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SYSTEM AND METHOD FOR NON-INVASIVE EXTRACTION OF FETAL
ELECTROCARDIOGRAM SIGNALS

TECHNICAL FIELD

[0001] This invention relates generally to patient monitoring, and in particular to monitoring

fetal electrocardiogram (ECG) signal.

BACKGROUND
[0002] Monitoring of electrocardiogram signals is utilized in a variety of applications for
assessing the health of patients. Throughout the pregnancy, the ECG of the mother may be
monitored to assess the health of the mother. However, there is generally no mechanism for
monitoring the ECG of the fetus (referred to herein as the FECG). During labor, the ECG of the
fetus may be monitored via invasive methods, such as coupling an electrode onto the scalp of the
fetus to allow monitoring. However, it would be beneficial to develop a system and method of

non-invasively monitoring the FECG signal throughout the pregnancy as well as during labor.

BRIEF DESCRIPTION OF THE DRAWINGS
[6603] Figure 1 is a diagram illustrating placerent of a first plurality of electrodes at a first
location of the patient and a second plorality of electrodes at a second location of the patient
according to an embodirnent of the present invention.
[0004] Figure 2 is a block diagram of a processing system utilized to monitor first and
second electrocardiogram signals and extract the fetal ECG (FECG) from the monitored first and
second electrocardiogram signals according to an embodiment of the present invention.
[6005] Figure 3 is a flowchart illustrating processing of the monitored first and second
electrocardiogram signals to extract the FECG signal according to an embodiment of the present
invention.
[6306] Figure 4 is a flowchart illustrating processing of the monitored first and second
electrocardiogram signals to extract the FECG signal according to another embodiment of the
present invention.
FB37 Figure 5 is a flowchart illustrating the combination of a plurality of recovered FECG

signals according to an embodiment of the present invention.
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[3008] Figure 6 is a visual representation of determining the common support from the
identified support in each of the plurality of estimated FECG signals according to an
embodiment of the present invention.

[G009] Figure 7 is a visual representation of the weighted linear combination of the plurality
of estimated FECG signals according to an embodiment of the present invention.

(0016 Figure 8 illustrates ECG signals measured with electrodes located on a patient’s chest
according to an embodiment of the present invention.

[6011] Figure 9 illustrates the ECG signals measured with electrodes located on a patient’s
abdomen according to an embodiment of the present invention.

[6012] Figure 10 illustrates the plurality of measured abdominal ECG signals and plurality of
estimated fetal ECG signals for each of the plurality of abdominal ECG sensors.

[0013] Figure 11 illustrates the plurality of estimated FECG signals as a result of dual-
dictionary framework and filtering of the plurality of FECG signals according to an embodiment
of the present invention.

[0014] Figure 12 illustrates the combination of the plurality of estimated FECG signals into a
single estimate of the FECG source signal as compared to the plurality of ECG signals monitored

by the plurality of ECG sensors located on the patient’s abdomen.

DETAILED DESCRIPTION
[8015] This disclosure describes a system and method of extracting the FECG signal from
abdominal ECG recordings of the mother by exploiting the support similarities between ECG
recordings represented in the sparse domain. In one embodiment, this disclosure utilizes a
multiple measurement vector (MMV) approach to estimate the component of the mother’s ECG
signal (MECG) measured by ECG sensors (in one embodiment, by ECG sensors adhered to the
mother’s abdomen). Having estimated the MECG component present in the monitored ECG
signal, the MECG component can be subtracted to isolate the fetal ECG component (FECG). In
embodiments in which a plurality of sensors are utilized and an FECG signal is extracted with
respect to each ECG sensor, the plurality of extracted FECG components may be combined by

once again utilizing the support similarities between the signals.

[G6016] Figure 1 is a diagram illustrating placement of first plurality of electrodes and second
plurality of electrodes onto a pregnant patient according to an embodiment of the present
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mvention. In the emwbodiment shown in Figure I, patient P is outfitted with first plurality of
electrodes 100a, 100b and 100c, and second plurality of electrodes 1{2a, 102b, and 102c. In the
embodiment illustrated herein, first plurality of electrodes 10{a, 100b, and 10{0c are adhered to
the chest of patient P, while second plurality of electrodes 102a, 102b are adhered to the
abdomen of patient P. While the embodiment shown in Figure 1 utilizes a three electrodes at
each location (e.g., chest and abdomen), in other embodiments a different plurality of electrodes
may be utilized at each location. In addition, while the term “electrode” is utilized with respect
to Figure 1, in other embodiments the electrodes may be referred to as ECG monitoring devices.
In addition, while in the embodiments shown in Figure 1 the electrodes or ECG monitoring
devices are adhered to the skin of the patient P, in other embodiments the electrodes may be
located subcutaneously. In other embodiments, the plurality of electrodes may be embedded in
fabric/clothing to enable a wearable embodiment.

00171 With respect to the first plurality of electrodes 100a, 100b, 100c (referred to herein as
“chest electrodes” due to their location in this embodiment), chest ECG signals are monitored.
Likewise, with respect to the second plurality of electrodes 102a, 102b, and 102c (referred to
herein as “abdominal electrodes”), abdominal ECG signals are monitored. In other
embodiments, the first and second plurality of electrodes may be placed at different locations on
patient P. However, a benefit of locating the first plurality of electrodes 100a, 100b, and 100c on
the chest of patient P is that the monitored chest ECG signals are representative of the MECG
signal. The abdominal ECG signals — due to the proximity to the fetus - will contain components
of both the MECG and FECG signal. Monitored ECG signals are provided to ECG processing
system 104 for processing, which includes extraction of FECG signal associated with the fetus.
Processing may also include extraction of the MECG signal.

(B8] As discussed in more detail below, ECG processing system 104 may include a
combination of hardware and software for processing the received ECG signals. Hardware may
include analog circuitry, digital circuitry and/or microprocessors capable of executing software
(e.g., CPU, GPU, etc.). In general, ECG processing system 104 utilizes the chest ECG signals to
learn a dictionary of symbols utilized to represent the MECG signal in the sparse domain.
Having learned the suitable dictionary of symbols, the abdominal ECG signals can be projected
onto the dictionary to obtain a sparse representation of the MECG component of the monitored

abdominal ECG signals. Subsequently, a sparse signal estimation framework (e.g., multiple
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measurement vector (MMYV) framework) utilizes common support (i.e., similarities) between the
MECG components of the monitored abdominal ECG signals in order to estimate and
reconstruct the time domain representation of the MECG component present in each of the
abdominal ECG signals. Subsequently, the MECG component can be subtracted or removed
from the abdominal signal, leaving the FECG component of each monitored abdominal ECG
signal. The FECG signals extracted from each monitored abdominal ECG signal can be further
processed using a sparse signal estimation framework and the same joint support characteristics
that exist between the plurality of estimated FECG signals to infer a single, and more accurate
estimate of the FECG signal. This may include operations to combine the FECG component
estimated with respect to each monitored abdominal ECG signal. The signal processing utilized
18 discussed in more detail with respect to Figures 3-5, below.

[6019] Figure 2 is a block diagram of a processing system utilized to monitor first and
second electrocardiogram signals and extract the fetal ECG (FECG) from the monitored first and
second electrocardiogram signals according to an embodiment of the present invention. In the
embodiment shown in Figure 2, ECG processing system 104 includes analog-to-digital converter
(ADC) 200, filter 202, processor 204, and computer-readable memory 206.

(0026 In the embodiment shown in Figure 2, chest ECG signals and abdominal ECG signals
are received by ECG processing system 104, although as discussed above in other embodiments,
additional ECG signals may be received and ECG signals need not necessarily be located on the
patient’s chest and abdomen. In the embodiment shown in Figure 2, the chest ECG signals are
measured by electrodes 100a, 100b, and 100c. Because the ECG signal is monitored at the
patient’s chest, the predominant factor in the monitored chest ECG is the cardiac activity of
patient P (i.e., the MECG signal). The abdominal ECG signals are monitored by electrodes
102a, 102b, and 102c. Due to the location of electrodes 102a, 102b, and 102c, the abdominal
ECG signals contain elements of both the MECG and FECG signals.

[B3213 In the embodiment shown in Figure 2, ADC 200 converts the analog ECG signals to a
digital representation. Filter 202 filters the signals and provides the filtered signals to processor
204 (e.g., CPU, GPU, etc.). In one embodiment, processor 204 receives the plurality of chest
and abdominal ECG signals and executes instructions stored on non-transitory computer
readable memory 204 to implement steps for extracting the FECG signal from the received

plurality of ECG signals. Extraction of the FECG signal may also include extraction of the
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MECG signal. Figures 3-5 provide additional details regarding steps and functions implemented
by processor 204 to extract the FECG signal from the first and second received ECG signals.
[8022] Having extracted the FECG and/or MECG signals, ECG processing system 104
provides them as an output to display 208, monitoring station 210, and/or alarm 212. In one
embodiment, display 208 is a digital display or screen that provides a visual representation of the
FECG and/or MECG signal. This may include the representation of each beat as well as various
values/parameters such as heart rate extracted from the FECG and/or MECG signals.

[6023] Monitoring station 210 may include a local monitoring station such as a nurse’s
station, or a remote monitoring station. Alarm 212 may be a visual or auditory alarm, and be
located locally or remotely. For example, in one embodiment, alarm 212 may be located at
monitoring station 210 to alert health care providers (e.g., doctor, nurse) that a FECG indicates a
heart rate below or above a desired threshold. In one embodiment, one or more of display 208,
monitoring station 210 or alarm 212 may be implemented via a smartphone or similar handheld
device wireless coupled to ECG processing system 104. In one embodiment, the smartphone or
similar device may be utilized to record monitored ECG and FECG signals over a period of time,
and may also communicated monitored ECG and/or FECG signals, or data collected via
processing of these signals, to a physician as necessary. Communication between ECG
processing system 104 and the smartphone or handheld device may be via wireless means (e.g.,
WiFi, Bluetooth, etc.).

[6024] Figure 3 is a flowchart illustrating processing of the plurality of chest and abdominal
ECG signals to extract the FECG signal according to an embodiment of the present invention. At
step 302, one or more chest ECG signals are monitored. As discussed above, in this embodiment
the ECG signal is monitored at the patient’s chest, but in other embodiments may be monitored
at other satisfactory locations.

[(325] At step 304, a plurality of abdominal ECG signals are monitored. As discussed
above, in this embodiment ECG monitoring is provided on the patient’s abdomen due to the
proximity to the fetus, but in other embodiments the ECG sensors may be located at another
location on the patient that results in the monitored ECG signal including the FECG component.
In one embodiment, the plurality of chest ECG signals are monitored contemporaneously with

the plurality of abdominal ECG signals. In other embodiments, the plurality of chest ECG
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signals may be monitored independent of the plurality of abdominal ECG signals as discussed
below.

[6026] At step 306, an MECG dictionary of symbols Wy, are defined based on the chest ECG
signals. Although in this embodiment ECG signals are monitored at the patient’s chest, any
location in which an accurate representation of the mother’s ECG signal can be obtained would
be desirable. In particular, by monitoring at the patient’s chest, the proximity of the sensors to
the mother’s heart results in the monitored ECG signals providing a good representation of the
MECG signals. In addition, because the sensors are not located very close to the fetus, the
FECG component of the monitored ECG signals is insignificant and may be modeled as noise.
In this way, the MECG dictionary is defined and can be utilized in subsequent steps to efficiently
and accurately represent the MECG signal in a sparse domain.

[G027] At step 308, the second plurality of ECG signals are projected onto the MECG
dictionary defined at step 306 to estimate MECG components in the second plurality of ECG
signals. In one embodiment, the projection utilizes a sparse signal estimation framework such as
a multiple measurement vector (MMV) framework to obtain a sparse representation of the
MECG component associated with each of the second plurality of ECG signals. The MMV
framework is also utilized to reconstruct the sparse representation of the MECG components into
time domain representations of the MECG component included in the second plurality of ECG
signals.

[6028] At step 310, having estimated the MECG component included in each of the plurality
of abdominal ECG signals, the estimated MECG components are subtracted from the plurality of
abdominal ECG signals to isolate the FECG components associated with each abdominal ECG
signal. As discussed in more detail with respect to Figure 4, this may include providing further
filtering of the plurality of FECG components. For example, in one embodiment, the plurality of
FECG components and shared support between the plurality of FECG components are utilized in
a multiple measurement vector (MMV) framework utilizing a second dictionary of symbols in
order to minimize the effects of distortion.

(60291 At step 312, the plurality of FECG components are combined to generate a
representation of the FECG source signal. As discussed in more detail with respect to Figure 5,
in one embodiment this includes scaling and aligning of the plurality of FECG signals, and

calculating a residual error that quantifies the quality of the signals estimated from each signal.
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Once again, common support between the plurality of measured FECG signals can be
determined and utilized to combine the plurality of FECG signals into a signal representation of
the FECG source signal.

(6336 Figure 4 describes in more detail the steps utilized to extract the FECG signal from
the plurality of abdominal ECG signals. Figure 5 describes in more detail the steps utilized to
combine the plurality of individual FECG estimates into an estimate of the FECG source signal.
[8031] Figure 4 is a flowchart illustrating processing of the monitored first and second
electrocardiogram signals to extract the FECG signal according to another embodiment of the
present invention. In particular, Figure 4 illustrates additional details regarding steps utilized to
extract the FECG signal according to an embodiment of the present invention.

[8032] The embodiment described with respect to Figure 4 formulates the problem as a joint
estimation of the fetal ECG signal. To this end, the MECG signal ‘m’ is a sparse domain using
an over-complete dictionary Wy, which can be expressed as follows:

m = Pydy (1)
where dy is a sparse vector of coefficients used for representing the MECG signal in the sparse
domain given by the basis elements for the matrix Wy. The MECG signal m is measured
directly using electrodes placed on the chest of the patient, and can be expressed as follows:

yljv[ =m+w (2)
wherein 3’1{/.1 is the ECG recording monitored at the j* sensor, w! is the additive white Gaussian
noise in the mweasarement recorded from the /™ chest sensor.

Cornbing equations (1) and (2) provides the following:

Yar = Pudy + W 3)
100331 In contrast, the ECG signals recorded on the patient’s abdomen represent a
combination of the MECG signal m superimposed with the fetal ECG signal f and noise n'.
Mathematically, this is expressed as follows:

y,=m+f+ni “)
wherein yil is the ECG signal monitored at the i abdominal sensor for I = 1, 2, ..., N and
wherein ' is additive white Gaussian noise in the measurement from the corresponding sensor.
The attenuation of the MECG signal as it travels from the chest of the patient towards the

abdomen is assumed negligible and is therefore ignored in the above formulation. As a result,
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the problem of extracting the FECG signal from the abdominal recordings is converted to
estimating the MECG signal component and eliminating it, along with the noise and distortions
to recover the FECG component.
[(4034] At step 402, ECG signals are monitored at two or more locations, including at least a
first ECG signal and a second ECG signal. In one embodiment, the first ECG signal is
monitored at the patient’s chest (as discussed above, and labeled ya) and the second ECG signal
is monitored at the patient’s abdomen (labeled y4). As discussed above, in some embodiments a
first plurality of ECG signals may be monitored at the patient’s chest and a second plurality of
ECG signals may be monitored at the patient’s abdomen.
[G635] At step 404, a dictionary of symbols Wy, representing the MECG signal in the sparse
domain are determined based on the ECG signals y» monitored at the patient’s chest. In one
embodiment, a k-means clustering (K-SVD) dictionary learning algorithm is utilized with the
ECG signals ym serving as the training set to define the MECG dictionary Wy,.
[6036] At step 406, having defined the dictionary of symbols Wy, the abdominal ECG signal
ya is projected onto the MECG dictionary Wy, expressed as:
Dy = MMV (Y 4, Wy) (5)

The projection of the abdominal ECG signal onto the MECG dictionary provides a sparse
representation of the MECG component. The estimation problem in the sparse domain is
defined as estimating the set of vectors Dy = [ci}v,, dz, ..., c?,’l\,’,] that correspond to the set of
abdominal measurements Ya. The FECG signal is consider as noise for the purpose of this step
and can be modeled as such.
{00371 At step 408, once the set of coefficient vectors EM are estimated, then the MECG
signal can be reconstructed as present at the patient’s abdomen based on the dictionary of
symbols Wy and coefficient vectors Dy,. Mathematically this is represented as follows:

M = ¥y Dy (6)
[G638] At step 410, having reconstructed the MECG component present at the patient’s
abdomen, the reconstructed MECG signal M is subtracted from the abdominal ECG signal Ya as
provided below.

F=v,-M (73
wherein M = [ml, m?, ..., ﬁ'lN] and F = [fl,fz, ...,fN] represent the mother and fetal ECG signal

estimates received from each of the N abdominal sensors, respectively.
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[4039] While the signal F represents the fetal ECG signal estimate, this estimate will
typically contain high levels of noise and distortion. At steps 412 and 414, noise and distortion in
the signal is minimized by applying a second dictionary framework. In the embodiment shown
in Figure 4, at step 412 a dictionary of wavelet basis elements Wyapeter 18 selected to ensure that
only the signal values representing the fetal ECG signals are preserved in the sparse domain
while the effects of distortion are minimized. At step 414, the coefficients D selected for sparse
representation in the wavelet domain are used to generate a distortion free version of the fetal
ECG signal, represented as:
Froisy = PwavetetDr (&

{30481 At step 416, the estimated fetal ECG signal F, 445, 18 passed through a low-pass filter
F = LPF (Frpisy) (9
wherein F = [f y f L £y represent the final FECG signal estimates from the individual
abdorinal sensors. In this way, FECG signal estimates are generated based on a plurality of
ECG signal monitored on the patient’s chest and abdomen.
[0041] Figure 5 is a flowchart that illustrates the combining of fetal ECG signal estimates
according to an embodiment of the present invention. In general, the combination of fetal ECG
signal estimates includes making a determination of the quality of each of the plurality of
estimates, and using those quality determinations to weight each of the plurality of FECG
signals. The assigned weights are utilized in the linear combination of the plurality of FECG
signals. In addition, the combination of individual sensors relies on the support for each of the
individual sensor estimates to be common.
[0042] In one embodiment, at step 502, FECG and MECG signal estimates are scaled and
aligned such that their combinations regenerates close replicas of the observed abdominal ECG
(AECQG) signal. In one embodiment, scaling and alignment relies on defining a residual error for
each i abdominal sensor, which is defined as:

R = 19k~ il (10)
where,

94 = a.Shift(m', 1) + B.Shift(fi, 1)

where a and f are the scaling coefficients and 7; and 7,specify the amount by which the

estimated MECG signal m‘ and FECG signal f! are shifted using the operator Shift(.),
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respectively. In this way, yj represents the combination of the estimated FECG signal and
estimated MECG signal at each abdominal sensor (i.e., the estimated abdominal signal), wherein
the residual error R’ quantifies the error between the estimated abdominal signal and the
measured abdominal signal.

[0043] At step 504, the residual error is minimized for each individual sensor estimate. For

example, in one embodiment the problem can be formulized as follows:

min_[|RY]| (10)

a,B,T17T,

for each i sensor. This equation is solved by constructing a search space over a limited range of
values for each of the variables a, B, 1, and 12 to find the combination yielding the least residual
error. In this embodiment, the residual error helps determine the quality of the signals estimated
from each sensor collecting ECG data, which as described below is utilized to determine the
weights to be assigned to each estimated FECG signal. The residual error is inversely related to
the reconstruction quality and hence can be used to determine the weights for the linear

combination as

However, for the sum of weights to equal unity (i.e., one), each weight is normalized as
_ /i
1/R1 + 1/R2 + .. 1/RN

Wi

In this way, at step 506 the normalized weights for linear combinations are calculated.

[0044] At step 508, common support vectors Sq are calculated. In one embodiment, the
determination of the common support may be made using the MMV method. However, in some
embodiments the MMV method may provide imperfect common due to small non-zero values at
different locations of the estimated vector. In some embodiments, due to the imperfect common
support provided, the sensor estimates may be projected onto a domain represented by a simple
identify matrix ¥; and only those values corresponding to the support locations that are common
to all vector of coefficients d', d%, ..., dY are retained, while setting the rest to zero. A visual

representation of this process is illustrated in Figure 6, in which the intersection of a plurality of
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support vectors S, S3, S3,.., SY are shown to obtain Ss, which can be expressed
mathematically as
Sq=8Sinsi.nsY

[0045] At step 510, the combined FECG signal is reconstructed in the time domain. In one
embodiment, the reconstructed signal is a function of the common support Sq calculated at step
506 and the normalized weights W', which is expressed mathematically as

feompinea = W1 * Wtd§, + W2dZ, + -+ WVd,
wherein the coefficients dé , for the i™ signal have non-zero values only at the support locations
given by Sa. A visual representation of this step is illustrated in Figure 7, which illustrates the

weighted linear combination of the individual FECG signal estimates.

[0046] Figures 8 — 17 illustrate experimental results associated with methods of the present
invention. Results are based on an embodiment, in which the recorded ECG dataset is comprised
of 5 seconds of ECG recordings sampled at a rate of 500 Hz. Furthermore, the experiment relies
on three ECG sensors located on the patient’s chest to record ECG signals (i.e., three chest ECG
signals), and three ECG sensors located on the patient’s abdomen to record ECG signals (i.e.,
three abdominal ECG signals).

[0047] Figure 8 illustrates the ECG signals recorded with respect to the patient’s chest. Due
to the proximity of the sensors to the patient’s heart, the chest ECG signals are representative of
the mother’s ECG signal (i.e., MECG). In this embodiment, the MECG dataset is divided into
smaller signals using windows of 0.25 second durations that are used as the training set to
generate the MECG dictionary of symbols Wy for representing the mother’s ECG signal in the
sparse domain. In this embodiment, the total number of training signals from the three
electrodes is sixty (60), which are then used to generate the dictionary of thirty (30) linearly
independent basis elements using the K-SVD algorithm.

[0048] Figure 9 illustrates the ECG signals recorded with respect to the patient’s abdomen.
Due to the proximity of the sensors to the fetus, the abdominal ECG signals include a
components representative of both the mother’s ECG signal (MECG) and the fetal ECG signal
(FECG), along with noise and other interference sources.

[0049] Figure 10 illustrates the abdominal ECG recorded and recovered fetal ECG for each
of the plurality of abdominal ECG sensors. The abdominal ECG signal monitored by each

11
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sensor is represented by the blue line and the recovered fetal ECG signal is illustrated by the red
line. The recovered fetal ECG signal is generated via application of using the first of the
dictionary frameworks to eliminate the MECG signals through sparse domain representation
(see, for example, steps 402-410 in Figure 4). In this particular embodiment, the method
includes projecting the abdominal ECG recordings onto the dictionary Wy using a M-SABMP
algorithm and subtracting the reconstructed MECG signals from the original abdominal ECG
signals. In the example illustrated, a sparsity rate of 25% is used with the M-SABMP algorithm
for this step. However, as discussed previously, the individually extracted and reconstructed
FECG signals suffer from noise and distortion issues.

[0050] To reduce the noise and distortion issues, a second dictionary framework is applied
by projecting the recovered FECG signals onto a wavelet dictionary comprised of shifted
Kronecker delta functions and reconstructing the distortion minimized FECG signal along with
low-pass filtering of the FECG signal (see, for example, steps 412-416). The results in this
example indicate a minimization of distortion effects using as little as 4% of the basis elements
from the wavelet dictionary.

[0051] Figure 11 illustrates the plurality of individual FECG signals recovered after
completion of all steps described, for example, with respect to Figure 4. Once again, the
abdominal ECG signals monitored by the plurality of ECG sensors are illustrated in blue while
the plurality of recovered FECG signals following application of the dual-dictionary framework
and subsequent filtering are illustrated in red.

[0052] Figure 12 illustrates the combination of the plurality of FECG signals into a single
FECG signal and compares the combined estimate of the FECG signal with the plurality of ECG
signals monitored by the plurality of ECG sensors (abdominal). Once again, the abdominal ECG
signals monitored by the plurality of ECG sensors are illustrated in blue while the combined
FECG signal — which is compared to each of the plurality of abdominal ECG signals — is
illustrated in red. In particular, while the embodiment shown in Figure 11 illustrated that each of
the plurality of recovered FECG signals may differ slightly, the combination of the plurality of
FECG signals results in a single estimate of the recovered FECG signal.

[0053] In one embodiment, the combination of the plurality of recovered FECG signals is
provided as described with respect to Figure 5. For example, this may include calibrating the

scales and alignment (e.g., normalized weights) of the plurality of recovered FECG signals such
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that the residuals between the observed and reconstructed abdominal signals are minimized.
Common support for all sensor estimates are determined, for example, using the M-SABMP
algorithm and the weights obtained from the residual calculation are used to combine the
individual sensor estimates to provide the final estimate of the FECG source signal. As
illustrated in the example shown in Figure 12, the combined FECG estimate successfully
removes the MECG components of the monitored ECG signals and reduces noise and
distortions, providing a very clean and accurate estimate of the FECG source signal.

[0054] While the invention has been described with reference to an exemplary
embodiment(s), it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the scope
of the invention. In addition, many modifications may be made to adapt a particular situation or
material to the teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular embodiment(s)
disclosed, but that the invention will include all embodiments falling within the scope of the

appended claims.
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CLAIMS:
L. A method of estimating fetal electrocardiogram (FECG) signals and distinguishing from
a mother’s electrocardiogram (MECG) signals, based on a plurality of abdominal ECG signals
measured by electrodes configured to be located on a mother’s abdomen, the method comprising:
defining an MECG dictionary of symbols;
projecting the plurality of abdominal ECG signals onto the MECG dictionary of symbols
to estimate MECG signals within the plurality of abdominal ECG signals;
subtracting the estimated MECG signals from the plurality of abdominal ECG signals to
generate a plurality of estimated FECG signals; and
combining the plurality of estimated FECG signals to generate a representation of the

estimated FECG signal.

2. The method of claim 1, wherein defining the MECG dictionary of symbols includes
utilizing a plurality of chest ECG signals representative of the MECG signal to learn the MECG

dictionary of symbols.

3. The method of claim 1, wherein projecting the plurality of abdominal ECG signals onto
the MECG dictionary of symbols to estimate MECG signals within the plurality of abdominal
ECG signals includes utilizing a multiple measurement vector (MMYV) framework to estimate

MECG components in a sparse domain.

4. The method of claim 3, wherein projecting the plurality of abdominal ECG signals onto
the MECG dictionary of symbols to estimate MECG signals within the plurality of abdominal
ECG signals further includes reconstructing the estimated MECG components in a time-domain

using a MMV reconstruction algorithm.

5. The method of claim 1, wherein combining the plurality of estimated FECG signals
includes:
quantifying a quality of each of the plurality of estimated MECG signals and each of the
plurality of estimated FECG signals; and

14
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linearly combining the plurality of estimated FECG signals based, in part, on the
quantified quality of the plurality of estimated MECG signals and the plurality of
estimated FECG signals.

6. The method of claim 1, further including:
defining a dictionary of FECG symbols representing estimated FECG signals in a sparse
domain; and

reconstructing the estimated FECG signals from the sparse domain.

7. The method of claim 1, wherein the method is non-invasive.

8. A system for estimating fetal electrocardiogram (FECG) signal, the system comprising:

a first plurality of electrodes connected to measure a first plurality of ECG signals;

a second plurality of electrodes connected to measure a second plurality of ECG signals;
and

an ECG processing system configured to receive the first plurality of measured ECG
signals and the second plurality of measured ECG signals, wherein the ECG
processing system defines a MECG dictionary of symbols representing the
mother’s ECG based on the first plurality of measured ECG signals, and projects
the second plurality of measured ECG signals onto the MECG dictionary to
estimate MECG signals within the second plurality of measured ECG signals,
subtracts the estimated MECG signals from the second plurality of measured
ECG signals to obtain a plurality of estimated FECG signals, wherein the plurality
of estimated FECG signals are combined to generate a representation of the

estimated FECG signal.

9. The system of claim 8, wherein the first plurality of electrodes and the second plurality of

electrodes are included as part of a wearable system.

15
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10. The system of claim 8, further including an external device wirelessly coupled to the
ECG processing system to receive information regarding the estimated FECG signal extracted by

the ECG processing system.

1. The system of claim 10, wherein the external device is a smartphone.

12. The system of claim 10, wherein the external device displays the extracted FECG source
signal, communicates data/alerts to a physician/caregiver, records the extracted FECG source

signal, and/or analyzes the extracted FECG source signal.

13. The system of claim &, wherein the ECG processing system utilizes a multiple
measurement vector (MMV) framework to projects the second plurality of measured ECG

signals onto the MECG dictionary to estimate MECG components in a sparse domain.

14. The system of claim 13, wherein the ECG processing system reconstructs the estimated
MECG components in a time-domain using a MMV reconstruction algorithm.

16
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