from the filtered N-ECG signals data. In some embodiments,
the peak array comprises the number of detected peaks for each of the segments of the filtered N-ECG signals data.
[0199] In some embodiments, clustering is performed on the peaks array. In some embodiments, k-means clustering
is used to group the peaks into a number of clusters. In some embodiments, k-medoids clustering is used to group the
peaks into a number of clusters.

[0200] In some embodiments, the number of clusters for the clustering is set to be three. In some embodiments, the
number of clusters for the clustering is selected automatically depending on the characteristics of the processed N filtered
signal data.

[0201] In some embodiments, the clustering is used to exclude outliers. In some embodiments, outliers are peaks that
have anomalous characteristics.

[0202] In some embodiments, the characteristic is the distance between a peak and its neighboring peaks. In some
embodiments, the characteristic is the amplitude of the peak.

[0203] In some embodiments, a new peak array is constructed after the exclusion of the anomalous peaks.

[0204] In some embodiments, the new peak array is further analyzed and the peaks are scored depending on the
signal to noise ratio of the filtered N-ECG signals data.

[0205] In some embodiments, the signal to noise ratio score is calculated by calculating the relative energy of the QRS
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complexes from the overall energy of the processed N filtered signal data.

[0206] In some embodiments, the detected peaks for each of the filtered N-ECG signals data are fused for a more
robust detection. In some embodiments, the fusion of the detected peaks is done using the scores given for each of the
peaks of the filtered N-ECG signals data.

[0207] In some embodiments, a global array of peaks is defined using the fused peaks.

[0208] In some embodiments, the peaks of each of the filtered N-ECG signals data is redetected and the positions
are refined using the global peaks array. In some embodiments, the global peak array is constructed based on the best
lead with corrections made using the peaks from the other leads and the global peaks array is examined using physio-
logical measures, such as, for example, RR intervals, HR, HRV).

[0209] Insomeembodiments, after the peaks have been defined, the filtered N-ECG signals data is further transformed
to eliminate the signals corresponding to maternal cardiac activity. In some embodiments, the transformations/corrections
include applying non-linear subtraction to the filtered N-ECG signals data. In some embodiments, the remaining data
comprises signal data corresponding to fetal cardiac activity and noise.

[0210] In some embodiments of the invention, the non-linear subtraction procedure is applied separately for each one
of the processed N filtered signal data. In some embodiments, the non-linear subtraction procedure is applied to all of
the processed N filtered signal data in series, in any order. In some embodiments, the non-linear subtraction procedure
is applied to all of the processed N filtered signal data simultaneously.

[0211] In some embodiments, the non-linear subtraction comprises: dividing the processed N filtered signal data into
alarge number of segments; modifying each of the segments, separately or jointly, using an inverse optimization scheme;
and eliminating the modified segments from the original processed N filtered signal data, thereby obtaining N raw fetal
signal data.

[0212] The term 'segmentation’, as used herein, refers to the division of the processed N filtered signal data into any
given number of segments.

[0213] In some embodiments, the number of segments is set to be a function of the number of the detected maternal
peaks. In some embodiments, the function is the identity function so that the number of segments equals the number
of the detected maternal peaks, in which case, each segment is a full heartbeat.

[0214] Insome embodiments, a beatinterval is defined. The term 'beat interval’ used hereinafter refers the time interval
of a single maternal heart beat.

[0215] In some embodiments, the beat interval is taken to be constant and is defined as 500 milliseconds before the
R-peak position and 500 milliseconds after the R-peak position.

[0216] In some embodiments, the beat interval is detected automatically by detecting the beat onset and beat offset
of each beat. Thus, the beat interval depends on the local heart rate value and a more accurate segmentation of the
ECG signal is achieved.

[0217] In some embodiments, the beat interval onset is defined as the onset (i.e. starting point in time) of the P-wave.
[0218] In some embodiments, the beat interval offset is defined as the offset (i.e. end point in time) of the T wave.
[0219] In some embodiments, the beat interval onset for the current beat is defined as half the way, in time, between
the previous beat and the current beat.

[0220] In some embodiments, the beat interval offset for the current beat is defined as half the way, in time, between
the current beat and the next beat.

[0221] In some embodiments, a second segmentation step is performed on the result of the previous segmentation.
The product of this segmenting step is referred to as ’in-beat segments’.

[0222] In some embodiments, the number of in-beat segments is selected to be any integer number between one and
the number of time samples in the current beat. By way of non-limiting example, the number of in-beat segment can be
three.

[0223] In some embodiments, an automatic procedure is performed to detect the optimal number of in-beat segments.
In some embodiments, the automatic procedure comprises using a Divide and Conquer algorithm, wherein each segment
is divided into two equal sub-segments. If the energy content of a sub-segment exceeds a pre-defined relative threshold,
the sub-segment itself is divided into two sub-segments and so on recursively. The stop criterion can be reaching a
minimum length of sub-segment, reaching a maximum number of segments or dividing into sub-segments such that all
of them meet the energy threshold criterion.

[0224] In certain embodiments, the entropy measure is used to divide the segment into sub-segments. In this case,
the entropy of each segment is minimized.

[0225] In some embodiments, the result of the in-beat segmentation is the following seven segments:

1. The isoelectric line from the beat onset to the onset of the P wave;

2. The P wave;
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3. The isoelectric line from offset of the P wave to the onset of the QRS complex;
4. The QRS complex;
5. The isoelectric line from the offset of the QRS complex to the onset of the T wave;
6. The T wave; and
7. The isoelectric line from the offset of the T wave to the beat offset.

[0226] In some embodiments, the majority of the energy of the filtered N-ECG signals data is in the QRS complex.
Thus, in some embodiments, the in-beat segments a the following three in-beat segments:

1. From the beat onset to the onset of the QRS complex;
2. The QRS complex; and
3. From the offset of the QRS complex to the beat offset.

[0227] In some embodiments, the onset and offset of the QRS complex, for each of the beats in the ECG signal, are
automatically detected using a dedicated method comprising: applying a digital band pass filter to the filtered N-ECG
signals data; calculating the curve length transform of the filtered N-ECG signals data; selecting the values of the data
that are higher than a threshold; calculating the first derivative of the transformed data; finding the positive transitions
and negative transitions in the derivative data; finding pairs of the positive-and-negative transition such that the distance
between them, in time samples, is higher than a pre-selected threshold; setting the onset of the QRS complex as the
position, in time, of the positive transition from the selected pair; and setting the offset of the QRS complex as the position
in time of the negative transition from the selected pair.

[0228] In some embodiments, the cutoff frequencies of the band pass filter are set to be 5 and 20 cycles/sec for the
lower and upper frequencies respectively.

[0229] In some embodiments, the threshold is set to be a constant value of 0.3. In some embodiments, the threshold
value is calculated automatically depending of the local characteristics of the data after the curve length transform. In
some embodiments, the local characteristic of the data is the mean value of the transformed data.

[0230] In some embodiments, the segmentation also comprises an additional complementary transformation that
comprises changing the sample rate of the signal by an integer value. In some embodiments, the additional comple-
mentary transformation reduces the variability of the resulting raw N-ECG fetal signals data caused by the fine positions
of the onsets and offsets of the selected segments.

[0231] Insome embodiments the sample rate is decreased by a factor of 4 to decrease the calculation time. Alternatively,
in certain embodiments, the sample rate is increased by a factor of 4.

[0232] Insome embodiments, increasing the sample rate is done using interpolation. In some embodiments, increasing
the sample rate is done by zero padding the data and then applying a set of low pass FIR filters.

[0233] In some embodiments, changing the sample rate of the signals is done before the segmentation procedure. In
some embodiments, changing the sample rate is done after the segmentation. In these embodiments, the selected
onsets and offsets of the different segments are refined depending on the signals after changing the sample rate.
[0234] In some embodiments, the segmentation is updated depending on the convergence of the iterative methods
in the next steps described hereinafter.

[0235] In some embodiments, the selected segments are modified using a nonlinear parametric transformation in
which the values of a predefined set of parameters are changed according to some criterion.

[0236] In some embodiments, the values of a predefined set of parameters are determined and modified according
to a method comprising: defining reference vectors as, for each filtered N-ECG signals data, the ECG signal and its
segments (called ‘'measured potentials’ hereinafter); and finding the values of the set of parameters that provide a good
fit to results of the measured potentials.

[0237] A "good fit" occurs when the difference between the adapted template and the measured potentials is very
small. In one embodiment, very small is defined to be 10-5 or smaller. In other embodiments, "very small" is defined as
10-6 or smaller or 10-4 or smaller or 10-7 or smaller or other exponents of 10 or other numbers.

[0238] In some embodiments, the difference between the adapted template and the measured potentials is the L2
norm of the element-by-element subtraction between the two vectors.

[0239] In some embodiments, the values of a predefined set of parameters also include parameters that change the
amplitude of a time signal.
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[0240] In some embodiments, an iterative scheme is used to determine the values of the set of the parameters,
comprising: selecting starting conditions; assigning tentative values to the set of parameters; adapting the templates
using the set of parameters; comparing the adapted templates to the measured potentials; checking if a stop criterion
is reached; updating the values of the set of parameters if none of the stop criteria are reached, and repeating steps
steps (c), (d), (e) and (f). In some embodiments, if a stop criterion is reached, the iterative procedure is terminated and
the current set of parameters is deemed the optimal solution of the optimization problem.

[0241] In some embodiments, the starting conditions are set to be the ECG templates. In some embodiments, two
templates are defined: The first is a global template that is defined for every ECG beat (see, for example, Figure 35),
wherein the template is calculated as a weighted average of M beats. In some embodiments, M is an integer number
between 2 and the total number of beats in the ECG signal. In some embodiments, the weights used in the weighted
average are equal yielding a normal averaging. In some embodiments, the M beats fulfill the condition that the correlation
coefficient between each of the beats should be higher than a threshold. In certain embodiments, the threshold is set
to be 0.98. In some embodiments, before the averaging, the beats are shifted and fine aligned using the exact position
of the R-wave, the QRS onset and the QRS offset. In some embodiments, the alignment procedure is done using the
cross correlation function. In Some embodiments, the M beats fulfill the condition that relation between the energy of
the template, defined as an average of these beats, and the energy of the current ECG beat is bounded close to 1.
However, in some embodiments, the relation between the energy of the template and the energy of the current ECG
beat is higher than 1 by a small value or lower than 1 by a small value.

[0242] The secondis alocal template thatis defined for each of the sub-segments in the current beat (see, for example,
Figure 36). In some embodiments, the template is calculated as the average of the sub-segments in the M-selected
peaks. In some embodiments, the beats are selected to fulfill the conditions that the local heart rate is similar to the local
heart rate for the current beat. By means of a non-limiting example, the heart rate values are close by a factor of 1.5.
[0243] In some embodiments, the tentative values are set to random numbers. In some embodiments, the tentative
values are set to be constant numbers; by means of a non-limiting example, they are set to be 1.

[0244] In some embodiments, the tentative values are saved between different executions of the algorithm and used
if available.

[0245] Insome embodiments, the different templates are adapted separately depending on the appropriate parameters
that are assigned to the templates. In some embodiments, the templates are scaled by multiplying the templates vectors
with the appropriate set of parameters. In some embodiments, the templates are shifted in time using the appropriate
set of parameters.

[0246] Insome embodiments, the Euclidian distance is used to compare the two sets of vectors; the adapted templates
and the measured potentials from the processed N filtered signal data. In some embodiments, the cost function is defined
as the error energy function.

[0247] In some embodiments, the city-block measure is used to compare the adapted templates to the measured
potentials.

[0248] In some embodiments, the cross correlation function is used to compare the adapted templates and measured
potentials. In some embodiments, a "good fit" is a correlation of 0.95 or greater.

[0249] In some embodiments, a maximum number of iterations is used as a stop criterion.

[0250] In some embodiments, in the case of using the Euclidian distance as a similarity measure, the value of the
error energy function at a specific iteration is used as a stop criterion. In some embodiments, if the error energy becomes
lower than a threshold, the stop criterion is reached.

[0251] Incertainembodiments, the threshold is set to be constant. By means of a non-limiting example, itis set to be 10-5.
[0252] In some embodiments, the threshold is calculated depending on the characteristics of the iterative procedure.
For example, in some embodiments, the characteristics of the iterative procedure is the maximum number of allowed
iterations; in other embodiments, the characteristics of the iterative procedure is the used cost function, for example the
Euclidian distance function; and still other embodiments, the characteristics of the iterative procedure is the number of
time samples in the templates.

[0253] In some embodiments, an improvement measure is used as a stop criterion.

[0254] In some embodiments, the change in the set of parameters is used as an improvement measure. In some
embodiments, if the values of the set of parameters does not change, or change slightly, the stop criterion is fulfilled.
[0255] In some embodiments, the change in the value of the cost function, e.g. the error energy function, is used as
an improvement measure.

[0256] In some embodiments, if a stop criterion is reached, an optimization scheme is applied to update the values of
the set of parameters.

[0257] In some embodiments, when using the Euclidian distance as a similarity measure, the optimization problem
becomes a non-linear least squares problem. In some embodiments, the solution of this problem gives the optimal set
of parameters that minimizes the cost function taken as the Euclidian distance.

[0258] In some embodiments, Gauss-Newton algorithm is used to solve the non-linear least squares problem.
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[0259] In some embodiments, the Steepest-Descent (Gradient-Descent) method is used to solve the non-linear least
squares problem.

[0260] In some embodiments, the Levenberg-Marquardt algorithm is used to solve the non-linear least squares prob-
lem. In these embodiments, the problem becomes a damped least squares problem. Levenberg-Marquardt algorithm
is a method, which interpolates between the Gradient-Descent and Gauss-Newton algorithm taking advantage of both
methods to increase the convergence accuracy and decrease the convergence time.

[0261] In some embodiments, Gradient-Descent, Gauss-Newton algorithm and Levenberg-Marquardt algorithm, are
iterative methods that are repeated a number of times, potentially, bringing the Euclidian distance (the error energy
function) to a local minima.

[0262] In some embodiments, updating the set of parameters is performed using the relation:

Pevs = P — [T Tk + A - diag (T T * Tk [9c(Pr) — Pm]

Where P, is the set of parameters at the kth iteration; and

#-(Py) is the adapted version of the templates for the P, parameters; and
A;is the damping parameter in the Levenberg-Marquardt algorithm; and
#m is the measured potentials (measured ECG signals); and

Jk is the Jacobian matrix calculated for the set of parameters P, by altering the values of the parameters; and

diag(Ji J)

is the diagonal of the approximated Hessian matrix.

[0263] In some embodiments, eliminating the modified segments from the N raw signal data is achieved by subtracting
the adapted templates from the measured potentials. In some embodiments, the subtraction results in N raw fetal signal
data. In some embodiments, the N raw fetal signal data comprises noise and fetal cardiac electrical activity data.
[0264] In some embodiments, maternal cardiac activity is eliminated using the algorithm shown in Figure 33.

[0265] In some embodiments, maternal cardiac activity is eliminated using the algorithm shown in Figure 34.

[0266] A representative result of maternal ECG elimination according to some embodiments of the present invention
is shown in Figure 37.

Extraction of the Fetal Cardiac Electrical Activity Data and Detecting Fetal Cardiac Electrical Activity Data

[0267] In some embodiments, raw fetal ECG signals data is extracted and analyzed by utilizing a Blind-Source-
Separation (BSS) algorithm on (1) the filtered N-ECG signals data and (2) the corrected N-ECG signals data, wherein
the raw fetal ECG signals data comprises a N number of fetal ECG signals (N-ECG fetal signals); processing, by the at
least one computer processor, the raw fetal ECG signals data to improve a signal-to-noise ratio by at least: i) applying
a band-pass filter within a range of 15-65 Hz to break the plurality of raw N-ECG fetal signals in to a plurality of frequency
channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify a plurality of fetal
heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal signal; and iii)
selecting the identified plurality of fetal heartbeat channels into filtered fetal ECG signals data, comprising a N number
of filtered fetal ECG signals (filtered N-ECG fetal signals data); detecting, by the at least one computer processor, fetal
heart peaks in the filtered N-ECG fetal signals data, by performing at least: i) dividing each filtered N-ECG fetal signal
into a first plurality of fetal ECG signal segments; ii) normalizing a filtered fetal ECG signal in each fetal ECG signal
segment; iii) calculating a first derivative of the filtered fetal ECG signal in each fetal ECG signal segment; and iv) finding
local fetal heart peaks in each fetal ECG signal segment based on determining a zero-crossing of the first derivative;
calculating, by the at least one computer processor, based on detected fetal heart peaks, at least one of: i) fetal heart
rate, ii) fetal heart curve, iii) beat-2-beat fetal heart rate, or iv) fetal heart rate variability; and outputting, by the at least
one computer processor, a result of the calculating step.

[0268] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
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comprises: i) applying a band-pass filter within a range of 15-65 Hz to break the plurality of N-ECG fetal signals in to a
plurality of frequency channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify
a plurality of fetal heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal
signal; and iii) selecting the identified plurality of fetal heartbeat channels into filtered ECG fetal signals data, comprising
a N number of filtered fetal ECG signals (filtered N-ECG fetal signals data).
[0269] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
comprises: i) applying a band-pass filter within a range of 1-70 Hz to break the plurality of N-ECG fetal signals in to a
plurality of frequency channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify
a plurality of fetal heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal
signal; and iii) selecting the identified plurality of fetal heartbeat channels into filtered ECG fetal signals data, comprising
a N number of filtered fetal ECG signals (filtered N-ECG fetal signals data).
[0270] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
comprises: i) applying a band-pass filter within a range of 5-70 Hz to break the plurality of N-ECG fetal signals in to a
plurality of frequency channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify
a plurality of fetal heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal
signal; and iii) selecting the identified plurality of fetal heartbeat channels into filtered ECG fetal signals data, comprising
a N number of filtered fetal ECG signals (filtered N-ECG fetal signals data).
[0271] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
comprises: i) applying a band-pass filter within a range of 10-70 Hz to break the plurality of N-ECG fetal signals in to a
plurality of frequency channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify
a plurality of fetal heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal
signal; and iii) selecting the identified plurality of fetal heartbeat channels into filtered ECG fetal signals data, comprising
a N number of filtered fetal ECG signals (filtered N-ECG fetal signals data).
[0272] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
comprises: i) applying a band-pass filter within a range of 1-65 Hz to break the plurality of N-ECG fetal signals in to a
plurality of frequency channels, ii) scoring an ECG fetal signal per channel based on a peak-2-mean analysis to identify
a plurality of fetal heartbeat channels, wherein each fetal heartbeat channel corresponds to a particular fetal ECG fetal
signal; and iii) selecting the identified plurality of fetal heartbeat channels into filtered ECG fetal signals data, comprising
a N number of filtered fetal ECG signals (filtered N-ECG fetal signals data).
[0273] In some embodiments, the processing of the raw N-ECG fetal signals data to improve the signal-to-noise ratio
further comprises at least one of: 1) utilizing a Singular-Value-Decomposition (SVD) technique; or 2) utilizing a Wavelet-
Denoising (WD) technique.
[0274] In some embodiments, all of the raw N-ECG signals data are used in the BSS procedure so that the BSS
procedure is applied to 2N signals. In other embodiments, only part of the raw N-ECG signals data is used in the BSS
procedure so that the BSS procedure is applied to between N+1 signals and less than 2N signals.
[0275] Insome embodiments, Principal Component Analysis (PCA)is used as the BSS method. In some embodiments,
Independent Component Analysis (ICA) is used as the BSS method.
[0276] In some embodiments, the results of the BSS procedure is further analyzed to improve the signal to noise ratio
of the signals. In some embodiments, the further analysis includes a band-pass filter in the range of 15-65 cycle/second.
In some embodiments, the further analysis includes applying Singular-Value-Decomposition (SVD). In some embodi-
ments, the further analysis includes applying Wavelet-Denoising.
[0277] In some embodiments, the further analysis includes applying ‘peak-2-mean’ transformation, which in some
versions is in a separate software module, that comprises:

max(Signal[win])

mean(Signal[win])’ and

a. using a moving window (win) to calculate the relation:
b. calculating the 1st derivative of the result of step a; and

c. finding the zero crossing to find peaks taking the negative part of the derivative; and

d. finding the peaks in the previous result and cluster them based on the difference between them. Identify the best
group as the group with the maximum score defined as: SCR = n/[RMS where n is the number of peaks in each
cluster and RMS is the energy of the derivative of the distances between the peaks; and

e. performing a prediction for the RR interval for the best group; and

f. if the prediction doesn't fit the real physiological model of the fetal RR intervals, the current signal is ignored and
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one then begins the process at the beginning (i.e. using a moving window to calculate the relation) with the next
signal; and

g. if the prediction does fit the real physiological model of the fetal RR, calculate the auto correlation function of a
windowed RMS of the signal. If the result has a narrow distribution, the current signal is ignored, and if the result
does not have a narrow distribution, then proceed as follows:

h. applying AGC to the negative derivative signal; and
i. normalizing the result.

[0278] In certain embodiments, the above ‘peak-2-mean transformation is applied separately to each signal (i.e. each
of the 2N signals or each of the between N+1 and less than 2N signals).

[0279] In some embodiments, fetal heart beat detection is performed. For example, in some embodiments, the N raw
fetal signal data are subjected the fetal peak detection procedure before the further analysis and in other embodiments
the results of the further analysis subjected to the fetal peak detection procedure.

[0280] Insomeembodiments, the analysis comprises: dividing the N filtered fetal signal data into segments; normalizing
the signal data in each segment; calculating the first derivative of the normalized signal data; identifying the fetal ECG
peaks within the normalized signal data by determining the zero-crossing of the first derivative; excluding peaks whose
absolute value is less than a threshold pre-selected by the user; and excluding very close peaks where the distance
between them is less than a threshold, thereby obtaining processed N filtered fetal signal data.

[0281] In some embodiments, the length of each segment is set at 10 seconds.

[0282] In some embodiments, the length of each segment is selected automatically depending on the length of the
recording.

[0283] In some embodiments, the signal data in each segment is normalized by the absolute maximum value of the
signal data. In some embodiments, the signal data in each segment is normalized by the absolute non-zero minimum
value of the signal data.

[0284] In some embodiments, a first order forward derivative is used. In some embodiments, a first order central
derivative is used.

[0285] In some embodiments, the threshold is selected to be a constant value of 0.3.

[0286] In some embodiments, the threshold is selected depending on the local characteristics of the signal data. In
some embodiments, the local characteristic of the signal is the median value of the signal data or any multiplication of
this value. In some embodiments, the local characteristic of the signal is the mean value of the signal data or any
multiplication of this value.

[0287] In some embodiments, the threshold on the distance is selected to be 100 samples.

[0288] In some embodiments, the local characteristics of the signal can be the maximum predicted RR internal or any
multiple of this value.

[0289] In some embodiments, a "peaks array" is generated from the filtered N-ECG fetal signals data. In some em-
bodiments, the peak array comprises the number of detected peaks for each of the segments of the filtered N-ECG fetal
signals data.

[0290] In some embodiments, clustering is performed on the peaks array. In some embodiments, k-means clustering
is used to group the peaks into a number of clusters. In some embodiments, k-medoids clustering is used to group the
peaks into a number of clusters.

[0291] In some embodiments, the number of clusters for the clustering is set to be three. In some embodiments, the
number of clusters for the clustering is selected automatically depending on the characteristics of the filtered N-ECG
fetal signals data.

[0292] In some embodiments, the clustering is used to exclude outliers. In some embodiments, outliers are peaks that
have anomalous characteristics.

[0293] In some embodiments, the characteristic is the distance between a peak and its neighboring peaks. In some
embodiments, the characteristic is the amplitude of the peak.

[0294] In some embodiments, a new peak array is constructed after the exclusion of the anomalous peaks.

[0295] In some embodiments, the new peak array is further analyzed and the peaks are scored depending on the
signal to noise ratio of the filtered N-ECG fetal signals data.

[0296] In some embodiments, the signal to noise ratio score is calculated by calculating the relative energy of the QRS
complexes from the overall energy of the filtered N-ECG fetal signals data.

[0297] In some embodiments, the detected peaks for each of the filtered N-ECG fetal signals data are fused for a
more robust detection. In some embodiments, the fusion of the detected peaks is done using the scores given for each
of the peaks of filtered N-ECG fetal signals data.
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[0298] In some embodiments, a global array of peaks is defined using the fused peaks.

[0299] In some embodiments, the peaks of each of the filtered N-ECG fetal signals data is redetected and the positions
are refined using the global peaks array. In some embodiments, the global peak array is constructed based on the best
lead with corrections made using the peaks from the other leads and the global peaks array is examined using physio-
logical measures, such as, for example, RR intervals, HR, HRV).

[0300] In some embodiments, the beat-to-beat fetal heart rate is extracted from the detected fetal peaks positions. In
some embodiments, the fetal heart curve is also extracted from the detected fetal peak positions.

PCG Signals Data Processing According to Some Embodiments of the Present Invention

[0301] Insome embodiments, the presentinvention provides a system for detecting, recording and analyzing aucoustic
data from a pregnant mother carrying a fetus to discern cardiac data of mother and/or fetus. In some embodiments, a
plurality of acoustic sensors is used to record phonocardiogram (PCG) signals, representative of cardiac activity data.
The phonocardiogram signals are recordings of all the sounds made by the heart during a cardiac cycle due to, typically,
for example, vibrations created by closure of the heart valves. For instance, there can be at list two sound generating
events: the first when the atrioventricular valves close at the beginning of systole (S1) and the second when the aortic
valve and pulmonary valve close at the end of systole (S2).

[0302] Insome embodiments, the exemplary inventive system of the present invention can utilize a plurality of acoustic
sensors (e.g., 2, 3,4,5,6,7, 8,9, 10, etc.) to be positioned on and/or near the abdomen of a pregnant woman. For
example, in some embodiments, the acoustic sensors are directly attached. In some embodiments, the acoustic sensors
are incorporated into an article, such as, for example, a belt, a patch, and the like, and the article is worn by, or placed
on, the pregnant mother.

[0303] In some embodiments, the choice of acoustic sensors is readily determined by one of ordinary skill in the art.
Factors influencing acoustic sensor choice include, but are not limited to, the sensitivity of the microphone component,
the size of the acoustic sensor, the weight of the acoustic sensor, and the like. In some embodiments, the acoustic
sensor is configured to compensate for the changes in sound propagation caused by the skin-air interface. Acoustic
signals comprise sound waves or vibrations that propagate as a mechanical wave of pressure and displacement, through
a medium such as air, water, or the body. Without intending to be limited to any particular theory, the behavior of sound
propagation can be affected by the relationship between the density and pressure of the medium though which the sound
wave propagates. Also, the behavior of sound propagation can be affected by the motion of the medium though which
the sound wave propagates. Furthermore, the behavior of sound propagation can be affected by the viscosity of the
medium though which the sound wave propagates.

[0304] For example, as shown in Figure 29, the exemplary inventive system of the present invention utilizes a set of
four acoustic sensors (M1-M4) at respective exemplary positions. In some embodiments, the positioning of acoustic
sensors can varies based, at least in part, on, for example, shape of mother’'s stomach, the stage of the pregnancy,
physiological characteristics of mother and/or fetus(es), previous acoustic and/or other types of cardio recordings (e.g.,
Electrocardiogram (ECG) signal recordings and analysis, etc.), and other similarly suitable data.

[0305] In some embodiments, the acoustic sensors of the present invention record the internal sound produced inside
the woman with added noise from the environment. As detailed below, from these recordings the heartbeat sound of
the fetus(es) and/or the mother are extracted and the heart rate of each subject is calculated.

[0306] In some embodiments, the level of detection by each acoustic sensor is independent of the other acoustic
sensors (e.g, in Figure 29, on other three acoustic sensors). Referring to Figure 29, in some embodiments, itis determined
that, typically, the fetus PCG signals are detected by the acoustic sensors in locations M3 and/or M4, while the maternal
PCG signals are detected by the acoustic sensors in locations M1 and/or M2. In some embodiments, the maternal PCG
signals can be detected by all four sensors (M1-M4) and have to be cleaned in order to detect the fetus(es) heartbeats.
In some embodiments, as detailed below, the cleaning process is performed using at least one Independent component
analysis (ICA) algorithm of the present invention. For instance, in some embodiments, the inventive system of the present
invention assumes that the interfering noises are audio sources which are not the fetal origin that thus are statistically
independent from the fetal heart sounds.

An example of an illustrative process utilized to estimate the fetus(es) and/or maternal heartbeat data in accordance
with the present invention

[0307] Figure 38 shows an exemplary process utilized, in some embodiments, by the exemplary inventive system of
the present invention to estimate the fetus(es) and/or maternal heartbeat data (e.g., presence of heartbeats, heartbeat
patterns, heartbeat frequency, ect.).

[0308] Referring to Figure 38, the illustrative process contains at the following four stages.
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Stage 1: Filter Bank

[0309] Referring to Figure 38, the input is the signal data recorded by each acoustic sensor (M1-M4) shown in Figure
29. In some embodiments, the recorded signal data from each of the four acoustic sensors is passed through, for example
but not limited to, L number of bandpass filters, where each filter has a predetermine frequency range. In some embod-
iments, the exemplary six bandpass filters (L=6) can have the following six bandwidths:

10-45Hz
20-50Hz
25-65Hz
40-80Hz
55-95Hz
20-80Hz.

[0310] In some embodiments, there can be at least 3 bandpass filters. In some embodiments, there can be between
3-12 bandpass filters. In some embodiments, there can be between 5-10 bandpass filters. In some embodiments, there
can be at least 5 bandpass filters. In some embodiments, there can be at least 7 bandpass filters.

[0311] In some embodiments, the bandwidth of a particular filter can be selected from a range of 10-100Hz. In some
embodiments, the bandwidth of a particular filter can be selected from a range of 20-100Hz. In some embodiments, the
bandwidth of a particular filter can be selected from a range of 30-100Hz. In some embodiments, the bandwidth of a
particular filter can be selected from a range of 40-100Hz. In some embodiments, the bandwidth of a particular filter can
be selected from a range of 50-100Hz. In some embodiments, the bandwidth of a particular filter can be selected from
arange of 60-100Hz. In some embodiments, the bandwidth of a particular filter can be selected from a range of 70-100Hz.
In some embodiments, the bandwidth of a particular filter can be selected from a range of 80-100Hz. In some embodi-
ments, the bandwidth of a particular filter can be selected from a range of 90-100Hz.

[0312] In some embodiments, a particular filter can have a frequency range of 5-110Hz. In some embodiments, a
particular filter can have a frequency range of 15-110Hz. In some embodiments, a particular filter can have a frequency
range of 25-110Hz. In some embodiments, a particular filter can have a frequency range of 35-110Hz. In some embod-
iments, a particular filter can have a frequency range of 45-110Hz. In some embodiments, a particular filter can have a
frequency range of 55-110Hz. In some embodiments, a particular filter can have a frequency range of 5-105Hz. In some
embodiments, a particular filter can have a frequency range of 5-100Hz. In some embodiments, a particular filter can
have a frequency range of 5-95Hz. In some embodiments, a particular filter can have a frequency range of 5-25Hz. In
some embodiments, a particular filter can have a frequency range of 5-50Hz. In some embodiments, a particular filter
can have a frequency range of 5-75Hz.

[0313] In some embodiments, referring to Figure 38, a K number of outputs (filtered PCG outputs) from each of the
six filters are forwarded to the second stage. For example, in some embodiments, detailed below, K is equal to, but not
limited to, 4. In some embodiments, K is equal to the number of acoustic sensors (M1-M4) being used to collect the
acoustic sensor data. In some embodiments, a predetermined number of outputs is forwarded to the second stage.

Stage 2: Wavelet denoising

[0314] In some embodiments, for example, one of the four filtered PCG outputs from the six bandpass filters is further
subject to wavelet denoising, where such particular filtered PCG output is deconstructed by passing through a succession
of low and high pass filters up to X times to form the deconstructed filtered PCG output. In some embodiments, the value
of X depends on a sampling frequency which allows to achieve suitable results to meet requirements detailed below.
For example, in some embodiments, the particular filtered PCG output is deconstructed by passing through a succession
of low and high pass filters up to 3 times. For example, in some embodiments, the particular filtered PCG output is
deconstructed by passing through a succession of low and high pass filters up to 5 times. For example, in some em-
bodiments, the particular filtered PCG output is deconstructed by passing through a succession of low frequency pass
and high frequency pass filters up to 6 times.

[0315] Figure 39A and 39B show illustrative diagrams of the exemplary denoising stage. In some embodiments, the
result of the denoising is the wavelet transform coefficients called approximations and details. Specifically, the decon-
structed filtered PCG output can be reconstructed using the details: Dj(n), j=1,...,N and the approximation Aj(n) to form
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the denoised filtered PCG output.
[0316] In some embodiments, the denoised filtered PCG output is determined based on equation 1:

yr(m) = Ay () + T, Dj(n) (D).

[0317] Specifically, initially, in the first step of the denoising, all details that most likely do not carry information of the
heartbeat signal are set to 0, for example but not limited to : D_j (n)=0, j=1, 2, 3, 5, 6, ..., N. For example, details that
do not contain sound data corresponding to S1 and/or S2 phases of the cardiac contraction cycle.

[0318] Then, the remaining detail, the fourth detail, is thresholded using a threshold calculated utilizing, for example
but not limited to, Stein’s Unbiased Risk Estimate (SURE) method illustrated by equation 2:

0 V D,(n) < THgygg

D,(n) Otherwise )

Dy = |

[0319] In some embodiments, the threshold can be calculated using any other similarly suitable method.
[0320] In some embodiments the remaining detail can be any of the details or a combination of them.
[0321] Lastly, the denoised filtered PCG output is calculated using equation (1).

Stage 3: ICA transformation

[0322] Referring to Figure 38, (1) the filtered PCG output and (2) the denoised filtered PCG output are further trans-
formed using at least one ICA algorithm to form (1) the transformed filtered PCG output and (2) the transformed denoised
filtered PCG output, respectively. In some embodiments, the exemplary ICA algorithm is, for example but not limited to,
the FAST ICA algorithm. In some embodiments, the FAST ICA algorithm is, for example, utilized in accordance with
"Independent component analysis: Algorithms and applications," Hyvarinen et al., Neural Networks 13 (4-5): 411-430
(2000), whose specific descriptions are hereby incorporated herein for such specific purpose.

[0323] The term "transformation(s)" as used herein refers to linear or non-linear mathematical transformations, which
may include, inter alia, digital filtering, mathematical linear or non-linear decomposition, mathematical optimization.

Stage 4: Detection of fetal and maternal heart beats

[0324] To summarize, at this stage, all outputs of the filterbank, denoisng, and ICA, from the previous three stages
are being utilized as a S number of detection heartbeat (DH) inputs, where S is a number of all outputs of the filterbank,
denoisng, and ICA stages, calculated as LxM, as determined below:

1) M filtered PCG outputs, resulted from 4 signal data inputs of the acoustic sensors M1-M4 being passed through
L bandpass filters;

2) M filtered ICA transforms of the filtered PCG outputs;

3) M denoised filtered PCG outputs; and

4) M denoised filtered ICA transforms of the denoised filtered PCG outputs, where M= LxK.
[0325] In some embodiments, the exemplary inventive system of the present detection assumes that the heart beats
of the mother and/or the fetus(es) can be detected in each one of these DH inputs. In some embodiments, the exemplary
inventive system has no prior historical data to suggest in which of these DH inputs the heartbeat of the fetus(es) would
be detected, or the heartbeat of the mother, or both, or none.
[0326] For example, in some embodiments, the L number of filters in the filter bank is 6 and the total number of inputs
for stage 4 is M x L = 96.
[0327] In some embodiments, the stage 4 is further divided into four sub-stages:

Sub-stage 1: Detect all heartbeats in each of the DH inputs;

Sub-stage 2: Calculate a confidences score that describes the probability that the heartbeats detected in Step 1 are
actual heartbeats and not the noise;
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Sub-stage 3: Divide all the DH inputs into at least two groups:
- Group 1: fetal heartbeat outputs that contain fetal heartbeats
- Group 2: maternal heartbeat outputs that contain maternal heartbeats;
Sub-stage 4: Select from each group the most probable output that contains the corresponding heartbeat.

Sub-stage 1: Heartbeat detection

[0328] Typically, acoustic signal can contain at least some noise and heartbeatsin atleast some cases can be "covered"
with noise or in a very noisy surrounding. In addition, typically, the heartbeat morphology can vary form one heartbeat
to the next. In some embodiments, the Sub-stage 1 is carried out in at least the following number of steps.

Step 1: Beat detection

[0329]

i) In some embodiments, the exemplary inventive system of the present invention calculates a slow envelope of the
absolute of the Hilbert transform of the acoustic signal. For instance, exemplary inventive system of the present
invention calculates this envelope by applying a moving average filter on the absolute value of the Hilbert transform.
In some embodiments, the exemplary inventive system of the present invention can utilize the moving average
window having a predetermined length of P. For example, in some embodiments, P is 300 milliseconds (ms). In
some embodiments, P varies from 100 to 500 ms. In some embodiments, P varies from 200 to 500 ms. In some
embodiments, P varies from 300 to 500 ms. In some embodiments, P varies from 400 to 500 ms.

ii) The exemplary inventive system of the present invention then determines all the peaks of the signal by identifying
the zero crossings of the derivative of the signal in each respective DH input.

iii) The exemplary inventive system of the present invention then discards all peaks that are not prominent enough,
based, at least in part, on the following criteria used is:

p{k)
median{{p(1),p(2)....p N}

Select ¥ peaks such that > Thresh k=1..N where pik) is the

prominence of the " peak.
iv) The exemplary inventive system of the present invention then groups all peaks into two groups according to, for
example, shape and size. For example, such grouping is done using a Gaussian Mixture model clustering algorithm
with the following features for each peak:
- the width of each peak divided by the max peak width, and

- the height of the peak divided by its prominence.

v) The exemplary inventive system of the present invention then selects a group of peaks that has the smallest
variance measure as the peaks for the next steps.

vi) The exemplary inventive system of the present invention then repeats steps i-v using an average window length
R ms. In some embodiments, the average window length of 250 ms. In some embodiments, the average window
length is between 100-300 ms.

vii) The exemplary inventive system of the present invention then calculates the Excess Kurtosis measure of the
distribution (an adjusted version of Pearson’s kurtosis) for the locations of peaks, and selects the peak locations
that provide the smallest Excess Kurtosis. Figure 40 shows the result of the detection at this step, specifically the
beat located in a noisy area is not detected.

viii) From the selected peaks locations, the exemplary inventive system of the present invention then calculates an
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initial estimate of the average Heart Rate (HR).

Step 2 - Enhanced Detection

[0330] The exemplary inventive system of the present invention refines the detection results of Step 1 by, for example,
adding missing beats and correcting the Step 1 detection locations.

i) The exemplary inventive system of the present invention calculates a fast envelope using a Q ms window in the
same manner performed as detailed in item (i) of Step 1. For example, in some embodiments, Q is 100 ms. In some
embodiments, Q varies between 50 -200 ms. In some embodiments, Q varies between 50 - 150 ms. In some
embodiments, Q varies between 50 - 100 ms.

ii) The exemplary inventive system of the present invention then identifies peaks on the fast envelope signal and
selects all prominent peaks in same manner as detailed in item (iii) of Step 1.

iii) The exemplary inventive system of the present invention then calculates all beat to beat intervals (B2B) from the
detection results of Step 1, where B2B is an interval between successive beats.

iv) Referring to Figure 41, the exemplary inventive system of the present invention then completes missing beats
which are not identified in Step 1, by reiteratively analyzing all beat to beat intervals determined in the item (iii) of

Step 2 based on at least the following exemplary, but not limiting, conditions:

- if B2B(k) is higher than 1.5 x B2B(average) calculated in item (viii) of Step 1, find a peak from the fast envelope
which is as close as possible to the last peak found in item (viii) of Step 1 + B2B(average).

v) The exemplary inventive system of the present invention then corrects the detection of Step 1, using the fast
envelope.

[0331] In some embodiments, the exemplary inventive system of the present invention performs Step 2 to the extent
necessary to minimize the beat to beat variance.

Sub-stage 2: Calculate a confidence score for the heartbeat detection

[0332] Typically, a beat-by-beat heart rate is a physiological signal which cannot change too fast and usually follows
a baseline that defines an average heart rate. In some embodiments, the exemplary inventive system of the present
invention utilizes the average heart rate as the base for calculating the confidence score. For each detection of heart
beats (for example but not limited to 96 of them, obtained at the end of Sub-Stage 1 from 96 DH inputs), the exemplary
inventive system of the present invention calculates the confidence score in accordance with the following steps.

i) The exemplary inventive system of the present invention generates a beat-by-beat heartbeat graph (shown in
Figure 42) based on the locations of the beats.

ii) The exemplary inventive system of the present invention then estimates the heart rate for the whole signal
(HRestim), by calculating a histogram of all the beat-by-beat heart rates, where the estimated heart rate for the
whole signal is at the maximum of the histogram.

iii) The exemplary inventive system of the present invention then estimates a base line for the beat-by-beat heartbeat
graph (Figure 42) using a median filter (e.g., order 20, etc.).

iv) The exemplary inventive system of the present invention then calculates the confidence score based on the
following equation (3):

3 ©)

MfRR2+SfRR2+0VMP?2,
Score =
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¥N_ |HR(n)-HRestim|

= S
where MJRR N " SfRR = std(|HR(n) - HRestim|), OvMP = v 2 lur,
Lo = {1, |[HR(n) — HRestim| < HRestim x 0.15
HR ™10, otherwise

Sub-stage 3: Group all heartbeat detections into 2 groups: Maternal and Fetal

[0333] Basedonthe Stages 1-3 and Sub-stages 1-2, The exemplary inventive system of the presentinvention generates
S beat-by-beat heartbeat graphs, which are vectors representative of the DH inputs obtained from Stages 1-3 (DH input
vectors). For example, in case of 96 DH inputs, 96 beat-by-beat heartbeat graphs is generated. Some of the DH input
vectors represent maternal heartbeat and some represent the fetal heartbeat.

[0334] In some embodiments, the exemplary inventive system of the present invention can utilize, for example, other
contemporaneous maternal heartbeat data about the maternal heartbeat which has been separately determined based
on data collected from non-acoustic sensor(s)/equipment (e.g., ECG data) to group all DH input vectors that are highly
correlated with the other contemporaneous maternal heartbeat data as candidates for maternal heart rate detection and
the remaining DH input vectors are grouped as fetal heartbeat candidates.

[0335] Insome embodiments, when the other contemporaneous maternal heartbeat datais notavailable, the exemplary
inventive system of the present invention can group the DH input vectors, by clustering the estimated heart rate of each
DH input vector according to its value. In some embodiments, the exemplary inventive system of the present invention
then designates the DH input vectors with a higher average heartbeat rate into the fetal heartbeat group.

Sub-stage 4: Select the fetal and maternal best detections

[0336] In some embodiments, based on the best confidence score, the exemplary inventive system of the present
invention selects the best representative maternal DH input vector as the best detection of the maternal heartbeat rate
from the group of the maternal heartbeat DH input vectors identified in Sub-stage 3.

[0337] In some embodiments, based on the best confidence score, the exemplary inventive system of the present
invention selects the best representative fetal DH input vector as the best detection of the fetal heartbeat rate from the
group of the fetal DH input vectors identified in Sub-stage 3.

[0338] Figure 43 shows an illustrative example a beat-by-beat heartbeat graph representative of an exemplary DH
input vector with a low confidence score.

[0339] Figure 44 shows an illustrative example a beat-by-beat heartbeat graph representative of an exemplary DH
input vector with a high confidence score.

[0340] In some embodiments, the instant invention is directed to a computer-implemented method which includes at
least the steps of: receiving, by atleast one computer processor executing specific programmable instructions configured
for the method, a plurality of Phonocardiogram (PCG) signals data inputs from a plurality of acoustic sensors; digital
signal filtering, by the at least one computer processor, utilizing a plurality of bandpass filters, the plurality of PCG signals
data inputs to form a plurality of filtered PCG outputs, where the plurality of bandpass filters includes a L number of
bandpass filters, where each bandpass filter outputs a K number of filtered PCG outputs; wavelet denoising, by the at
least one computer processor, a first subset of filtered PCG outputs of the plurality of filtered PCG outputs to form a M
number of denoised filtered PCG outputs, where M is equal to L multiply by K; transforming, by the at least one computer
processor, utilizing an Independent-Component-Analysis (ICA), a second subset of filtered PCG outputs of the plurality
of filtered PCG outputs to form the M number of filtered ICA transforms; transforming, by the at least one computer
processor, utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered
PCG outputs to form the M number of filtered denoised filtered ICA transforms; compiling, by the at least one computer
processor, a S number of a plurality of detection heartbeat (DH) inputs, including: i) the M number of filtered PCG outputs,
ii) the M number of denoised filtered PCG outputs, iii) the M number of filtered ICA transforms, and iv) the M number of
denoised filtered ICA transforms; detecting, by the at least one computer processor, beat locations of beats in each of
DH inputs; calculating, by the at least one computer processor, a confidence score that describes a probability that the
beats in each DH input of the plurality of DH inputs represent actual heartbeats and not a noise; dividing, by the at least
one computer processor, the plurality of DH inputs into at least two groups: i) a first group of DH inputs containing fetal
heartbeats, ii) a second group of DH inputs containing maternal heartbeats selecting, by the at least one computer
processor, from the first group of DH inputs, at least one particular fetal DH input that contains the fetal heartbeat based
on a first confidence score of the at least one particular fetal DH input; and selecting, by the at least one computer
processor, from the second group of DH inputs, at least one particular maternal DH input that contains the maternal
heartbeat, based on a second confidence score of the at least one particular maternal DH input.
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[0341] In some embodiments, where the wavelet denoising includes at least: deconstructing, by the at least one
computer processor, each filtered PCG output to generate a plurality of transform coefficients, by irrelatively passing
each filtered PCG output through a succession of low and high pass filters; identifying, by the at least one computer
processor, a subset of heartbeat-carrying transform coefficients from the plurality of transform coefficients, reconstructing,
by the at least one computer processor, the subset of heartbeat-carrying transform coefficients to form the M number
of denoised filtered PCG outputs.

[0342] In some embodiments, K is equal to a number of the plurality of acoustic sensors, and L is equal to 6.

[0343] Insome embodiments, eachfilter of the plurality of bandpass filters has a bandwidth of 10-100Hz and a frequency
range of 5-110HZ.

[0344] In some embodiments, the detecting of the beat locations of the beats in each of DH inputs includes at least:
calculating, by the at least one computer processor, a predetermined transform filter; iteratively repeating, by the at least
one computer processor, based on a predetermined average window length of the predetermined transform filter: iden-
tifying, in each DH input, a subset of peaks having a predetermined shape and a predetermined size, and selecting a
group of peaks from the subset of peaks, where the group of peaks has the smallest variance measure; calculating, by
the at least one computer processor, initial locations of the beats.

[0345] In some embodiments, the calculating the confidence score includes at least: generating, by the at least one
computer processor, a beat-by-beat heartbeat graph for each DH input based on the beat locations.

[0346] In some embodiments, the dividing the plurality of DH inputs into the first group of DH inputs containing fetal
heartbeats and the second group of DH inputs containing maternal heartbeats includes at least: clustering, by the at
least one computer processor, the beats of each DH input according to each beat value; and assigning, by the at least
one computer processor, a particular DH input having a higher average beat rate into the first group of DH inputs
containing fetal heartbeats.

[0347] Insome embodiments, the presentinventionis directed to a specifically programmed computer system, including
at least the following components: at least one specialized computer machine, including: a non-transient memory,
electronically storing particular computer executable program code; and at least one computer processor which, when
executing the particular program code, becomes a specifically programmed computing processor that is configured to
at least perform the following operations: receiving a plurality of Phonocardiogram (PCG) signals data inputs from a
plurality of acoustic sensors; digital signal filtering, utilizing a plurality of bandpass filters, the plurality of PCG signals
data inputs to form a plurality of filtered PCG outputs, where the plurality of bandpass filters includes a L number of
bandpass filters, where each bandpass filter outputs a K number of filtered PCG outputs; wavelet denoising a first subset
of filtered PCG outputs of the plurality of filtered PCG outputs to form a M number of denoised filtered PCG outputs,
where M is equal to L multiply by K; transforming, utilizing an Independent-Component-Analysis (ICA), a second subset
offiltered PCG outputs of the plurality of filtered PCG outputs to form the M number of filtered ICA transforms; transforming,
utilizing the Independent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG outputs
to form the M number of denoised filtered ICA transforms; compiling a S number of a plurality of detection heartbeat
(DH) inputs, including: i) the M number of filtered PCG outputs, ii) the M number of denoised filtered PCG outputs, iii)
the M number of filtered ICA transforms, and iv) the M number of denoised filtered ICA transforms; detecting beat
locations of beats in each of DH inputs; calculating a confidence score that describes a probability that the beats in each
DH input of the plurality of DH inputs represent actual heartbeats and not a noise; dividing the plurality of DH inputs into
at least two groups: i) a first group of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing
maternal heartbeats; selecting, from the first group of DH inputs, at least one particular fetal DH input that contains the
fetal heartbeat based on a first confidence score of the at least one particular fetal DH input; and selecting, from the
second group of DH inputs, at least one particular maternal DH input that contains the maternal heartbeat, based on a
second confidence score of the at least one particular maternal DH input.

Estimating Fetal Heart Rate Over a Particular Time Interval According to Some Embodiments of the Present Invention

[0348] Referring to Figure 45, a graphical representation is shown where the ECG signals data has "good" signal
properties (i.e. is a signal from which fetal heart beats can be detected), but the PCG signals data has "poor" signal
properties. Similarly, referring to Figure 46, a graphical representation is shown where the PCG signals data has "good"
signal properties, but the ECG signals data is "poor" shows a graphical display where the ECG signals data has "good"
signal properties, but the PCG signals data is "poor".

[0349] Itis an objective of the present invention to combine the ECG signals data and the PCG signals data to increase
the accuracy of the system of the present invention to consolidate ECG signals data and PCG signals data recorded
over a particular time interval to calculate an estimation of fetal heart rate over the particular time interval.

[0350] In some embodiments, the present invention provides a system for generating an estimation of fetal cardiac
activity over a particular time interval comprising:
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a) a specifically programmed computer system comprising: at least one specialized computer machine, comprising:
a non-transient memory, electronically storing particular computer executable program code; and at least one com-
puter processor which, when executing the particular program code, becomes a specifically programmed computing
processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered
N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time
interval from filtered PCG outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval
from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points
over a particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score
for the plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points
is determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals
data and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if
the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per
minute, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heartrate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0351] In some embodiments, referring to Figure 32, fetal hear rate is calculated filtered N-ECG signals data and the
filtered PCG outputs using the RR interval of the fetal cardiac activity cycle.
[0352] In some embodiments, the present invention provides a computer-implemented method, that includes:

a) receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from filtered N-
ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular time interval

from filtered PCG outputs;

b) determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered N-ECG fetal signals;
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c) determining the score of the calculated fetal heart rate for the plurality of time points over the particular time
interval for the filtered PCG outputs;

d) based on the calculated fetal heart rate and score for a plurality of time points over a particular time interval from
filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality of time points over a
particular time interval from filtered PCG outputs, determining a consolidated fetal heart rate and score for the
plurality of time points over the particular time interval,

wherein the consolidated fetal heart rate and score for an individual time point within the plurality of time points is
determined as one of the four options selected from the group consisting of:

1.the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered
PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals data
and the filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if the scores
of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal signals data and
the filtered PCG outputs are valid;

2.the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal
signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats per minute,
and if the scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal
signals data and the filtered PCG outputs are valid;

3.the calculated heart rate that has the valid score; and

4.no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG fetal
signals data or the filtered PCG outputs has a valid score;

e) based on the consolidated heart rate and scores for the plurality of time points over the particular time interval,
generating, by the at least one computer processor, a fetal heart rate probability mesh;

f) based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an estimated
fetal heart rate over the particular time interval,

wherein the estimated fetal heart rate over the particular time interval is calculated based on (1) cost representing
fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time interval;
and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.

[0353] In some embodiments, the particular time interval is 120 seconds. In some embodiments, the particular time
interval is 110 seconds. In some embodiments, the particular time interval is 100 seconds. In some embodiments, the
particular time interval is 90 seconds. In some embodiments, the particular time interval is 80 seconds. In some embod-
iments, the particular time interval is 70 seconds. In some embodiments, the particular time interval is 60 seconds. In
some embodiments, the particular time interval is 50 seconds. In some embodiments, the particular time interval is 40
seconds. In some embodiments, the particular time interval is 30 seconds. In some embodiments, the particular time
interval is 20 seconds. In some embodiments, the particular time interval is 10 seconds.

[0354] In some embodiments, data is acquired every five seconds within the particular time interval. In some embod-
iments, data is acquired every four seconds within the particular time interval. In some embodiments, data is acquired
every three seconds within the particular time interval. In some embodiments, data is acquired every two seconds within
the particular time interval. In some embodiments, data is acquired every one second within the particular time interval.
[0355] In some embodiments, referring to Figures 47 to 48, the specifically programmed computer system determines
consolidated fetal heart rate estimations and scores for individual time points within the particular time period wherein
the consolidated fetal heart rate and score for an individual time point within the plurality of time points is determined as
one of the four options selected from the group consisting of:

1. the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the filtered PCG
outputs for the individual time point, if the calculated heart rate from the filtered N-ECG fetal signals data and the
filtered PCG outputs for the individual time point differs by 10 beats per minute or less, and if the scores of the
calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal signals data and the filtered
PCG outputs are valid;

2. the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG fetal signals
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data and the filtered PCG outputs for the individual time point differs by more than 10 beats per minute, and if the
scores of the calculated fetal heart rate for the individual time point for both the filtered N-ECG fetal signals data
and the filtered PCG outputs are valid;

3. the calculated heart rate that has the valid score; and

4. no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-ECG fetal signals
data or the filtered PCG outputs has a valid score.

[0356] In some embodiments, the weighted average, is determined as follows:

Acousticg, ECGy, .
( — ) “ECGpp + ( E ) - Acousticyg

ECGgporeTACOUSLICS ore ECGgporeTACOUSLICS ore
[0357] In some embodiments, the score for the consolidated fetal heart rate estimation above is as follows:

ECGScore
ECGg.ore + AcOUustiCscore

< Acousticseore

ECGSCore + ACOuSticscore> ' ECGSCore + <

) - Acousticscore

[0358] In some embodiments, the calculated heart rate from the filtered N-ECG fetal signals data or the filtered PCG
outputs for the individual time point is valid, if the score of the calculated heart rate from the filtered N-ECG fetal signals
data or the filtered PCG outputs is not greater than 0.15. Alternatively, the calculated heart rate from the filtered N-ECG
fetal signals data or the filtered PCG outputs for the individual time point is valid, if the score of the calculated heart rate
from the filtered N-ECG fetal signals data or the filtered PCG outputs is not greater than 0.2. Alternatively, the calculated
heart rate from the filtered N-ECG fetal signals data or the filtered PCG outputs for the individual time point is valid, if
the score of the calculated heart rate from the filtered N-ECG fetal signals data or the filtered PCG outputs is not greater
than 0.10. Alternatively, the calculated heart rate from the filtered N-ECG fetal signals data or the filtered PCG outputs
for the individual time point is valid, if the score of the calculated heart rate from the filtered N-ECG fetal signals data or
the filtered PCG outputs is not greater than 0.05.

[0359] Alternatively, in some embodiments, the at least one computer processor, instead of generating a set of con-
solidated fetal heart rare estimations and scores, uses either the heart rate determined by either the filtered N-ECG fetal
signals data or the filtered PCG outputs.

[0360] In some embodiments, a fetal heart rate probability mesh is generated from the consolidated fetal heart rate
estimations and scores. In some embodiments, the fetal heart rate probability function for each individual time point
within the plurality of time points is modeled as a flipped normalized probability density function. In some embodiments,
the fetal heart rate probability function is calculated as follows:

1. Defined for all possible fetal heart rate values ranging from 60 to 180 beats per minute.

2. Location of minimum is set to be the fetal heart rate estimation.

3. Value of minimum is calculated according to score (better score translates to a deeper peak).

4. Width of function is calculated according to score (better score translates to narrower probability function).

[0361] An example of a fetal heart rate probability mesh according to some embodiments of the present invention is
shown in Figures 49 and 50.

[0362] In some embodiments, an estimation of the fetal heart rate over the entire particular period of time is generated
by the specifically programmed computer, using the fetal heart rate probability mesh.

[0363] In some embodiments, estimating the fetal heart rate over the particular time interval is achieved by calculating
an estimation with minimal accumulated cost; wherein the minimal accumulated cost is calculated based on (1) cost
representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the particular time
interval; and (2) cost representing the overall tortuosity of the estimated fetal heart rate over the particular time interval.
[0364] In some embodiments, instead of estimating the fetal heart rate over the particular time interval by calculating
an estimation with minimal accumulated cost, the specifically programmed computer generates an estimated fetal heart
rate over the particular time interval using the consolidated fetal hear rate estimations.
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[0365] In some embodiments, estimating the fetal heart rate over the particular time interval is achieved by calculating
an estimation with minimal accumulated cost, wherein, using dynamic programming, an accumulated cost mesh is
constructed, where each value of the accumulated cost mesh is a sum of the fetal heart rate probability mesh value at
that point and of the minimal path in its neighborhood in the previous step:

E(i,j))=e(i,))+min(EG—-1j—-k) ; k=—-4%4
where:

* e s the value of the fetal heart rate probability mesh.
e Eis the accumulated cost.
* irepresents time, j represents heart rate values in neighborhood of +/-4 [bpm/second].

[0366] Figures 52 and 53 show a fetal heart rate estimation probability mesh, and an accumulated cost mesh built
from the fetal heart rate estimation probability mesh, respectively. Referring to Figures 52 and 53 as an illustrative
example, in some embodiments, the minimal path is found by finding the minimal value of all possible paths, which is,
in the illustrative example, at the right column of the table, at Time=56 seconds. Minimal value is 10.9652, at HR= 120
bpm. The minimal path is then selected by moving back in time, choosing the minimal value at each previous step in
time in the range of +/-20 bpm/second, alternatively in the range of +/-10 bpm/second, alternatively in the range of +/-
9 bpm/second, alternatively in the range of +/-8 bpm/second, alternatively in the range of +/-7 bpm/second, alternatively
in the range of +/-6 bpm/second, alternatively in the range of +/-5 bpm/second, alternatively in the range of +/-4 bpm/sec-
ond, alternatively in the range of +/-3 bpm/second, alternatively in the range of +/-2 bpm/second, alternatively in the
range of +/-1 beats per minute.

[0367] Inan alternate embodiment, the heartrate in the mesh range from 60-200 beats per minute, in 1 bpmincrements.
[0368] Alternatively, the minimal path is computed using an exhaustive search, computing all possible paths in the
fetal heart rate probability mesh.

[0369] Reference is now made to the following examples, which together with the above descriptions illustrate some
embodiments of the invention in a non-limiting fashion.

Examples

Example 1: Electrodes According to Some Embodiments of the Present Invention.

[0370] Various electrodes were manufactured according to the embodiment shown in Figure 5 and evaluated. The
following parameters were tested: the surface resistance/resistivity (MSSR); basic transfer function testing (BTFT); bio-
parameters (PhysioPM); and real-life recordings of fetal cardiac electrical signals (RLPysioPM). Table 1 summarizes
the electrodes tested.

Table 1

i Crange_i7 <2 3.5 20%20 Sibver Anisotropic, Stechable
e + <4 3 FO¥T0 Sibver Anisotropic, Stechabkde
3 Shaoxing1y - 0.3 Ima2 Silver Isotropic, Non-strachable
g Shaoxing2y - 8.8 Ttz Silyver tsotropic, Non-strechable
5 Tech PI13048 <5 i1 4330 SHver isotropic, Strechable

& Silver30 - R 20%135 Sibver Isotropic, Strechable

[0371] Figure 9 shows a micrograph of electrically conductive fabric used electrode serial no. 1. Figure 10 shows a
micrograph of electrically conductive fabric used electrode serial no. 2. Figure 11 shows a micrograph of electrically
conductive fabric used electrode serial no. 3. Figure 12 shows a micrograph of electrically conductive fabric used electrode
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serial no. 4. Figure 13 shows a micrograph of electrically conductive fabric used electrode serial no. 5. Figure 14 shows
a micrograph of electrically conductive fabric used electrode serial no. 6.
[0372] Table 2 a-fshowsthe MSSR values observed from the electrodes tested. Table 3 shows the observed anisotropy
of the electrodes tested.

Table 2a

-

“yz
-
ke

‘76«‘
/
£ 5

¥

e PP BB P PP PI P PP PSPPI,

34

S Sy

Table 2b
Sens 2
Inject | Measure | Check? M1 M2 M3 AVG [Q2] | Anisotropic Notes
AB CD 1 1.022 1.02 1.014 1.019
CD AB 1 0.999 | 0.996 | 0.995 0.997
BA DC 1 0.994 | 0.984 | 0.979 0.986 1032
DC BA 1 1.13 1.123 | 1.123 1.125
BC DA 0 0 0 0 0.000
DA BC 0 0 0 0 0.000
NaN Main direction
CB AD 0 0 0 0 0.000
AD CB 0 0 0 0 0.000
Table 2c
Sens 3
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Isotropic | Notes
AB CD 1 0.039 | 0.038 0.04 0.039
CD AB 1 0.027 | 0.024 | 0.025 0.025
BA DC 1 0.023 | 0.023 | 0.023 0.023 0.031
DC BA 1 0.036 | 0.035 | 0.035 0.035
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(continued)

Sens 3
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Isotropic | Notes
BC DA 1 0.026 | 0.028 | 0.026 0.027
DA BC 1 0.024 | 0.025 | 0.023 0.024
CB AD 1 0.027 | 0.026 | 0.026 0.026 0.026
AD CB 1 0.027 | 0.024 | 0.026 0.026
Table 2d
Sens 4
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Isotropic | Notes
AB CD 1 0.026 | 0.063 | 0.064 0.051
CD AB 1 0.058 | 0.057 | 0.059 0.058
0.058
BA DC 1 0.06 0.059 | 0.058 0.059
DC BA 1 0.066 | 0.065 | 0.066 0.066
BC DA 1 0.045 | 0.045 | 0.045 0.045 0.044
DA BC 1 0.043 | 0.044 | 0.043 0.043
CB AD 1 0.045 | 0.043 | 0.043 0.044
AD CB 1 0.044 | 0.042 | 0.043 0.043
Table 2e
Sens 5
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Anisotropic | Notes
AB CD 1 0.222 | 0.224 | 0.223 0.223
CD AB 1 0.212 | 0.211 | 0.213 0.212
0.194
BA DC 1 0.22 0.219 | 0.222 0.220
DC BA 1 0.233 | 0.065 | 0.066 0.121
BC DA 1 0.074 | 0.073 | 0.073 0.073
DA BC 1 0.083 | 0.084 | 0.084 0.084
0.075
CB AD 1 0.074 | 0.075 | 0.075 0.075
AD CB 1 0.065 | 0.067 | 0.067 0.066
Table 2f
Sens 6
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Anisotropic | Notes
AB CD 1 0.05 0.048 | 0.049 0.049
CD AB 1 0.038 | 0.039 | 0.037 0.038
0.046
BA DC 1 0.055 | 0.057 | 0.056 0.056
DC BA 1 0.043 | 0.041 | 0.042 0.042
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[0373] Theimpedance between the fabric and the lead connector was also determined. The electrodes were connected
to a copper sheet, and a pressure of 34.386 kPa was applied, using a 1.01026 kg weight. The measured impedance of
the measuring system was 0.109 Q, and this value was subtracted from the measured impedance of the electrodes.
The results are shown in Table 4. Electrode serial no. 5 was observed to have the greatest surface area in contact with
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(continued)

Sens 6
Inject | Measure | Check? M1 M2 M3 AVG [Q] | Anisotropic | Notes
BC DA 1 0.911 | 0.903 | 0.898 0.904
DA BC 1 0.904 | 0.891 | 0.897 0.897
CB AD 1 0.885 | 0.886 | 0.882 0.884 0898
AD CB 1 0.903 | 0.903 | 0.908 0.905
Table 3
ID | Main direction | 2nd direction | Anisotropy
1 0.230 0.459 50%
2 0.000* 1.032 100%
3 0.026 0.031 16%
4 0.044 0.058 25%
5 0.075 0.194 62%
6 0.046 0.898 95%

the skin.
Table 4

ID | Check? M1 M2 M3 AVG [Q] | Value [Q]
1 1 0.694 | 0.685 | 0.682 0.687 0.578
2 1 0.461 | 0.460 | 0.452 0.458 0.349
3 1 0.206 | 0.205 | 0.206 0.206 0.097
4 1 0.271 | 0.269 | 0.268 0.269 0.160
5 1 0.309 | 0.307 | 0.308 0.308 0.199
6 1 0.709 | 0.662 | 0.664 0.678 0.569

[0374] Electrodes 3-5 performed best. Performance was scored as follows:

ID | Req. Category | Test Category Details

0.1 | Performance General Record ECG signals

1.1 | Performance MSRR Surface resistivity below 1 [Q-m]

1.2 | Performance MSRR Surface resistance below 1 [Q/sq]

2.1 | Performance BTFT SINAD is higher than 50dB

2.2 | Performance BTFT SNR is higher than 50dB

2.3 | Performance BTFT CORR COEF higher than 0.95

3.1 | Performance PysioPM Skin-Sensor impedance below 0.15 [MQ]
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(continued)

0.85

ID | Req. Category | Test Category Details

3.2 | Performance PysioPM Self-noise of the sensor below 0.1uV

3.3 | Performance PysioPM Immunity to motion artifacts

3.4 | Performance PysioPM Power-line noise rejection higher than 80dB

4.1 | Performance RLPysioPM Fetal ECG is visible in more than 1 record

4.2 | Performance RLPysioPM Fetal ECG SNR is higher than 1dB

3.5 | Performance RLPysioPM Relative fetal ECG SNR (relative to the reference sensors) is higher than

[0375] A summary of the MSSR results for electrodes 3-5 is shown in Table 5. The fabric of electrode serial no. 6 was
weak, and has large voids between the fibers (see Figure 14) and was therefore unsuitable. Electrode serial no. 2 was
excluded because the surface resistivity was greater than 1 Q/square.

Table 5
Surface resistance
ID S2C Notes
Main direction | 2nd direction | Anisotropy
3 0.026 0.031 0.163 0.097 Lowest resistance, non-stretchable, Isotropic
4 0.044 0.058 0.251 0.160 Mid
5 0.075 0.194 0.616 0.199 | Low resistance, Highest Anisotropy, highly stretchable

[0376] BTFT Results: BTFT measurements were obtained using the methods described in Example 3 below. Table
6 shows the results.

Table 6
ID | CORRCOEF | CORRLAG | Relative diff SINAD SNR
RMS [%] Input | Output Rel RelRef | Input | Output Rel
Ref 1 0 0.012 48.545 | 48.541 | 0.008% | 0.000% | 53.852 | 53.836 | 0.029%
1 1 0 0.010 47.964 | 47.956 | 0.015% | 1.205% | 54.278 | 54.242 | 0.066%
2 1 0 0.016 48.088 | 48.077 | 0.021% | 0.955% | 54.173 | 54.136 | 0.068%
3 1 0 0.010 48.231 | 48.222 | 0.018% | 0.657% | 54.197 | 54.161 | 0.067%
4 1 0 0.015 48.303 | 48.293 | 0.020% | 0.511% | 54.042 | 54.006 | 0.066%
5 1 0 0.015 48.527 | 48.517 | 0.020% | 0.049% | 54.137 | 54.102 | 0.064%
6 1 0 0.014 48.606 | 48.597 | 0.018% | 0.115% | 54.113 | 54.073 | 0.074%

[0377] CORRCOEF: is the linear correlation coefficient between the input and the output signals; CORRLAG: is the
lag between the input and output signals; Relative diff RMS: is the relative difference in the RMS of the input and output
signals in %; SINAD.Rel: is the relative percentage difference in the SINAD values between the input and the output
signals; SINAD.RelRef: is the relative percentage difference in the signal to noise and distortion ratio (SINAD) values
between the output signal and the reference signal; SNR.Rel: is the relative percentage difference in the SNR values
between the input and the output signals. The BTFT results show that the electrodes that have the best performance in
terms of SNR and relative SINAD is electrode serial no. 5 followed by electrode serial no. 4, then electrode serial no. 3.
[0378] PysioPM: PysioPM measurements were obtained according to the methods described in Example 4. Table 7

shows the results of the measured impedance.
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Table 7
ID | Sens1 | Sens2 | Sens3 | Sens4 | MAXDIFF
0.733 0.667 0.651 0.754 13.66%
4 1.396 1.495 1.281 1.503 14.77%
5 4.251 3.1 3.551 3.921 27,08%

[0379] The values observed include the resistance of a 5 cm lead wire, the copper sheet, and a cable connected to
the copper sheet.

[0380] /mpedance of the interface between the electrode and the skin: The impedance was measured between 2
electrodes placed on skin 20 mm apart. Table 8 shows the average of 3 experiments.

Table 8

ID | Average Bioimpedance [MQ]

3 0.602
4 0.227
5 0.135

[0381] Recorded ECG Signals Data using the Electrodes: Figure 14, panels a-c show recorded ECG signals data
using electrode serial nos. 3-5 respectively. Electrodes 3-5 were able to filter out powerline noise, and had similar
amplitudes. However, all electrodes were susceptible to movement artifacts.

[0382] ECG signal were recorded from two pregnant subjects at week 25 and week 28, using eitherelectrodes 3, 4,
5, and a comparison electrode, using a wet contact electrode, using the electrode position B1-B3 (see Figure 29 for the
electrode position). Figure 16, panels a-d, and Figure 17, panels a-d show the recorded ECG signals data using electrode
serial nos. 3-5, and the GE comparison electrode respectively at 25 weeks in the two subjects. Fetal ECG were visible
in the traces.

Example 2: Measuring Surface Resistivity and Resistance.

[0383] Figure 18 shows an experimental set up to determine surface resistivity and resistance of an electrically con-
ductive fabric according to some embodiments of the present invention. A, B, C, and D are point contact connectors.
To measure surface resistivity, current was introduced and recorded according to the following protocol:

1. Connect the sample as described in the background section.
2. Make sure that the current source is running and stable.

3. Inject AB, measure CD;

4. Inject CD, measure AB;

5. Inject BA, measure DC;

6. Inject DC, measure BA,;

7. Inject BC, measure DA;

8. Inject DA, measure BC;

9. Inject CB, measure AD;

10. Inject AD, measure CB;

[0384] Surface resistance was calculated according to the following:

R nR
exp <— ;B'CD> + exp <— gc,w) =1

N N

Vpc _ Vp-V¢

R [Q] =—==——
-AB,CD i i

where AB 4B s the resistance measured between C and D while introducing current between

points A and B; and iyg[A] is the injected current between points A and B; and d [m] is the thickness of the sample; and
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p is the resistivity.

p =R, d[Q-m]

T
R,=—"R
In2

R = Ryerticar = Ruorizontal

_ (RAB,CD + RCD,AB + RBA,DC + RDC,BA)

vertical —
2

R

_ (RBC,DA + RDA,BC + RCB,AD + RAD,CB)

Ry, .
horizontal
2

[0385] The above protocol was performed using an electrode alone, or an electrode contacting a copper sheet (to
measure the resistivity of the electrode-surface interface). Additionally, measurements were obtained after the electrically
conductive fabric was stretched either 20%, or 50% in the man direction, or in the direction perpendicular to the main
direction.

Example 3: Basic Transfer Function Testing.

[0386] An electrode was placed on a copper sheet, such that the cutaneous contact is in contact with the copper sheet,
and a 1 kg mass was applied to the electrode. The copper sheet was connected to the positive terminal of a signal
generator, the electrode was connected to the positive input of an amplifier, and the other input of the amplifier was
connected to ground. Figure 19 shows the experimental setup described above. A 30 Hz signal was generated by the
signal amplifier, and the following parameters were recorded:
1. Time domain:
a. amplitude-2-amplitude; and
b. non-zero division; and
c. time shifts; and
d. cross correlation; and
e. correlation coefficient; and
f.Histogram: Mean, RMS, STD.
2. Frequency domain:
a. Welch PSD estimation (magnitude); and
b. Cross coherence; and
c. Main frequency magnitude; and

d. Dominant frequencies magnitude; and

e. SINAD, SNR
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Example 4: Electrophysiological Performance Measurements.

[0387] The source of the physiological signals detected using the electrodes according to some embodiments of the
present invention are located within the body of the pregnant human subject and have extremely low amplitude and low
frequency. Without intending to be limited by any particular theory, the physiological signals flow within the body of the
pregnant human subject by the movement of ions. The electrodes according to some embodiments of the present
invention act as signal transducers, and transduce the movement of ions to the movements of electrons. The skin-
electrode interface (SSI) is one determining factor of the electrode’s ability to transduce the physiological signals.
[0388] The SSI for the electrodes according to some embodiments of the present invention may be modeled by a
parallel circuit of an ohmic and capacitive impedance with an additional Warburg resistance (see Figure 20). Without
intending to be limited to any particular theory, both the conductive and the capacitive compartments affect the perform-
ance of an electrode according to some embodiments of the present invention. The skin-electroce impedance (SSiM)
is equivalent to the impedance of the circuit shown in Figure 20, and ranges from 10 kQ to 100 MQ. Decreasing the
impedance improves the performance of an electrode according to some embodiments of the present invention. De-
creasing impedance may be achieved by increasing the surface areas of the cutaneous contact, or by reducing the
resistivity of the cuntaneous contact. An increase in inputimpedance and a decrease in input capacitance of the amplifier
may also improves the performance of an electrode according to some embodiments of the present invention.

[0389] Inthe testprotocol, electrodes were applied to the skin of a subject’s hand, according to the arrangement shown
in Figure 21. The surface of the hand having first been cleaned. Four VELCRO straps were applied, the pressure of the
straps was confirmed to be equal, using a surface pressure sensor. Test electrodes were then inserted under the straps.
The pressure that the electrodes contact the skin was confirmed to be equal, using a surface pressure sensor. Impedance
was measured as follows:

*  2-wire: measure the 2wire resistance between the S; electrodes and the S, electrodes (2 measurements).

* 4-wire: use the S; electrodes as the injectors and the S, electrodes as the measurers. Measure the resistance (1
measurement).

» Capacitance measurement: measure the 2wire capacitance between the S; electrodes and the S, electrodes (2
measurements).

[0390] A 150 mVpp sine wave was applied to the S; electrodes, and the voltage developed at the S, electrodes was
recorded using a BioPac amplifier. Recordings were obtained using a sine wave of the following frequencies: 0.1, 1, 5,

10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90, Hz.

Example 4: Algorithm Design According to Some Embodiments of the Present Invention.

[0391]

Table 9

5. Low Level Design of the algorithm: The fECG detection algorithm have the following LLD:
5.1. The acquired N-channels signals should be preprocessed:
5.1.1. Signal exclusion: Saturated signals are excluded in this version (if the saturated part exceeds 10% of
the overall length of the signal). For the next versions, this criterion should be replaced by an online examiner.
5.1.2. Baseline removal: the baseline of the ECG signal needs to be removed. It can be removed using a
number of methods. In the algorithm the baseline is removed using a moving average filter with an order of 501
(milliseconds).
5.1.3. Low pass filtering with an IIR filter (auto designed by Matlab):
5.1.3.1. Type: Chebyshev Type |
5.1.3.2. Cutoff freq: 70Hz
5.1.3.3. Baseband ripple: 0.12dB
5.1.3.4. Order: 12th order, 6 sections
5.1.4. Power line interference cancelation: to be in the safe side and for simplicity purposes, the following
filter is used:
5.1.4.1. Type: Butterworth (band - stop)
5.1.4.2. Cutoff freq: 49.5 - 50.5Hz
5.1.4.3. Order: 10th order, 5 sections
5.2. Maternal ECG detection: The following steps are performed:
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(continued)

5.2.1. Examination: the data is passed through an additional high pass filter (5th order @1Hz). The data is
examined by preliminary and simple peak detector. The relative energy of the peaks is calculated (relative to the
overall energy of the signal). Each signal is given a quality score depending on this measure. Signals with a quality
score of less than a threshold are excluded. In addition, the signals are examined for missing data and NaNs.

5.2.2. Peak enhancement: The preprocessed ECG data is passed through an additional median filter with an
order of 100 samples to enhance the maternal peaks.

5.2.3. Peaks detection: for each signal:

5.2.3.1. Divide the signal into 10 seconds segments, for each segment:

Table 10

5.2.3.2. Normalize the data

5.2.3.3. Find the local peaks in the segment using derivative, thresholding and minimum distances methods
5.2.3.4. After finishing with all of the segments perform kmedoids clustering on the number of peaks in each
segments:

5.2.3.4.1. For segments with very low number of peaks, (apparently there is a noise spike) perform AGC on the
data and redetect the peaks. If the new number of peaks belongs to one of the good clusters, add these peaks.
If not, ignore these peaks

5.2.3.4.2. For segments with very high number of peaks (due to high noise most probably), ignore these peaks
5.2.3.5. After finishing, perform kmedoids clustering on the amplitudes of the peaks, very low peaks and very high
peaks are filtered using this step.

5.2.3.6. After finishing with the signal, do the following:

5.2.3.6.1. Check that the number of peaks falls into an expected interval (based on the maximum and minimum
possible heart rates)

5.2.3.6.2. Is step 1 is passed, check that the relative energy of the QRS complexes is higher than a threshold
5.2.3.6.3. If step 2 is passed, perform peak redetection using the cross correlation method (helps removing false
positive and adding false negatives)

5.2.4. Peak re-detection: if the previous step is failed to detect the peaks in at least one channel, apply ICA to the
data and then repeat step (5.2.3)

5.2.5. Peaks examination:

5.2.5.1. A score is given for each one of the N signals. The best lead is defined as the lead with the biggest score
5.2.5.2. A global peak array is constructed based on the best lead with corrections made using the peaks from
the other leads

Table 11

5.5.5.3. The global peaks array is examined using physiological measures (RR intervals, HR, HRV)

5.2.6. HRC calculation: the mHRC is calculated using the detected maternal R-waves

5.3. Maternal ECG Elimination: The purpose of this step is to eliminate the maternal ECG and thereafter stay with
the fetal ECG signals and some noise according to the model that have been previously developed. The following
steps are performed for each of the N-channels:

5.3.1. Resample the signal to match a 4kSPS sampling frequency

5.3.2. Find the QRS onset and offset positions using the Curve Length Transform (CLT)

5.3.3. For each one of the detected maternal peaks:

5.3.3.1. Define a beat interval: the beat interval is defined as, except for the first and last peaks, (1) beat onset:
half the distance between the current peak and the previous peak and (2) beat offset: half the distance between
the current peak and the next peak. Due to the beat-2-beat changing heart rate, the beat interval should change
for each beat

5.3.3.2. Define a local template, a template that depends on the current beat:

5.3.3.2.1. Step 1: Search for at least 10 beats that have a correlation coefficient (obtained from cross correlation)
of at least 0.98 This step is usually fast and gives results for not-noisy signals

5.3.3.2.2. Step 2: Step 1 usually fails for noisy signals hence an iterative scheme is used:
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(continued)

5.3.3.2.2.1. Define the template as the beat itself

5.3.3.2.2.2. An initial correlation coefficient is defined (high value threshold: 0.99)

5.3.3.2.2.3. Search for the beats that are very similar to the current beat (have higher correlation than the threshold)
5.3.3.2.2.4. If none is found, decrease the correlation threshold and repeat

Table 12

5.3.3.2.2.5. If some is found, update the template and continue
5.3.3.2.2.6. The procedure is terminated if: (1) a maximum number of iterations is reached, (2) the number of
beats to include reached a minimum number or (3) the current iteration yields the same results as the previous
iteration
5.3.3.2.3. A byproduct of this process is a score for how noisy each beat is
5.3.4. Start the adaptation procedure, iterative Levenberg-Marquardt Parametric Optimization (LMPO) for solving
non-linear damped least squares problems. Divide the beat into 3 parts: (1) P-wave region, (2) QRS complex and
(3) T-wave region. The iterative procedure:
5.3.4.1. Initialize the LMA algorithm (Algorithm params)
5.3.4.2. Perform initial guess for the mECG (first guess is the template, let it be ¢_c)
5.3.4.3. Adapt the initial guess
5.3.4.4. Compare the result to the measured current ECG (current beat with maternal data, fetal data and noise,
let it be ¢_m)
5.3.4.5. Check if a termination criteria is reached, if yes terminate returning the last good result
5.3.4.6. If not, update the algorithm parameters and repeat steps 3-5.
5.3.4.7. This algorithm has the following characteristics:

« It interpolates between Gauss - Newton (GN) method and the Gradient Decent (GD) method taking the good
form both

« At first, it convergence very fast due to the fast convergence of GD. When it advances, the steps become
smaller, yielding a slow convergence when it is close to the local minimum (Slow yet cautious progress near the
minimum!)

Table 13

« It operates by the principle of "worst case scenario is to stay the same"

 The only problem with this iterative algorithm is the convergence to local minima. This isn’t a big issue in our
case since we know that the local minima is also, always, the global one (due to the educated guess of the start
conditions)

* The algorithm minimizes the error energy function defined as the 12 norm of the difference between the calculated
potentials and the measured potentials: E= ||¢_c-¢_m ||*2

* The final result of the algorithm is a stable, global and reproducible solution due to the fact the number of
parameters to be reconstructed is way smaller than the number of the available observations

* The reconstruction parameters of the algorithm are:

* P region multiplier

* QRS region multiplier

* T region multiplier

* Beat shift

Table 14

5.3.5. Construct the maternal ECG (mECG) array (started form the templates for each beat and get close to the
current channel measured ECG)

5.3.6. Construct the fetal ECG array, fECG=ECG-mECG

5.3.7. Downsample the mECG and the fECG signals to match the initial sampling rate

58




10

15

20

25

30

35

40

45

50

55

EP 3 270 774 B1

(continued)

5.4. Fetal ECG preprocessing: After the elimination (near-perfect elimination) of the mECG, the remaining data is
processed for fECG enhancement (see the next step for more info). A preliminary prediction of the best fetal
channel is performed depending on the energy distribution of the auto correlation function of the signal

5.5. Fetal ECG detection:

5.5.1. First step is to prepare the data. Usually, the fetal signals do not appear in all of the channels hence it is
better to decrease the dimension of the data. This is done by:

5.5.2. Apply Singular Value Decomposition (SVD) keeping only the N-1 singular values and vectors

5.5.3. Apply fastICA to the resulting data (with 'tanh’)

5.5.4. Apply peak-2-mean transformation:

5.5.4.1. Use a moving window to calculate the relation: max(signal[win])/mean(signal[win]) (enhances peaks)
5.5.4.2. Calculate the 1st derivative of the result of step 1

5.5.4.3. Find the zero crossing to find peaks, take the negative part of the derivative

5.5.4.4. Find the peaks in the previous result and cluster them based on the difference between them. Identify the
best group as the group with the maximum score: SCR=n/RMS where n is the number of peaks in each cluster
and RMS is the energy of the derivative of the distance between the peaks

5.5.4.5. Perform a prediction for the RR interval for the best group

5.5.4.6. If the prediction doesn'’t fit the real model, ignore this channel

Table 15

5.5.4.7. If so, calculate the auto correlation function of a windowed RMS of the signal, if the result have a narrow
distribution ignore this channel, else:

5.5.4.8. Apply AGC to the negative derivative signal

5.5.4.9. Normalize the result, and flag it as the processing data

5.5.4.10. Repeat steps 1-10 to the N-channels

5.5.5. Try to perform fetal peak detection using the same methodology as for the maternal peak detection with
different parameters

5.5.6. If the previous step is successful, skip this step. If not, this means that the fetal data is noisy. In this case
perform the following preprocessing:

5.5.6.1. The fetal data is band-pass filtered between the range 15-70Hz

5.5.6.2. Wavelet denoising is applied to the data

5.5.6.3. Windowed RMS is applied on the data

5.5.6.4. The results are low pass filtered @35Hz

5.5.6.5. The data is normalized and AGC is applied to the data

5.5.7. Following step (5.5.6), perform fetal peak detection without the correlation part

5.5.8. Following step (5.5.7), if more than one channel is valid, calculate the kurtosis of the distribution of the
distances between the peaks. The best lead is defined as the peak with the maximum relative kurtosis

5.5.9. Following step (5.5.8), perform peak redetection using the RR intervals. Also try to build, using a Kalman
filter, an array of the positions of the peaks

5.5.10. Following step (5.5.5/ 5.5.9), perform fetal peak examination using the information about the RR intervals
5.5.11. Following step (5.5.10), build the fetal peaks array:

5.5.11.1. Time varying RR interval is extracted from the results

5.5.11.2. A characteristic region in the previous signal is defined: a region in which the RR interval curve is very
smooth (which means that there is minimum falses in this region) - this region is called the seed region
5.5.11.3. Perform region growing staring from the seed points while including only points that are close to the local
RR interval

Table 16

5.5.12. Perform peak examination and correction:
5.5.12.1. Stage 1: find false negatives and Zigzags (caused by two consecutive, opposite misdetections)
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(continued)

‘ 5.5.12.2. Stage 2: Find mis-positioning of the peaks by detecting spikes in the updating RR curve

[0392] Althoughthe various aspects of the invention have beenillustrated above by reference to examples and preferred
embodiments, it will be appreciated that the scope of the invention is defined not by the foregoing description but by the
following claims properly construed under principles of patent law.

Claims
1. A system for generating an estimation of fetal cardiac activity, comprising:

- a specifically programmed computer system comprising: at least one specialized computer machine, com-
prising: a non-transient memory, electronically storing particular computer executable program code; and at
least one computer processor which, when executing the particular program code, becomes a specifically
programmed computing processor that is configured to at least perform the following operations:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from
filtered N-Electrocardiogram (ECG) fetal signals data and a calculated fetal heart rate for a plurality of time
points over a particular time interval from filtered Phonocardiogram (PCG) outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular
time interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular
time interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time
interval from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality
of time points over a particular time interval from filtered PCG outputs, determining a consolidated fetal
heart rate and score for the plurality of time points over the particular time interval, wherein the consolidated
fetal heart rate and score for an individual time point within the plurality of time points is determined as one
of the four options selected from the group consisting of:

a. the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the
filtered PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG
fetal signals data and the filtered PCG outputs for the individual time point differs by 10 beats per minute
or less, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

b. the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG
fetal signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats
per minute, and if the scores of the calculated fetal heart rate for the individual time point for both the
filtered N-ECG fetal signals data and the filtered PCG outputs are valid;

c. the calculated heart rate that has the valid score; and

d. no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-
ECG fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time
interval, generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heart rate over the particular time interval is calculated based on (1) cost
representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and (2) cost representing the overall tortuosity of the estimated fetal heart rate over
the particular time interval.

2. The system of claim 1,
wherein cost representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate over the particular
time interval is performed, by the at least one computer processor, using dynamic programming.
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The system of claim 1 or 2,
wherein each value of the accumulated cost mesh is calculated as a sum of the fetal heart rate probability mesh
value at that point and of the minimal path in its neighborhood in the previous step, based on:

EG)=el,))+min(EG—1j—k) ; k=-44

wherein e is the value of the fetal heart rate probability mesh; E is the accumulated cost; i represents time; and j
represents heart rate values in neighborhood of +/-4 [bpm/second].

The system of one of claims 1 to 3,

wherein cost representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate over the particular
time interval is performed, by the at least one computer processor, using an exhaustive search.

A computer implemented method comprising:

a. receiving raw Electrocardiogram (ECG) signals data from the at least one pair of ECG sensors; wherein the
at least one pair of ECG sensors is positioned in on an abdomen of a pregnant human subject; wherein the raw
ECG signals data comprise data representative of a N number of raw ECG signals (raw N-ECG signals data)
which are being acquired in real-time from the at least one pair of ECG sensors; digital signal filtering the raw
ECG signals data to form filtered N-ECG signals data having filtered N-ECG signals; detecting maternal heart
peaks in each of the filtered N-ECG signal in the filtered N-ECG signals data; subtracting, from each of the
filtered N-ECG signal of the filtered N-ECG signals data, the maternal ECG signal, by utilizing at least one non-
linear subtraction procedure to obtain corrected ECG signals data which comprise data representative of a N
number of corrected ECG signals (corrected N-ECG signals data), wherein the atleast one non-linear subtraction
procedure comprises: iteratively performing: i) dividing each filtered N-ECG signal of N-ECG signals of the
filtered N-ECG signals datainto a second plurality of ECG signal segments, 1) wherein each ECG signal segment
of the plurality of ECG signal segments corresponds to a beat interval of a full heartbeat, and 2) wherein each
beat interval is automatically determined based, at least in part on automatically detecting an onset value and
an offset value of such beat interval; ii) modifying each of the plurality of filtered N-ECG signal segments to form
a plurality of modified filtered N-ECG signal segments, wherein the modifying is performed using at least one
inverse optimization scheme based on a set of parameters, wherein values of the set of parameters is determined
based on: iteratively performing: 1) defining a global template based on a standard heartbeat profile of an adult
human being; 2) setting a set of tentative values for a local template for each filtered N-ECG signal segment;
and 3) utilizing at least one optimization scheme to determine an adaptive template for each filtered N-ECG
signal segment based on the local template being matched to the global template within a predetermined
similarity value; andiii) eliminating the modified segments from each of the filtered N-ECG signals, by subtracting
the adaptive template from the filtered N-ECG signal thereby generating each corrected ECG signal; extracting
raw fetal ECG signals data from the filtered N-ECG signals data based on the corrected ECG signals data,
wherein the raw fetal ECG signals data comprises a N number of fetal ECG signals (raw N-ECG fetal signals
data); processing the raw N-ECG fetal signals data to improve a signal-to-noise ratio of the N-ECG fetal signals
to form filtered N-ECG fetal signals data; detecting fetal heart peaks in the filtered N-ECG fetal signals data;
calculating, based on detected fetal heart peaks, at least one of: i) fetal heart rate, ii) fetal heart curve, iii) beat-
2-beat fetal heart rate, or iv) fetal heart rate variability; and outputting a result of the calculating operation;

b. receiving, by at least one computer processor executing specific programmable instructions configured for
the method, a plurality of Phonocardiogram (PCG) signals data inputs from a plurality of acoustic sensors; digital
signal filtering, by the at least one computer processor, utilizing a plurality of bandpass filters, the plurality of
PCG signals data inputs to form a plurality of filtered PCG outputs, wherein the plurality of bandpass filters
comprises a L number of bandpass filters, wherein each bandpass filter outputs a K number of filtered PCG
outputs; wavelet denoising, by the at least one computer processor, a first subset of filtered PCG outputs of the
plurality of filtered PCG outputs to form a M number of denoised filtered PCG outputs, wherein M is equal to L
multiply by K; transforming, by the at least one computer processor, utilizing an Independent-Component-
Analysis (ICA), a second subset of filtered PCG outputs of the plurality of filtered PCG outputs to form the M
number of filtered ICA transforms; transforming, by the at least one computer processor, utilizing the Independ-
ent-Component-Analysis (ICA), a first portion of the second subset of denoised filtered PCG outputs to form
the M number of denoised filtered ICA transforms; compiling, by the at least one computer processor, a S
number of a plurality of detection heartbeat (DH) inputs, comprising: i) the M number of filtered PCG outputs,
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ii) the M number of the denoised filtered PCG outputs, iii) the M number of the filtered ICA transforms, and iv)
the M number of the denoised filtered ICA transforms; detecting, by the at least one computer processor, beat
locations of beats in each of DH inputs; calculating, by the at least one computer processor, a confidence score
thatdescribes a probability thatthe beats in each DH input of the plurality of DH inputs represent actual heartbeats
and not a noise; dividing, by the at least one computer processor, the plurality of DH inputs into at least two
groups: i) a first group of DH inputs containing fetal heartbeats, ii) a second group of DH inputs containing
maternal heartbeats; selecting, by the at least one computer processor, from the first group of DH inputs, at
least one particular fetal DH input that contains the fetal heartbeat based on a first confidence score of the at
least one particular fetal DH input; and selecting, by the at least one computer processor, from the second group
of DH inputs, at least one particular maternal DH input that contains the maternal heartbeat, based on a second
confidence score of the at least one particular maternal DH input; and

c. performing the following operations on the results of step a and b:

i. receiving a calculated fetal heart rate for a plurality of time points over a particular time interval from
filtered N-ECG fetal signals data and a calculated fetal heart rate for a plurality of time points over a particular
time interval from filtered PCG outputs;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular
time interval for the filtered N-ECG fetal signals;

ii. determining the score of the calculated fetal heart rate for the plurality of time points over the particular
time interval for the filtered PCG outputs;

iv. based on the calculated fetal heart rate and score for a plurality of time points over a particular time
interval from filtered N-ECG fetal signals data, and the calculated fetal heart rate and score for a plurality
of time points over a particular time interval from filtered PCG outputs, determining a consolidated fetal
heart rate and score for the plurality of time points over the particular time interval, wherein the consolidated
fetal heart rate and score for an individual time point within the plurality of time points is determined as one
of the four options selected from the group consisting of:

1. the weighted average of the calculated heart rate from the filtered N-ECG fetal signals data and the
filtered PCG outputs for the individual time point, if the calculated heart rate from the filtered N-ECG
fetal signals data and the filtered PCG outputs for the individual time point differs by 10 beats per minute
or less, and if the scores of the calculated fetal heart rate for the individual time point for both the filtered
N-ECG fetal signals data and the filtered PCG outputs are valid;

2. the calculated heart rate having the lower score, if the calculated heart rate from the filtered N-ECG
fetal signals data and the filtered PCG outputs for the individual time point differs by more than 10 beats
per minute, and if the scores of the calculated fetal heart rate for the individual time point for both the
filtered N-ECG fetal signals data and the filtered PCG outputs are valid;

3. the calculated heart rate that has the valid score; and

4. no consolidated fetal heart rate and score, if neither the calculated heart rate from the filtered N-
ECG fetal signals data or the filtered PCG outputs has a valid score;

v. based on the consolidated heart rate and scores for the plurality of time points over the particular time
interval, generating, by the at least one computer processor, a fetal heart rate probability mesh;

vi. based on the fetal heart rate probability mesh, generating, by the at least one computer processor, an
estimated fetal heart rate over the particular time interval,

wherein the estimated fetal heart rate over the particular time interval is calculated based on (1) cost
representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and (2) cost representing the overall tortuosity of the estimated fetal heart rate over
the particular time interval.

The method of claim 5,

wherein cost representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate over the particular
time interval is performed, by the at least one computer processor, using dynamic programming.

The method of claim 5 or 6,

wherein each value of the accumulated cost mesh is calculated as a sum of the fetal heart rate probability mesh
value at that point and of the minimal path in its neighborhood in the previous step, based on:
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EG)=el,))+min(EG—1j—k) ; k=-44

wherein e is the value of the fetal heart rate probability mesh; E is the accumulated cost; i represents time; and j
represents heart rate values in neighborhood of +/-4 [bpm/second].

8. The method of one of claims 5 to 7,

wherein cost representing fetal heart probability mesh values at each point of the estimated fetal heart rate over the
particular time interval; and cost representing the overall tortuosity of the estimated fetal heart rate over the particular
time interval is performed, by the at least one computer processor, using an exhaustive search.

Patentanspriiche
1. System zur Erzeugung einer Schatzung der fetalen Herzaktivitat, aufweisend

- ein speziell programmiertes Computersystem, aufweisend: mindestens ein spezialisiertes Computergerat
aufweisend: einen nicht-transienten Speicher, der einen bestimmten computerausfiihrbaren Programmcode
elektronisch speichert; und mindestens einen Computerprozessor, der, wenn er den bestimmten Programmcode
ausflhrt, zu einem speziell programmierten Computerprozessor wird, der so konfiguriert ist, dass er mindestens
die folgenden Operationen ausfihrt:

i. Empfangen einer berechneten fetalen Herzfrequenz fiir eine Vielzahl von Zeitpunkten tiber ein bestimmtes
Zeitintervall aus gefilterten fetalen N-Elektrokardiogramm-(EKG)-Signaldaten und einer berechneten feta-
len Herzfrequenz fir eine Vielzahl von Zeitpunkten lber ein bestimmtes Zeitintervall aus gefilterten Pho-
nokardiogramm-(PKG)-Ausgaben;

ii. Bestimmen des Wertes der berechneten fetalen Herzfrequenz fiir die Vielzahl von Zeitpunkten Gber das
bestimmte Zeitintervall fir die gefilterten fetalen N-EKG-Signale;

ii. Bestimmen des Wertes der berechneten fetalen Herzfrequenz fiir die Vielzahl von Zeitpunkten lGber das
bestimmte Zeitintervall fir die gefilterten PKG-Ausgaben;

iv. basierend auf der berechneten fetalen Herzfrequenz und dem Wert flir eine Vielzahl von Zeitpunkten
Uber ein bestimmtes Zeitintervall aus gefilterten fetalen N-EKG-Signaldaten und der berechneten fetalen
Herzfrequenz und dem Wert fiir eine Vielzahl von Zeitpunkten iiber ein bestimmtes Zeitintervall aus gefil-
terten PKG-Ausgaben, Bestimmen einer konsolidierten fetalen Herzfrequenz und des Wertes fiir die Vielzahl
von Zeitpunkten Uber das bestimmte Zeitintervall,

wobei die konsolidierte fetale Herzfrequenz und der Wert fiir einen individuellen Zeitpunkt innerhalb der
Vielzahl von Zeitpunkten als eine der vier Optionen bestimmt wird, die aus der Gruppe ausgewahlt werden
bestehend aus:

a. dem gewichteten Durchschnitt der berechneten Herzfrequenz aus den gefilterten fetalen N-EKG-
Signaldaten und den gefilterten PKG-Ausgaben fiir den individuellen Zeitpunkt, wenn die berechnete
Herzfrequenz aus den gefilterten fetalen N-EKG-Signaldaten und den gefilterten PKG-Ausgaben fiir
den individuellen Zeitpunkt um 10 Schldge pro Minute oder weniger abweicht, und wenn die Werte der
berechneten fetalen Herzfrequenz fiir den individuellen Zeitpunkt sowohl fir die gefilterten fetalen N-
EKG-Signaldaten als auch fur die gefilterten PKG-Ausgaben gliltig sind;

b. der berechneten Herzfrequenz mit dem niedrigeren Wert, wenn die berechnete Herzfrequenz aus
den gefilterten fetalen N-EKG-Signaldaten und den gefilterten PKG-Ausgaben fiir den individuellen
Zeitpunkt um mehr als 10 Schlage pro Minute abweicht und wenn die Werte der berechneten fetalen
Herzfrequenz fir den individuellen Zeitpunkt sowohl fiir die gefilterten fetalen N-EKG-Signaldaten als
auch fir die gefilterten PKG-Ausgaben gilltig sind;

c. der berechneten Herzfrequenz, die den giiltigen Wert hat; und

d. keiner konsolidierten fetalen Herzfrequenz und keinem konsolidierten Wert, wenn weder die berech-
nete Herzfrequenz aus den gefilterten fetalen N-EKG-Signaldaten noch die gefilterten PKG-Ausgange
einen gultigen Wert haben;

v. basierend auf der konsolidierten Herzfrequenz und den Werten fir die Vielzahl von Zeitpunkten tber

das bestimmte Zeitintervall, wobei durch den mindestens einen Computerprozessor ein fetales Herzfre-
quenz-Wahrscheinlichkeitsnetz erzeugt wird;
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vi. basierend auf dem fetalen Herzfrequenz-Wahrscheinlichkeitsnetz, Erzeugen einer geschatzten fetalen
Herzfrequenz Uiber das bestimmte Zeitintervall durch den mindestens einen Computerprozessor, wobei die
geschatzte fetale Herzfrequenz Uber das bestimmte Zeitintervall berechnet wird auf der Grundlage (1) von
Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschéatzten fetalen Herz-
frequenz lber das bestimmte Zeitintervall reprasentieren; und (2) von Kosten, die die gesamte Tortuositat
der geschatzten fetalen Herzfrequenz Uber das bestimmte Zeitintervall reprasentieren.

System nach Anspruchs 1,

wobei die Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschatzten fetalen Herz-
frequenz Giber das bestimmte Zeitintervall reprasentieren, und die Kosten, die die gesamte Tortuositat der geschatz-
ten fetalen Herzfrequenz iber das bestimmte Zeitintervall reprasentieren, von dem mindestens einen Computer-
prozessor unter Verwendung dynamischer Programmierung durchgefiihrt werden.

System nach Anspruch 1 oder 2,

wobei jeder Wert des kumulierten Kostennetzes als eine Summe der fetalen Herzfrequenzwahrscheinlichkeitsnetz-
werte an diesem Punkt und des minimalen Pfades in seiner Nachbarschaft im vorherigen Schritt berechnet wird,
basierend auf:

E(i,j)=e(i,j)+min(E(i-1,j-k)); k=-4:4

wobei e der Wert des fetalen Herzfrequenz-Wahrscheinlichkeitsnetzes ist; E die akkumulierten Kosten sind; i die
Zeit darstellt; und j Herzfrequenzwerte in der Nachbarschaft von +/-4 [bpm/Sekunde] darstellt.

System nach einem der Anspriiche 1 bis 3,

wobei die Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschatzten fetalen Herz-
frequenz tiber das bestimmte Zeitintervall reprasentieren; und die Kosten, die die gesamte Tortuositat der geschatz-
ten fetalen Herzfrequenz iber das bestimmte Zeitintervall reprasentieren, von dem mindestens einen Computer-
prozessor unter Verwendung einer erschopfenden Suche durchgefiihrt werden.

Computerimplementiertes Verfahren, aufweisend:

a. Empfangen von Roh-Elektrokardiogramm (EKG)-Signaldaten von dem mindestens einen Paar von EKG-
Sensoren; wobei das mindestens eine Paar von EKG-Sensoren auf dem Bauch einer schwangeren menschli-
chen Person positioniert ist; wobei die Roh-EKG-Signaldaten Daten umfassen, die fiir eine Anzahl von N Roh-
EKG-Signalen (N-EKG-Rohsignaldaten) reprasentativ sind, die in Echtzeit von dem mindestens einen Paar von
EKG-Sensoren erfasst werden; digitales Signalfiltern der Roh-EKG-Signaldaten, um gefilterte N-EKG-Signal-
daten mit gefilterten N-EKG-Signalen zu bilden; Erfassen von miitterlichen Herzspitzen in jedem der gefilterten
N-EKG-Signale in den gefilterten N-EKG-Signaldaten; Subtrahieren des mitterlichen EKG-Signals von jedem
der gefilterten N-EKG-Signale der gefilterten N-EKG-Signaldaten durch Verwendung mindestens eines nicht-
linearen Subtraktionsverfahrens, um korrigierte EKG-Signaldaten zu erhalten, die Daten umfassen, die eine
Anzahl N von korrigierten EKG-Signalen (korrigierte N-EKG-Signaldaten) darstellen, wobei das mindestens
eine nichtlineare Subtraktionsverfahren umfasst: iteratives Durchfiihren: i) Aufteilen jedes gefilterten N-EKG-
Signals von N-EKG-Signalen der gefilterten N-EKG-Signaldaten in eine zweite Vielzahl von EKG-Signalseg-
menten, 1) wobei jedes EKG-Signalsegment der Vielzahl von EKG-Signalsegmenten einem Schlagintervall
eines vollen Herzschlags entspricht, und 2) wobei jedes Schlagintervall automatisch bestimmt wird, zumindest
teilweise auf der Grundlage der automatischen Erfassung eines Anfangswertes und eines Endwertes eines
solchen Schlagintervalls; ii) Modifizieren jedes der Vielzahl der gefilterten N-EKG-Signalsegmente, um eine
Vielzahl modifizierter gefilterter N-EKG-Signalsegmente zu bilden, wobei die Modifizierung unter Verwendung
mindestens eines inversen Optimierungsschemas auf der Grundlage eines Satzes von Parametern durchgefihrt
wird, wobei die Werte des Satzes von Parametern auf der Grundlage bestimmt werden: iteratives Durchflihren:
1) Definieren einer globalen Schablone auf der Grundlage eines Standard-Herzschlagprofils eines erwachsenen
Menschen; 2) Einstellen eines Satzes von vorlaufigen Werten fiir eine lokale Schablone fiir jedes gefilterte N-
EKG-Signalsegment; und 3) Verwenden mindestens eines Optimierungsschemas, um eine adaptive Schablone
fur jedes gefilterte N-EKG-Signalsegment auf der Grundlage der lokalen Schablone zu bestimmen, die mit der
globalen Schablone innerhalb eines vorbestimmten Ahnlichkeitswertes tibereinstimmt; und iii) Eliminieren der
modifizierten Segmente aus jedem der gefilterten N-EKG-Signale durch Subtrahieren der adaptiven Schablone
von dem gefilterten N-EKG-Signal, wodurch jedes korrigierte EKG-Signal erzeugt wird; Extrahieren roher fetaler
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EKG-Signaldaten aus den gefilterten N-EKG-Signaldaten auf der Grundlage der korrigierten EKG-Signaldaten,
wobei die rohen fetalen EKG-Signaldaten eine Anzahl N von fetalen EKG-Signalen (rohe N-EKG-Signaldaten)
umfassen; Verarbeiten der rohen fetalen N-EKG-Signaldaten, um ein Signal-Rausch-Verhaltnis der fetalen N-
EKG-Signale zu verbessern, um gefilterte fetale N-EKG-Signaldaten zu bilden; Erfassen von fetalen Herzspitzen
in den gefilterten fetalen N-EKG-Signaldaten; Berechnen, basierend auf den erfassten fetalen Herzspitzen, von
mindestens einem von: i) der fetalen Herzfrequenz, ii) der fetalen Herzkurve, iii) der Schlag-2-Schlag fetalen
Herzfrequenz oder iv) der fetalen Herzfrequenzvariabilitdt; und Ausgabe eines Ergebnisses der Berechnungs-
operation;

b. Empfangen, durch mindestens einen Computerprozessor, der spezielle programmierbare Befehle ausfiihrt,
die fur das Verfahren konfiguriert sind, einer Vielzahl von Phonokardiogramm-(PKG)-Signaldateneingaben von
einer Vielzahl von akustischen Sensoren; digitales Signalfiltern, durch den mindestens einen Computerprozes-
sor, unter Verwendung einer Vielzahl von Bandpassfiltern, der Vielzahl von PKG-Signaldateneingaben, um
eine Vielzahl von gefilterten PKG-Ausgaben zu bilden, wobei die Vielzahl von Bandpassfiltern eine Anzahl L
von Bandpassfiltern umfasst, wobei jeder Bandpassfilter eine Anzahl K von gefilterten PKG-Ausgaben ausgibt;
Wavelet-Entrauschen einer ersten Untergruppe von gefilterten PKG-Ausgaben der Vielzahl von gefilterten PKG-
Ausgaben durch den mindestens einen Computerprozessor, um eine Anzahl M von entrauschten gefilterten
PKG-Ausgaben zu bilden, wobei M gleich L multipliziert mit K ist; Transformieren einer zweiten Untergruppe
von gefilterten PKG-Ausgaben der Vielzahl von gefilterten PKG-Ausgaben durch den mindestens einen Com-
puterprozessor unter Verwendung einer Unabhangigen-Komponenten-Analyse (ICA), um die Anzahl M von
gefilterten ICA-Transformationen zu bilden; Transformieren, durch den mindestens einen Computerprozessor,
unter Verwendung der Unabhangigen-Komponenten-Analyse (ICA), eines ersten Teils der zweiten Untergruppe
von entrauschten gefilterten PKG-Ausgaben, um die Anzahl M von entrauschten gefilterten ICA-Transformati-
onen zu bilden; Kompilieren, durch den mindestens einen Computerprozessor, einer Anzahl S einer Vielzahl
von Detektionsherzschlag (DH)-Eingaben, umfassend: i) die Anzahl M von gefilterten PKG-Ausgaben, ii) die
Anzahl M der entrauschten gefilterten PKG-Ausgaben, iii) die Anzahl M der gefilterten ICA-Transformationen
und iv) die Anzahl M der entrauschten gefilterten ICA-Transformationen; Erfassen von Schlagpositionen von
Schlagen in jeder der DH-Eingaben durch den mindestens einen Computerprozessor; Berechnen eines Kon-
fidenz-Wertes durch den mindestens einen Computerprozessor, der eine Wahrscheinlichkeit beschreibt, dass
die Schlage in jeder DH-Eingabe der Vielzahl von DH-Eingabenn tatsachliche Herzschldge und kein Rauschen
darstellen; Teilen der Vielzahl von DH-Eingaben durch den mindestens einen Computerprozessor in mindestens
zwei Gruppen: i) eine erste Gruppe von DH-Eingaben, die fetale Herzschlage enthalten, ii) eine zweite Gruppe
von DH-Eingaben, die mitterliche Herzschlage enthalten; Auswahlen mindestens einer bestimmten fetalen
DH-Eingabe, die den fetalen Herzschlag enthalt, durch den mindestens einen Computerprozessor aus der
ersten Gruppe von DH-Eingaben auf der Grundlage eines ersten Vertrauenswertes der mindestens einen be-
stimmten fetalen DH-Eingabe; und Auswahlen, durch den mindestens einen Computerprozessor, aus der zwei-
ten Gruppe von DH-Eingaben mindestens eine bestimmte mutterliche DH-Eingabe, die den mitterlichen Herz-
schlag enthalt, basierend auf einem zweiten Vertrauenswert der mindestens einen bestimmten mdtterlichen
DH-Eingabe; und

c. Durchfiihrung der folgenden Operationen mit den Ergebnissen der Schritte a und b:

i. Empfangen einer berechneten fetalen Herzfrequenz fiir eine Vielzahl von Zeitpunkten tiber ein bestimmtes
Zeitintervall aus gefilterten fetalen N-EKG-Signaldaten und einer berechneten fetalen Herzfrequenz fir
eine Vielzahl von Zeitpunkten Uber ein bestimmtes Zeitintervall aus gefilterten PKG-Ausgaben;

ii. Bestimmen des Wertes der berechneten fetalen Herzfrequenz fiir die Vielzahl von Zeitpunkten lber das
bestimmte Zeitintervall fir die gefilterten fetalen N-EKG-Signale;

ii. Bestimmen des Wertes der berechneten fetalen Herzfrequenz fiir die Vielzahl von Zeitpunkten Gber das
bestimmte Zeitintervall fir die gefilterten PKG-Ausgaben;

iv. basierend auf der berechneten fetalen Herzfrequenz und dem Wert flir eine Vielzahl von Zeitpunkten
Uber ein bestimmtes Zeitintervall aus gefilterten fetalen N-EKG-Signalen und der berechneten fetalen Herz-
frequenz und dem Wert fiir eine Vielzahl von Zeitpunkten Uber ein bestimmtes Zeitintervall aus gefilterten
PKG-Ausgaben, Bestimmen einer konsolidierten fetalen Herzfrequenz und des Wertes fiir die Vielzahl von
Zeitpunkten Uber das bestimmte Zeitintervall, wobei die konsolidierte fetale Herzfrequenz und der Wert fir
einen individuellen Zeitpunkt innerhalb der Vielzahl von Zeitpunkten als eine der vier Optionen bestimmt
wird, die aus der Gruppe ausgewahlt werden bestehend aus:

1. dem gewichteten Durchschnitt der berechneten Herzfrequenz aus den gefilterten fetalen N-EKG-

Signaldaten und den gefilterten PKG-Ausgaben fiir den individuellen Zeitpunkt, wenn die berechnete
Herzfrequenz aus den gefilterten fetalen N-EKG-Signaldaten und den gefilterten PKG-Ausgaben fiir

65



10

15

20

25

30

35

40

45

50

55

EP 3 270 774 B1

den individuellen Zeitpunkt um 10 Schldge pro Minute oder weniger abweicht, und wenn die Werte der
berechneten fetalen Herzfrequenz fiir den individuellen Zeitpunkt sowohl fir die gefilterten fetalen N-
EKG-Signaldaten als auch fur die gefilterten PKG-Ausgaben gliltig sind;

2. der berechneten Herzfrequenz mit dem niedrigeren Wert, wenn die berechnete Herzfrequenz aus
den gefilterten fetalen N-EKG-Signaldaten und den gefilterten PKG-Ausgaben fiir den individuellen
Zeitpunkt um mehr als 10 Schlage pro Minute abweicht, und wenn die Werte der berechneten fetalen
Herzfrequenz fir den individuellen Zeitpunkt sowohl fiir die gefilterten Daten der fetalen N-EKG-Signale
als auch fur die gefilterten PKG-Ausgaben glltig sind;

3. der berechneten Herzfrequenz, die den giiltigen Wert hat; und

4. keiner konsolidierten fetale Herzfrequenz und keinem konsolidierten Wert, wenn weder die berech-
nete Herzfrequenz aus den gefilterten fetalen N-EKG-Signaldaten noch die gefilterten PKG-Ausgange
einen gultigen Wert haben;

v. basierend auf der konsolidierten Herzfrequenz und den Werten fir die Vielzahl von Zeitpunkten tber
das bestimmte Zeitintervall, Erzeugen durch den mindestens einen Computerprozessor eines fetalen
Herzfrequenzwahrscheinlichkeitsnetzes;

vi. basierend auf dem fetalen Herzfrequenzwahrscheinlichkeitsnetz, Erzeugen einer geschéatzten fetalen
Herzfrequenz Uber das bestimmte Zeitintervall durch den mindestens einen Computerprozessor,

wobei die geschatzte fetale Herzfrequenz tiber das bestimmte Zeitintervall berechnet wird auf der Grundlage
(1) von Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschatzten fetalen
Herzfrequenz Giber das bestimmte Zeitintervall reprasentieren; und (2) von Kosten, die die gesamte Tortu-
ositat der geschatzten fetalen Herzfrequenz iber das bestimmte Zeitintervall reprasentieren.

Verfahren nach Anspruch 5,

wobei die Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschatzten fetalen Herz-
frequenz Uber das bestimmte Zeitintervall reprasentieren, und Kosten, die die gesamte Tortuositat der geschatzten
fetalen Herzfrequenz Uber das bestimmte Zeitintervall reprasentieren, von dem mindestens einen Computerpro-
zessor unter Verwendung dynamischer Programmierung durchgefiihrt werden.

Verfahren nach Anspruch 5 oder 6,
wobei jeder Wert des kumulierten Kostennetzes als eine Summe der fetalen Herzfrequenzwahrscheinlichkeit an
diesem Punktund des minimalen Pfades in seiner Nachbarschaftim vorherigen Schrittberechnetwird, basierend auf:

E(i,j)=e(i,j)+min(E(i-1,j-k)); k=-4:4

wobei e der Wert des fetalen Herzfrequenz-Wahrscheinlichkeitsnetzes ist; E die akkumulierten Kosten sind; i die
Zeit darstellt; und j Herzfrequenzwerte in der Nachbarschaft von +/-4 [bpm/Sekunde] darstellt.

Verfahren nach einem der Anspriiche 5 bis 7,

wobei die Kosten, die die fetalen Herzwahrscheinlichkeitsnetzwerte an jedem Punkt der geschatzten fetalen Herz-
frequenz Uiber das bestimmte Zeitintervall reprasentieren; und die Kosten, die die gesamte Tortuositat der geschatz-
ten fetalen Herzfrequenz liber das bestimmte Zeitintervall reprasentieren, von dem mindestens einen Computer-
prozessor unter Verwendung einer erschopfenden Suche durchgefiihrt werden.

Revendications

Systeme pour générer une estimation de I'activité cardiaque d’un foetus, comprenant :

- un systéme informatique spécifiquement programmé comprenant : au moins une machine informatique spé-
cialisée, comprenant : une mémoire non transitoire, stockant électroniquement un code de programme particulier
exécutable par ordinateur ; et au moins un processeur informatique qui, lorsqu’il exécute le code de programme
particulier, devient un processeur de calcul spécifiquement programmé qui est configuré pour au moins effectuer
les opérations suivantes :

i. recevoir une fréquence cardiaque foetale calculée pour une pluralité de points dans le temps sur un
intervalle de temps particulier a partir de données de N signaux foetaux d’électrocardiogramme (ECG) filtrés
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et une fréquence cardiaque foetale calculée pour une pluralité de points dans le temps sur un intervalle de
temps particulier a partir de sorties de phonocardiogramme (PCG) filtrées ;

ii. déterminer le score de la fréquence cardiaque foetale calculée pour la pluralité de points dans le temps
sur l'intervalle de temps particulier pour les signaux feetaux N-ECG filtrés ;

ii. déterminer le score de la fréquence cardiaque feetale calculée pour la pluralité de points dans le temps
sur l'intervalle de temps particulier pour les sorties PCG filtrées ;

iv. sur la base de la fréquence cardiaque fcetale calculée et du score pour une pluralité de points dans le
temps sur un intervalle de temps particulier a partir des données de signaux foetaux N-ECG filtrés, et de
la fréquence cardiaque fcetale calculée et du score pour une pluralité de points dans le temps sur un
intervalle de temps particulier a partir des sorties PCG filtrées, déterminer une fréquence cardiaque feetale
consolidée et un score pour la pluralité de points dans le temps sur l'intervalle de temps particulier, dans
lequel la fréquence cardiaque foetale consolidée et le score pour un point dans le temps individuel dans la
pluralité de points dans le temps sont déterminés comme I'une des quatre options choisies dans le groupe
constitué par :

a. la moyenne pondérée de la fréquence cardiaque calculée a partir des données de signaux foetaux
N-ECG filtrés et des sorties PCG filtrées pour le point dans le temps individuel, si la fréquence cardiaque
calculée a partir des données de signaux foetaux N-ECG filtrés et des sorties PCG filtrées pour le point
dans le temps individuel differe de 10 battements par minute ou moins et si les scores de la fréquence
cardiaque foetale calculée pour le point dans le temps individuel a la fois pour les données de signaux
foetaux N-ECG filtrés et les sorties PCG filtrées sont valides ;

b. la fréquence cardiaque calculée ayant le score le plus bas, si la fréquence cardiaque calculée a
partir des données de signaux foetaux N-ECG filtrés et des sorties PCG filtrées pour le point dans le
temps individuel differe de plus de 10 battements par minute et si les scores de la fréquence cardiaque
foetale calculée pour le point dans le temps individuel a la fois pour les données de signaux foetaux N-
ECG filtrés et les sorties PCG filtrées sont valides ;

c. la fréquence cardiaque calculée qui a le score valide ; et

d. aucune fréquence cardiaque foetale consolidée et aucun score, si ni la fréquence cardiaque calculée
a partir des données de signaux foetaux N-ECG filtrés ni les sorties PCG filtrées n’ont un score valide ;

v. sur la base de la fréquence cardiaque consolidée et des scores pour la pluralité de points dans le temps
sur l'intervalle de temps particulier, générer, par ledit au moins un processeur informatique, un maillage de
probabilité de fréquence cardiaque feetale ;

vi. sur la base du maillage de probabilité de fréquence cardiaque foetale, générer, par ledit au moins un
processeur informatique, une fréquence cardiaque foetale estimée sur I'intervalle de temps particulier,
dans lequel la fréquence cardiaque foetale estimée sur I'intervalle de temps particulier est calculée sur la
base (1) d’'un colt représentant des valeurs de maillage de probabilité de fréquence cardiaque foetale a
chaque point de la fréquence cardiaque foetale estimée sur l'intervalle de temps particulier ; et (2) d’un coat
représentant la tortuosité globale de la fréquence cardiaque foetale estimée sur l'intervalle de temps par-
ticulier.

Systeme selon la revendication 1,

dans lequel le colt représentant des valeurs de maillage de probabilité cardiaque foetale a chaque point de la
fréquence cardiaque feetale estimée sur I'intervalle de temps particulier et le colt représentant la tortuosité globale
de la fréquence cardiaque foetale estimée sur I'intervalle de temps particulier sont effectués, par ledit au moins un
processeur informatique, en utilisant une programmation dynamique.

Systeme selon la revendication 1 ou 2,
dans lequel chaque valeur du maillage de colt accumulé est calculée comme une somme de la valeur de maillage

de probabilité de fréquence cardiaque foetale a ce point et du chemin minimal a son voisinage a I'étape précédente,
sur la base de :

EGi,j) = e(i,j) + min(E(i—1,j-K)); k=-4:4

ou e est la valeur du maillage de probabilité de fréquence cardiaque fcetale ; E est le colit accumulé ;i représente
le temps ; et j représente les valeurs de fréquence cardiaque au voisinage de +/-4 [bpm/seconde].
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Systeme selon I'une des revendications 1 a 3,

dans lequel le colt représentant des valeurs de maillage de probabilité de fréquence cardiaque feetale a chaque
point de la fréquence cardiaque feetale estimée sur I'intervalle de temps particulier et le colt représentantla tortuosité
globale de la fréquence cardiaque feetale estimée sur l'intervalle de temps particulier sont effectués, par ledit au
moins un processeur informatique, en utilisant une recherche exhaustive.

Procédé mis en oeuvre par ordinateur comprenant les étapes consistant a :

a.recevoirdes données de signaux d’électrocardiogramme (ECG) bruts de ladite au moins une paire de capteurs
ECG ; dans lequel ladite au moins une paire de capteurs ECG est positionnée sur 'abdomen d’'une personne
enceinte ; dans lequel les données de signaux ECG bruts comprennent des données représentatives d’'un
nombre N de signaux ECG bruts (données de signaux N-ECG bruts) qui sont acquis en temps réel par ladite
au moins une paire de capteurs ECG ; effectuer un filtrage de signaux numériques des données de signaux
ECG bruts pour former des données de signaux N-ECG filtrés présentant des signaux N-ECG filtrés ; détecter
des pics cardiaques maternels dans chacun des signaux N-ECG filtrés dans les données de signaux N-ECG
filirés ; soustraire, de chacun des signaux N-ECG filtrés des données de signaux N-ECG filtrés, le signal ECG
maternel, en utilisant au moins une procédure de soustraction non linéaire pour obtenir des données de signaux
ECG corrigés qui comprennent des données représentatives d’'un nombre N de signaux ECG corrigés (données
de signaux N-ECG corrigés), dans lequel ladite au moins une procédure de soustraction non linéaire comprend
I'exécution itérative des opérations consistant a : i) diviser chaque signal N-ECG filtré de signaux N-ECG des
données de signaux N-ECG filtrés en une deuxieme pluralité de segments de signal ECG, 1) dans lequel chaque
segment de signal ECG de la pluralité de segments de signal ECG correspond a un intervalle de battement
d'un battement cardiaque complet, et 2) dans lequel chaque intervalle de battement est automatiquement
déterminé sur la base, au moins en partie, de la détection automatique d’'une valeur de départ et d’'une valeur
de décalage de cet intervalle de battement ; ii) modifier chacun de la pluralité de segments de signal N-ECG
filtrés pour former une pluralité de segments de signal N-ECG filtrés modifiés, dans lequel la modification est
effectuée en utilisant au moins un schéma d’optimisation inverse sur la base d’'un ensemble de parametres,
dans lequel les valeurs de 'ensemble de paramétres sont déterminées sur la base de I'exécution itérative des
opérations consistant a : 1) définir un modéle global sur la base d’un profil de battement cardiaque standard
d'un étre humain adulte ; 2) définir un ensemble de valeurs provisoires pour un modeéle local pour chaque
segment de signal N-ECG filtré ; et 3) utiliser au moins un schéma d’optimisation pour déterminer un modéle
adaptatif pour chaque segment de signal N-ECG filtré sur la base de la correspondance entre le modeéle local
et le modéle global dans la limite d’une valeur de similarité prédéterminée ; et iii) éliminer les segments modifiés
de chacun des signaux N-ECG filtrés, en soustrayant le modeéle adaptatif du signal N-ECG filtré, générant ainsi
chaque signal ECG corrigé ; extraire des donnée des signaux ECG foetaux bruts des données de signaux N-
ECGfiltrés sur la base des données de signaux ECG corrigés, dans lequel les données de signaux ECG feetaux
bruts comprennent un nombre N de signaux ECG foetaux (données de signaux foetaux N-ECG bruts) ; traiter
les données de signaux faetaux N-ECG bruts pour améliorer un rapport signal/bruit des signaux foetaux N-ECG
pour former des données de signaux foetaux N-ECG filtrés ; détecter des pics cardiaques foetaux dans les
données de signaux foetaux N-ECG filtrés ; calculer, sur la base des pics cardiaques foetaux détectés, au moins
'un des éléments suivants : i) la fréquence cardiaque feetale, ii) la courbe cardiaque feetale, iii) la fréquence
cardiaque feetale battement a battement ou iv) la variabilité de la fréquence cardiaque foetale ; et délivrer un
résultat de I'opération de calcul ;

b. recevoir, par au moins un processeur informatique exécutant des instructions programmables spécifiques
configurées pour le procédé, une pluralité d’entrées de données de signaux de phonocardiogramme (PCG)
d’'une pluralité de capteurs acoustiques ; effectuer un filirage de signaux numériques, par ledit au moins un
processeur informatique, en utilisant une pluralité de filtres passe-bande, de la pluralité d’entrées de données
de signaux PCG pour former une pluralité de sorties PCG filtrées, dans lequel la pluralité de filtres passe-bande
comprend un nombre L de filtres passe-bande, dans lequel chaque filtre passe-bande délivre un nombre K de
sorties PCG filtrées ; débruiter par ondelettes, par ledit au moins un processeur informatique, un premier sous-
ensemble de sorties PCG filtrées de la pluralité de sorties PCG filtrées pour former un nombre M de sorties
PCG filtrées débruitées, ou M est égal a L multiplié par K ; transformer, par ledit au moins un processeur
informatique, en utilisant une analyse en composantes indépendantes (ICA), un deuxiéme sous-ensemble de
sorties PCG filtrées de la pluralité de sorties PCG filtrées pour former le nombre M de transformées ICA filtrées ;
transformer, par leditau moins un processeur informatique, en utilisantI’'analyse en composantes indépendantes
(ICA), une premiere partie du deuxiéme sous-ensemble de sorties PCG filtrées débruitées pour former le nombre
M de transformées ICA filtrées débruitées ; compiler, par ledit au moins un processeur informatique, un nombre
S d’'une pluralité d’entrées de battements cardiaques de détection (DH), comprenant : i) le nombre M de sorties

68



10

15

20

25

30

35

40

45

50

55

EP 3 270 774 B1

PCG filtrées, ii) le nombre M de sorties PCG filtrées débruitées, iii) le nombre M de transformées ICA filtrées,
et iv) le nombre M de transformées ICA filtrées débruitées ; détecter, par ledit au moins un processeur infor-
matique, des emplacements de battements dans chacune des entrées DH ; calculer, par ledit au moins un
processeur informatique, un score de confiance qui décrit une probabilité que les battements dans chaque
entrée DH de la pluralité d’entrées DH représentent des battements cardiaques réels et non un bruit ; diviser,
par leditau moins un processeur informatique, la pluralité d’entrées DH en au moins deux groupes : i) un premier
groupe d’entrées DH contenant des battements cardiaques foetaux, ii) un deuxieme groupe d’entrées DH con-
tenant des battements cardiaques maternels ; sélectionner, par ledit au moins un processeur informatique,
dans le premier groupe d’entrées DH, au moins une entrée DH foetale particuliére qui contient le battement
cardiaque feetal sur la base d’un premier score de confiance de ladite au moins une entrée DH foetale particuliére ;
et sélectionner, par ledit au moins un processeur informatique, dans le deuxieme groupe d’entrées DH, au
moins une entrée DH maternelle particuliére qui contient le battement cardiaque maternel sur la base d’un
deuxiéme score de confiance de ladite au moins une entrée DH maternelle particuliere, et

c. effectuer les opérations suivantes sur les résultats des étapes a et b:

i. recevoir une fréquence cardiaque foetale calculée pour une pluralité de points dans le temps sur un
intervalle de temps particulier a partir de données de signaux foetaux N-ECG filtrés et une fréquence
cardiaque foetale calculée pour une pluralité de points dans le temps sur un intervalle de temps particulier
a partir de sorties PCG filtrées ;

ii. déterminer le score de la fréquence cardiaque feetale calculée pour la pluralité de points dans le temps
sur l'intervalle de temps particulier pour les signaux feetaux N-ECG filtrés ;

ii. déterminer le score de la fréquence cardiaque foetale calculée pour la pluralité de points dans le temps
sur l'intervalle de temps particulier pour les sorties PCG filtrées ;

iv. sur la base de la fréquence cardiaque fcetale calculée et du score pour une pluralité de points dans le
temps sur un intervalle de temps particulier a partir des données de signaux foetaux N-ECG filtrés, et de
la fréquence cardiaque feetale calculée et du score pour une pluralité de points dans le temps sur un
intervalle de temps particulier a partir des sorties PCG filtrées, déterminer une fréquence cardiaque feetale
consolidée et un score pour la pluralité de points dans le temps sur l'intervalle de temps particulier, dans
lequel la fréquence cardiaque foetale consolidée et le score pour un point dans le temps individuel dans la
pluralité de points dans le temps sont déterminés comme I'une des quatre options choisies dans le groupe
constitué par :

1. la moyenne pondérée de la fréquence cardiaque calculée a partir des données de signaux foetaux
N-ECG filtrés et des sorties PCG filtrées pour le point dans le temps individuel, si la fréquence cardiaque
calculée a partir des données de signaux foetaux N-ECG filtrés et des sorties PCG filtrées pour le point
dans le temps individuel differe de 10 battements par minute ou moins et si les scores de la fréquence
cardiaque foetale calculée pour le point dans le temps individuel a la fois pour les données de signaux
foetaux N-ECG filtrés et les sorties PCG filtrées sont valides ;

2. la fréquence cardiaque calculée ayant le score le plus bas, si la fréquence cardiaque calculée a
partir des données de signaux foetaux N-ECG filtrés et des sorties PCG filtrées pour le point dans le
temps individuel differe de plus de 10 battements par minute et si les scores de la fréquence cardiaque
foetale calculée pour le point dans le temps individuel a la fois pour les données de signaux foetaux N-
ECG filtrés et les sorties PCG filtrées sont valides ;

3. la fréquence cardiaque calculée qui a le score valide ; et

4. aucune fréquence cardiaque foetale consolidée et aucun score, si ni la fréquence cardiaque calculée
a partir des données de signaux foetaux N-ECG filtrés ni les sorties PCG filtrées n’ont un score valide;

v. sur la base de la fréquence cardiaque consolidée et des scores pour la pluralité de points dans le temps
sur l'intervalle de temps particulier, générer, par ledit au moins un processeur informatique, un maillage de
probabilité de fréquence cardiaque feetale ;

vi. sur la base du maillage de probabilité de fréquence cardiaque foetale, générer, par ledit au moins un
processeur informatique, une fréquence cardiaque foetale estimée sur I'intervalle de temps particulier,
dans lequel la fréquence cardiaque foetale estimée sur I'intervalle de temps particulier est calculée sur la
base (1) d’'un co(t représentant des valeurs de maillage de probabilité de fréquence cardiaque foetale a
chaque point de la fréquence cardiaque foetale estimée sur l'intervalle de temps particulier ; et (2) d’un coat
représentant la tortuosité globale de la fréquence cardiaque foetale estimée sur l'intervalle de temps par-
ticulier.
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Procédé selon la revendication 5,

dans lequel le colt représentant des valeurs de maillage de probabilité cardiaque feetale a chaque point de la
fréquence cardiaque feetale estimée sur I'intervalle de temps particulier et le colt représentant la tortuosité globale
de la fréquence cardiaque foetale estimée sur I'intervalle de temps particulier sont effectués, par ledit au moins un
processeur informatique, en utilisant une programmation dynamique.

Procédé selon la revendication 5 ou 6,

dans lequel chaque valeur du maillage de colt accumulé est calculée comme une somme de la valeur de maillage
de probabilité de fréquence cardiaque foetale a ce point et du chemin minimal a son voisinage a I'étape précédente,
sur la base de :

EG,j) =e(i,j) + min(E(i—1,j-K)); k=-4:4

ou e est la valeur du maillage de probabilité de fréquence cardiaque fcetale ; E est le colt accumulé ;i représente
le temps ; et j représente les valeurs de fréquence cardiaque au voisinage de +/-4 [bpm/seconde].

Procédé selon 'une des revendications 5a 7,

dans lequel le colt représentant des valeurs de maillage de probabilité de fréquence cardiaque feetale a chaque
point de la fréquence cardiaque foetale estimée sur I'intervalle de temps particulier et le colt représentantla tortuosité
globale de la fréquence cardiaque feetale estimée sur l'intervalle de temps particulier sont effectués, par ledit au
moins un processeur informatique, en utilisant une recherche exhaustive.

70



EP 3 270 774 B1

Figure 1

71




EP 3 270 774 B1

H
;
{
!

N

I SR
T e

e

N e
1

3

5

e

o

Noacae

Bt

3

i
e
™

o

iy
e,

it
I e,

\._.\\

#

B

Z 2inbi4

72



EP 3 270 774 B1

%

T T e g e st T

¢ ainbi4

73



EP 3 270 774 B1

B —— i, e
P T
ities

et

atimm, e e
Sttt

.. —r
e s

 21nbi14

74



EP 3 270 774 B1

O
N ,{N@w

apEs)
ATINPUOT

G 2inbi4

75






Figure 7

EP 3 270 774 B1

77



EP 3 270 774 B1

g 2inbi4

78



Figure 9

EP 3 270 774 B1

79



Figure 10

EP 3 270 774 B1

80



Figure 11

EP 3 270 774 B1

81



EP 3 270 774 B1

¢l @inbi4

82



Figure 13

EP 3 270 774 B1

83



Figure 14

EP 3 270 774 B1

84



Figure 15

EP 3 270 774 B1

&3 2 : : ] ¥

foeey

NN RSN

et 028,

3.
4
5

- e el R N y i oW
ﬁ w 5\“\\\\\\‘“““’“““““'v“"" o~ ﬁ mr §\ o
oy B . i
3 Q Q
£ 0 ]
B £ &
&) N o
w9 N
g B .
i
™ 3
h2aal R

DITLIIIIIIIY

X %
SRR

1

SV S ¥
§ §
Ry o
R
b N Rt e A
: 1 o 3 ..
o 3 ok et o e Q
: R - Sl G

L bkt

I : : 3
g i { § i : 5
Wy il o o 0 =5 ]

85



EP 3 270 774 B1

Ly

S,
oo,

e

s i o,

s
el i

i
£

e tpia,

(OO ks

iy 2

RN

2
o
td

2]

.

f

5

7 e
» : I

B

2 2 7 A 5

T T ST ) e rerassenssnisiy
oyt

j Rt ] hggﬂ.m

wy

ey

Y
&4

W
3
i

86



Figure 17

EP 3 270 774 B1

SR
T

NN b
¥
kY
kS
3
B
X
RS
ettt
N R
)
- w8
P

T
N

NN

4
5

¥

3

Senmay 1D

Sensor |D:

Sensor 1 GE

24

bty

Wrapen,

Snlrtienss,

%
%

,
§
H

RN

pea

AT

bl

AR

AN

87



EP 3 270 774 B1

g1 ainbi4

88



Figure 19

EP 3 270 774 B1

89



EP 3 270 774 B1

4U0L 1| WE

1081107 AIC]

0Z @Inbi

90



RN

R

anung

WgeL

EP 3 270 774 B1

L @Inbi

91



EP 3 270 774 B1

5 \..m‘.

3
i

o

£
.M.“x &
i
H
i k
1] ‘- o,
;4
]
W £

c

Z 2inbi4

92



EP 3 270 774 B1

e it
s .,

1

N BT

el

LT

€2 9Inbi

93



¥ AL

SR

EP 3 270 774 B1

LS

94

¢ 2inbi-



EP 3 270 774 B1

AL 8 ey,
it
#

It bttt 0,

s N

2

T PCHITES

R
¥

s

F

n— P43

] _m
—

H ,
i ",

yooseqpesssssssiagesese

I,
vy
i LI
i i
;i |
[ I
] §ofgd
; & e P
JE S S

GZ @inbi4

95



EP 3 270 774 B1

ey

(DN} Jo5UBS
21315N00Y

sUOD Winuiin|y

9g ainbi4

96



EP 3 270 774 B1

Figure 27

97



Figure 28

EP 3 270 774 B1

24
AR

N 3

98




EP 3 270 774 B1

Figure 29

99



0¢ ainbi4



EP 3 270 774 B1

L 02 8L 4l

{puonasy e

oy

Pl Z4 0L 80 80 b0 20

LELP

1y

W

=t __m@wwmh

¥ ] ¥ 1

190y

] L0k

o

5
o0

4 e

R

L va

L€ @b

101



EP 3 270 774 B1

Figure 32
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Figure 33
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Figure 49
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