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(57) ABSTRACT

A method for processing cardiac signals includes accepting,
from a sensor system, a set of one or more signals, the signals
including components of a desired cardiac signal and com-
ponents of a substantially periodic interfering signal. The
method is applicable for extraction of desired fetal cardiac
signals from signals with interference from the maternal car-
diac signal. A periodicity of the interfering signal is deter-
mined, and one or more iterations of mitigating an effect of a
component of the signals that exhibit periodicity at the deter-
mined periodicity of the interfering signal are performed. In
some examples, the method further includes determining a
periodicity of the desired cardiac signal, and performing one
or more iterations of enhancing an effect of a component of
the signals that exhibit periodicity at the determined period-
icity of the desired cardiac signal.
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EXTRACTION OF FETAL CARDIAC
SIGNALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. application
Ser. No. 12/624,175, filed Nov. 23, 2009, which claims pri-
ority to U.S. Provisional Application Ser. No. 61/116,870,
filed Nov. 21, 2008, the contents of which are incorporated
herein by reference.

BACKGROUND

[0002] This invention relates to extraction of fetal cardiac
signals from signals acquired from a subject.

[0003] Monitoring of fetal cardiac signals can be difficult
due to the presence of both maternal and fetal cardiac signals
in raw signals acquired from a subject, as well as a relatively
low fetal signal level relative to the maternal signal and other
noise sources. One approach to acquiring fetal cardiac signals
involves the use of electrodes, such as surface electrodes
positioned on the maternal abdomen, which may provide
lower signal to noise levels as compared to invasive
approaches to acquiring fetal signals (such as using fetal scalp
electrodes).

SUMMARY

[0004] Inageneral aspect, a method for processing signals
includes accepting, from a sensor system, a set of one or more
signals. The signals include components of a desired signal
and components of a interfering signal having a periodicity.
The method further includes determining, by a processing
engine, the periodicity of the interfering signal; and perform-
ing, by the processing engine, one or more iterations of miti-
gating an effect of a component of the signals that exhibits
periodicity at the determined periodicity of the interfering
signal to form a processed signal.

[0005] Embodiments may include one or more of the fol-
lowing. The method includes providing the processed signal
to a display system.

[0006] The interfering signal includes at least one of a
substantially periodic and a pseudo periodic signal. Deter-
mining the periodicity of the interfering signal includes deter-
mining a time varying period of said signal. The method
includes determining a periodicity of the desired signal and
performing one or more iterations of enhancing an effect ofa
component of the signals that exhibits periodicity at the deter-
mined periodicity of the desired signal.

[0007] The desired signal is a cardiac signal. The interfer-
ing signal includes a second cardiac signal. The periodicity of
the interfering signal comprises a quantity characterizing a
heartbeat period of the second cardiac signal. The quantity
characterizing the heartbeat period of the second cardiac sig-
nal comprises an estimated R-R interval. The desired cardiac
signal comprises a fetal cardiac signal and the interfering
signal comprises a maternal cardiac signal. The desired car-
diac signal comprises a cardiac signal of a first fetus and the
interfering signal comprises a cardiac signal of a second fetus.
The interfering signal further includes a maternal cardiac
signal.

[0008] Mitigating the effect of a component of the signals
that exhibit periodicity at the determined periodicity of the
interfering signal includes identifying a relative contribution
of the component of the signals that exhibit periodicity at the
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determined periodicity; and processing the signals according
to the identified relative contribution. Identifying the relative
contribution of the component of the signals that exhibit
periodicity at the determined periodicity includes computing
a generalized eigenvalue based on correlation of the signals at
the determined periodicity of the interfering signal. Process-
ing the signals according to the identified relative contribu-
tion includes applying a Bayesian filtering approach.

[0009] Inanother general aspect, a cardiac monitoring sys-
tem includes an input subsystem for accepting signals. The
signals include components of a desired signal and compo-
nents of an interfering signal having a periodicity. The cardiac
monitoring svstem further includes a data processing system
for processing the accepted signals. The data processing sys-
tem is configured to perform the steps of determining the
periodicity of the interfering signal, and performing one or
more iterations of mitigating an effect of a component of the
signals that exhibits periodicity at the determined periodicity
of the interfering signal. The cardiac monitoring system also
includes a data output subsystem for providing information
determined from the processed signals.

[0010] Embodiments may include one or more of the fol-
lowing. The desired signal is a cardiac signal.

[0011] Ina further general aspect, software embodied on a
computer-readable medium includes instructions for causing
a data processing system to accept a set of one or more
signals, the signals including components of a desired signal
and components of a interfering signal having a periodicity;
determine the periodicity of the interfering signal; and per-
form one or more iterations of mitigating an effect of a com-
ponent of the signals that exhibits periodicity at the deter-
mined periodicity of the interfering signal.

[0012] Inanother general aspect, a method for processing a
input signal that includes a pseudo-periodic signal present
with another signal includes accepting the input signal. The
input signal is representable as a vector signal in a multidi-
mensional vector space. The method further includes forming
a phase signal representing a time-varying periodicity of the
pseudo-periodic signal; identifying a subspace of the vector
space that exhibits correlation at the time-varying periodicity;
forming a component of the input signal according to the
identified subspace; and processing the input signal to either
enhance or to mitigate and effect of the formed component to
produce a processed signal.

[0013] Embodiments may include one or more of the fol-
lowing. Accepting the input signal includes accepting a bio-
signal. The pseudo-periodic signal has a periodicity related a
periodic biological process. The biosignal includes a signal
acquired by sensing a signal from a human body, and the
periodic biological process includes a cardiac process.

[0014] The method further includes presenting the pro-
cessed signal on a display. Forming the phase representation
includes identifying repetitions of a signal characteristic in
the input signal. Identifying the subspace includes determin-
ing a generalized eigenspace from a correlation of the input
signal at a time varying lag determined from the phase rep-
resentation and from a correlation of the input signal at zero
lag. Forming the component of the input signal according to
the identified subspace includes projecting the input signal
onto the eigenspace. Processing the input signal to either
enhance or to mitigate an effect of the formed component to
produce a processed signal includes at least one of adding or
subtracting the projection of the signal onto the eigenspace.
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[0015] The method for extraction of fetal cardiac signals
described herein has a number of advantages. In general, the
method enhances a weak fetal signal that is overshadowed by
strong matemal electrocardiogram (ECG) or respiration
interference. The retrieved fetal signal preserves clinical
information such as signal morphology and the multi-dimen-
sionality of the signal. For instance, the multi-dimensional
nature of the source (e.g., the fetal heart) is preserved, facili-
tating diagnosis along more than one axis and allowing deter-
mination of the angle of the fetal cardiac dipole and the
presentation or movement of the fetus along the fetal body
axis. A multi-dimensional dipole reconstruction also allows a
Dower-like transform to be performed to reconstruct the sur-
face map of the mother’s abdomen and to assess metrics such
as QT dispersion. Referring to FIG. 13, standard clinical
metrics of an ECG 350, such as QT interval 352 and ST
elevation 354, can also be evaluated using the extracted fetal
signals. Furthermore, localization of the R-peak 356 of a fetal
ECG allows for accurate evaluation of heart rate variability
(HRV) metrics.

[0016] Cardiac signals can be analyzed online in real time
or offline after a measurement. Real-time fetal ECG analysis
provides the opportunity to observe the fetal response to
inter-uterine contractions and to identify abnormalities in the
fetal ECG (e.g., arrhythmias and QT lengthening) associated
with such stress.

[0017] The measurement and analysis can be used at any
time during pregnancy, and does not depend on fetal presen-
tation or gestational age. The method can be used prior to or
during labor. Multiple fetuses can be monitored simulta-
neously and separated for individual diagnosis. The analysis
is robust against movement of the fetus or the electrodes. The
measurements are noninvasive, thus posing little or no risk to
the mother or the fetus. Simple monitoring equipment can be
used, allowing for inexpensive and relatively quick measure-
ments.

[0018] The analysis is applicable to degenerate mixtures of
maternal and fetal cardiac signals and noise without any prior
assumptions about the dimensionality of the maternal or fetal
cardiac signal subspaces. Mixtures of signals having fewer
numbers of channels than expected sources can be evaluated
without losing the important clinical fetal cardiac compo-
nents during denoising. Maternal interference and other noise
can be eliminated by using even a small number of recording
channels and without reducing the rank of the observations
during the denoising procedure. At most, a single reference
channel (e.g.. a maternal reference channel) is used, but the
reference channel may be recorded from any arbitrary chan-
nel and is not constrained to be morphologically similar to the
contaminating waveform.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is an illustration of the collection of fetal
abdominal electrocardiogram (ECG) from multiple elec-
trodes.

[0020] FIG. 2 is a block diagram of a baseline wander
removal system.

[0021] FIG. 3 is a flow chart of a filtering scheme.

[0022] FIG. 4A is a graph of an exemplary cardiac signal
and cardiac phase signal.

[0023] FIG. 4B is a polar representation of an exemplary
ECG using the ECG phase signal.

[0024] FIGS.5A and 5B are block diagrams of an iterative
subspace removal scheme.
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[0025] FIG. 6 is a flow chart of iterative subspace decom-
position.
[0026] FIGS. 7A and 7B are flow charts of a scheme for

extraction of a fetal cardiac waveform.

[0027] FIG. 8A is a graph of an ECG dataset.

[0028] FIG. 8B is a graph of maternal ECG components
extracted from the dataset of FIG. §A.

[0029] FIG. 8C is a graph of fetal ECG components
extracted from the dataset of FIG. §A.

[0030] FIG. 8D is a graph of maternal and fetal ECG com-
ponents extracted from the dataset of FIG. 8A.

[0031] FIG. 9A is a graph of an ECG dataset.

[0032] FIGS. 9B-9F are graphs showing the results of 1-5
iterations, respectively, of removal of the maternal subspace
from the dataset of FIG. 9A

[0033] FIG. 10 is a graph showing the results of a secondary
deflation step applied to the results of the last iteration shown
in FIG. 9F.

[0034] FIG. 11 is a graph comparing an averaged fetal ECG
beat from a scalp electrode and an average beat extracted from
an abdominal ECG during the same time period.

[0035] FIG. 12 is a graph showing the distribution of the
difference in fetal ST deviation between ECG obtained from
a fetal scalp monitor and ECG extracted from maternal
abdominal signals.

[0036] FIG. 13 is a graph of an exemplary ECG.
[0037] FIG. 14 is a block diagram of a cardiac monitoring
system.
DETAILED DESCRIPTION
[0038] Noninvasive monitoring of fetal cardiac signals is

often made difficult by noise and interference from the stron-
ger maternal cardiac signal. In order to analyze the fetal
cardiac signal, signals recorded from the body surface of a
pregnant woman are processed to obtain a purified fetal car-
diac signal. Maternal cardiac artifacts, which are the domi-
nant source of interference in fetal signals, are removed from
noisy signal mixtures. After the maternal cardiac interference
is removed, depending on the signal quality and fetal gesta-
tional age, the quality of the fetal cardiac signal can be further
improved in a post-processing step. Signal quality of the ECG
electrode recordings can be assessed by comparing temporal
and spectral coherence between recorded channels.

[0039] The extracted fetal signal is multidimensional (i.e.,
it represents more than a single quantity, such as heart rate, or
asingle ECG channel) and contains diagnostic cardiac infor-
mation pertaining to the health of the fetus or fetuses carried
by the mother. For instance, the presentation of the fetus can
be determined from the multidimensional fetal cardiac signal.
Standard clinical metrics related to the morphology of the
fetal cardiac signal are also accessible.

[0040] The term “cardiac signal” as used herein refers to
any waveform containing morphological characteristics of a
cardiac signal, such as an electrocardiogram (ECG) or mag-
netocardiogram (MCG). In some cases, the techniques
described herein are described with reference to the ECG;
however, these techniques apply equally to the MCG or any
similar modalities of cardiac monitoring.

1 DATA COLLECTION

[0041] From a signal processing perspective, the heart can
be considered as a distributed signal source with infinite
dimensions. Depending on the distance between the heart
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(either the maternal heart or the fetal heart) and electrodes
positioned on the body surface, the electrical or electromag-
netic activity of the heart can be approximated as a distributed
source with a lower rank subspace. The study of the compo-
nents of such subspaces provides valuable clinical informa-
tion about the vectorcardiograph (VCG) representation of the
cardiac waveforms and the well-being of the heart. To obtain
a VCG representation of cardiac waveforms of an adult, sig-
nals are recorded from different positions on the body, with
each signal containing specific information about the cardiac
activity represented in unique morphology (shape) and fre-
quency content. However, since the fetus is not directly acces-
sible from more than one angle (and even then only during
labor), fetal VCG representation is only achievable by signal
processing techniques.

[0042] Referring to FIG. 1, a noninvasive system 100 for
fetal cardiac signal extraction makes use of signals represen-
tative of an ECG of a fetus 102 and an ECG of a pregnant
woman 104. The signals are acquired from a set of signal
electrodes 106 distributed over the maternal abdomen 108
and/or lower back 110 and thus far from the maternal heart. A
representative signal 112 acquired by one of the signal elec-
trodes 106 shows that the signal is dominated by maternal
ECG, although fetal ECG is also present. In some examples,
the fetal heartrate may be determined using other sensing
modes such as ultrasound or the use of a fetal scalp electrode.
However, the full representation of the ECG is more informa-
tive than these techniques.

[0043] In some embodiments, only one maternal abdomi-
nal sensor is used. However, for more detailed studies, the use
of multiple sensors well-distributed over the maternal body
reduces the risk of degenerate mixtures of signals and
improves the quality of the fetal signal extraction. This is
because a more accurate representation of the maternal ECG
allows itto be removed more effectively from the mixture. For
instance, between six and sixteen signal electrodes 106 may
be used to retrieve the fetal waveform morphology, although
fewer electrodes can be used when the fetal ECG is strong.
Even more electrodes may be used for dynamic reselection of
channels containing a stronger fetal signal contribution, espe-
cially during long monitoring sessions when the fetus may
move.

[0044] The acquired signals also include one or more ref-
erence signals that provide information about the maternal
heart. These signals may include signals from a maternal
reference channel associated with a set of one or more mater-
nal reference electrodes 114 placed onthe woman’s chest 116
near the heart from which a reference maternal cardiac signal
118 can be determined. Alternatively, maternal cardiac elec-
trodes may be placed on the navel, hand, or leg of the pregnant
woman. In some embodiments, a reference signal is obtained
from a signal acquired by one of the signal electrodes 106 and
which has a dominant maternal heartbeat. In other examples,
other sensing modes are used to determine the maternal
heartrate, for example, using one or more of ultrasound,
imaging, bloodpressure sensing. The maternal reference
channel provides information regarding the maternal
heartrate, for example, based on maternal fiducial point or
beat (R-peak) detection. The morphology of the maternal
reference channel is not constrained to match that of the
contaminating maternal signal recorded by the abdominal
signal electrodes 106.

[0045] In general, the data processing methods described
below are not sensitive to the sampling rate of the maternal
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and fetal ECG, provided the waveforms are not disturbed.
However, data sampling at 500 Hz-1000 Hz, quantized with
14-16 bits, generally enables a high quality fetal ECG signal
to be obtained. Higher sampling rates may also be used but
require a higher processing load.

2 DATA PROCESSING

[0046] The acquired signals are treated as a vector, time-
sampled, zero-mean signal x(t). That is, if there are N elec-
trodes, the signal is represented as an N-dimensional vector.
The vector signal is modeled as having three components:

MO0, (0+%,(0),

where x(1) is a desired N-dimensional component of the
signal representing the fetal cardiac signal (without any
reduction in dimensionality from the originally acquired sig-
nals), x,, (t) is the maternal interference component, and x_ (1)
is the noise component. Although represented as N-dimen-
sional signals, some or all of the signal or noise components
are not necessarily full rank (i.e., their variation may be con-
fined to a lower-dimensional subspace).

[0047] The maternal and fetal signals, x,(t) and x[1),
respectively, are each characterized by a pseudo-periodic
structure that is repeated in all the channels synchronous with
the maternal and fetal heart beats, respectively. The difference
in the rates of the maternal and fetal signals enables a sepa-
ration of the signals as described further below.

[0048] In general, the methods described herein identify
and remove any periodic structure in the acquired signals that
is synchronous with the reference maternal ECG R-peaks.
That is, the maternal signal is removed by determining the
maternal heartrate and removing components of the recorded
signal that exhibit periodicity at that heartrate. Because the
fetal heartbeat is generally non-synchronous with the mater-
nal heartbeat, the fetal signal can be preserved and enhanced.

2.1 Baseline Wander Removal

[0049] Referring to FIGS. 2 and 3, in some embodiments,
after acquisition of the raw electrode signals, baseline wander
(BW) of the data is removed by a baseline wander system 200
(step 300) before further processing of the signals. In some
examples, a two-stage moving window median (MWM) filter
202 with variable window lengths (for instance, set by default
to 200 ms and 600 ms, respectively) is used, followed by a
lowpass filter 204 with a variable cutoff frequency (for
instance, set by default to 5 Hz). The estimated BW obtained
from filters 202 and 204 is subtracted from the input signal to
achieve a BW-free signal. An additional lowpass filter 206
with a variable cutoff frequency (for instance, set by default to
200 Hz) may also be used to suppress out-of-band noise.
Alternatively, another effective BW removal strategy may be
employed.

2.2 Cardiac Phase Signal

[0050] Cardiac waveforms have a pseudo-periodic struc-
ture that is repeated for each cycle of the heartbeat but with
normal RR-period deviations of up to 20% over the preceding
RR interval (i.e., RR interval 358 in FIG. 13). Referring to
FIG. 4A, to represent this pseudo-periodicity for the cardiac
source(s) of interest (i.e., the mother or the fetus), a cardiac
phase signal ¢(t) is defined for a reference cardiac signal 400
received from an arbitrary reference channel (e.g., the mater-
nal reference channel). ¢(t) sweeps over [-m, x| for each
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cardiac cycle of reference signal 400. Under this definition of
¢(t), samples of data having similar phase values represent
corresponding stages in the depolarization/repolarization
cycle of the heart and are morphologically similar.

[0051] Referring to FIGS. 3 and 4A, to define ¢(t), R-peaks
404 of the reference cardiac waveform 400 are detected (step
302) using peak detectors, matched filters, or another method
capable of detecting R-peaks. Alternatively, R-peaks 404 may
be detected using a time sample in which the cardiac beat has
maximal ‘similarity’ with a given reference beat. Based on
R-peaks 404, ¢(t) is defined (step 304) as a saw-tooth signal
402 that linearly sweeps over [-m, ] in each R-R interval,
with each R-peak 404 fixed at ¢(t)=0. Alternatively, non-
linear mapping using, for instance, tanh functions may be
used to construct ¢(t).

[0052] Basedon(t),atime-varying cardiac periodt,406is
defined as follows:

T =min{T §(t+T)=¢(1),;t>0}.

That is, the signal samples at time t and at time t+t, have the
same phase value and are morphologically similar. T, is
updated on a beat-to-beat basis. In general, the cardiac phase
signal ¢(t) and the cardiac period T, may be defined for either
the mother or the fetus, using the corresponding R-peaks.
[0053] The phase signal ¢(t) provides a means for phase-
wrapping the RR-interval onto a [-rt.mt] interval. That is, an
ECG, regardless of its RR-interval deviations, can be con-
verted to a polar representation in which the ECG compo-
nents in different beats (e.g., the P, Q, R, S, and T-waves) are
roughly phase-aligned with each other, particularly over the
QRS segment of the ECG. For instance, referring to F1G. 4B,
anoisy cardiac signal 450 is depicted in a polar representation
of the ECG using the phase ¢(t) of the signal.

2.3 Signal Extraction from a Scalar Input Signal

[0054] To demonstrate the general technique, one can con-
sider a scalar case in which N=1. That is, there is a single
abdominal electrode signal, and the maternal heartrate is
fixed with a period T,. If the signal has a variance o, a fixed
autocorrelation at lag t represented as R(t)=E(x(t)x(t+t))/
0.2, then a denoising function can be applied to the signal, for
example based on the autocorrelation at lag T. An example of
adenoising function is a Weiner filter. Generally, for a greater
autocorrelation value, more of the signal is removed as rep-
resenting a component that has periodicity that matches the
maternal heartbeat.

[0055] In general, the maternal signal is not exactly peri-
odic, and therefore analysis at a fixed lag may not be as
effective as accounting for the variation periodicity. That is,
the period T, may vary as a function of t. In this case, rather
than an autocorrelation at a fixed lag, a time average at the
time varying lag is used. For example, in the scalar case, the
non-stationary covariance C_, given as

CLmE (e )x (D),

is computed from the data, where E (*) is an average over time
(e.g., over a time window) that provides an approximation of
the autocorrelation function. The time varying period may be
determined, for example, by tracking the R-R interval in the
maternal reference signal.

2.4 Signal Extraction from a Multidimensional Input Signal
[0056] In embodiments with multidimensional data (N>1)
the scalar approach described above is modified to include an
additional feature of identifying a linear subspace that exhib-
its a relatively high degree of synchronization with the mater-
nal heartbeat.
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[0057] Specifically, rather than determining the sample
variance of a scalar signal, an N by N zero-lag stationary
covariance matrix of the signals is computed as:

CE{xn)T},

where E,{*} represents an average over time (or expected
value for a stochastic formulation). Using the definition ofthe
time-varying cardiac period, the non-stationary covariance
matrix at lag T, is computed as

CmE x(+t)x(07),

which contains measures of the periodicity of the random
process x(t) with respect to the heartbeat. That is, all of the
temporal information of the ECG is contained in e'. Further-
more, in some embodiments, €, can be guaranteed to be
positive definite (i.e., symmetric and with real eigenvalues)
by applying

¢ —(C 40Ty,

[0058] Considering the polar representations of each of the
channels of x(t) (e.g., as shown in FIG. 4B), the matrix C_
represents the covariance of the polar representation around
its mean value. That is, C_ contains a measure of the ECG
periodicity extracted from the ECG R-peak information.
[0059] In general, the cardiac phase signal ¢(t), the cardiac
period T, and the matrix C_ may be defined for either the
mother or the fetus, using the corresponding R-peaks.
[0060] Insomeembodiments, as described in greater detail
below, the acquired signals are processed using an iterative
deflation method for fetal ECG denoising. The iterative
method combines Pseudo-Periodic Component Analysis
(PiCA) and a Kalman denoising scheme for removing the
maternal ECG and enhancing the fetal ECG.

[0061] Insomeembodiments, as described in greater detail
below, a general deflation method for subspace extraction is
used to extract and enhance the fetal ECG. The method uses
an appropriate linear transform (such as, but not limited to,
PiCA), with a linear or nonlinear denoising scheme (such as,
Kalman filters, Wavelet decomposition, or etc.) for separating
any two intersecting subspaces of signal and noise.

2.4.1 Pseudo-Periodic Component Analysis (PiCA)

[0062] In some embodiments, a linear transformation
based on generalized eigenvalue decomposition (GEVD) of
covariance and lagged-covariance matrices using time-vary-
ing lags is computed. The transformation generates linear
combinations of the input data array, ranked in order of
resemblance with the periodicity of interest.

[0063] For instance, a linear subspace that exhibits rela-
tively high synchronization with the maternal heartbeat is
identified based on the computed covariance and autocorre-
lation matrices. In some examples, a one-dimensional sub-
space is identified based on a generalized eigenvector of the
pair of matrices (C_.C,) corresponding to the largest eigen-
value. Very generally, within the one-dimensional eigens-
pace, the scalar approach outlined above can be applied to
reduce the contribution of the maternal periodic component
according to the variance and autocorrelation values in that
eigendirection.

[0064] More specifically, by GEVD of the matrix pair (C,
C,), the matrices B and A are found such that

BIC B=A and BYC B=1,
where A is the diagonal generalized eigenvalue matrix corre-
sponding to the generalized eigenmatrix B, with real eigen-
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values sorted in descending order along its diagonal. B, a
transformation that simultaneously diagonalizes C, and C_, is
referred to as the periodicity ranking transform (PRT). The
first eigenvector b,, which corresponds to the largest gener-
alized eigenvalue, maximizes the Rayleigh quotient:

v'Ch

0= e

which, following the definitions of C and C__, is a measure of
signal periodicity.

[0065] The transformed signals are then ranked in order of
periodicity (i.e., in order of relevance to the cardiac signal of
interest). The ranked transformed signals are represented as
y(t), where

Y(E=BTx().

The components of y(t) (i.e., yO=y, @), . . ., v, O] ) are
sorted according to their periodicity such that y, (t) is the most
periodic component and y,(t) is the least periodic with respect
to the R-peaks of the relevant ECG (step 306; also steps 500
and 550 in FIG. 5, discussed below).
[0066] For instance, for fetal ECG extraction, maternal and
fetal ECG phases found from the maternal and fetal R-peaks
may be defined as ¢,,,(t) and ¢(1), respectively. The respective
covariance matrices C.™ and C,/ can be found by averaging
over the maternal and fetal periods. Then, the matrix C, used
in the GEVD process may be set to any of the following
matrices:

¢

x

o

C)C

o
o LY,

If we assume the data to be prewhitened, the diagonalization
ofthe above matrices is equivalent to finding, respectively, (1)
the most periodic components with respect to the maternal
ECG; (2) the most periodic components with respect to the
fetal ECG; and (3) the most periodic components with respect
to the maternal ECG while being the least periodic compo-
nents with respect to the fetal ECG. In this latter case, the
extracted components gradually change from the maternal
ECG (the first components of y(1)) to the fetal ECG (the last
components of y(1)). The latter two cases may be difficult to
implement in practice, as the extracted fetal R-peaks must be
known in order to form the C,;/ matrix.

[0067] Inotherembodiments, PICA maybeused to analyze
twin fetal ECG (or MCG). In this case, after preprocessing of
the data, the maternal ECG (or MCG) is removed using PiCA.
An independent component analysis is used to find coarse
estimates of the fetal ECGs or MCGs). The maternal ECG (or
MCG) is then reidentified using maternal/fetal PiCA as

C=Cr(C/4CP).
The fetal ECG (or MCG) is then determined in a post-pro-

cessing step. PICA is also extensible to use with multiple
fetuses (e.g., triplets or higher order multiples).

2.4.2 Denoising

[0068] Referring again to FIG. 3, the ranked signals y(t) are
subjected to adenoising procedure, such as a wavelet denois-
ing process. For instance, a multichannel extension of a Baye-

Nov. 27,2014

sian filtering framework is used to denoise the first M
(1=M=N) comporents of y(t). For instance, a Kalman filter
and Kalman smoother use a priori information from ECG
dynamics and noisy observations to estimate the true ECG
and, optionally, to remove maternal ECG contaminants.
Other. less optimal, denoising methods may also be used.
[0069] In the simplest case of M=1, the filtering is imple-
mented as a single channel denoising.

[0070] In this framework, the components of y,(t) (i=1 . ..
M) are considered to be noisy observations of hidden states of
a dynamic system. Each of the entries of the state vector is
modeled with a summation of small waves, such as (but not
limited to) Gaussian functions, which are pseudo-periodi-
cally repeated with the cardiac phase signal ¢(t).

[0071] A state-space representation of the model is used for
filtering; the parameters of the model are trained from the
average and standard deviations of the polar representation of
the noisy signal of FIG. 4B (step 308). For online implemen-
tation of the filtering, the most recent cardiac beats are used in
training the model and the parameters are updated in real
time.

[0072] Using this filtering framework, a denoised estimate
6(t) of the cardiac signals is determined (step 310). If the
maternal cardiac signals are of interest, the denoised cardiac
signals are given as z(t)=0(t). If the residual non-maternal
signals are of interest (e.g., for removal of the maternal ECG/
MCG), the denoised signals are given as z(t)=y(t)-6(t) (step
312).

[0073] The denoised signal z(t) is then transformed back to
the sensor space using the inverse PRT, producing a denoised
version of x(1).

2.5 Tterative Subspace Removal

[0074] Subspace decomposition by deflation aims to
decompose degenerate mixtures of signal and noise or arti-
facts without prior knowledge of the subspace dimensions
and without reducing the dimensions of the data. That is,

SO igrnall DR ise 1)

and

VOB XOB Geigrnal D5t el )V signall D otsell)

Subspace decomposition by deflation breaks the linearity by
combining single-channel denoising and multi-channel
decomposition under the assumptions that (1) the desired
signals in different channels are dependent such that process-
ing gain is achieved through multichannel analysis; and (2)
some information is available about the desired signals such
that the desired and undesired parts of the signals can be
roughly separated using linear/nonlinear filters.

[0075] Referring to FIG. 5A, the process of projection (i.e.,
linear decomposition of the input signals) using a periodicity
ranking transform (step 500), denoising using the Bayesian
framework (step 502), and back-projection (i.e., linear
recomposition of the denoised signals) using the inverse PRT
(step 504) are repeated in one or several iterations to gradu-
ally purify the observed signals. At each iteration, one eigen-
direction corresponding to the largest contribution of a con-
taminant signal (e.g., the maternal ECG) is identified and the
effect of the contribution is reduced. This iteration may be
performed a number of times, for example, a fixed number of
iterations, or based on a degree of any remaining maternal
contribution at the output of each iteration.
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[0076] Referring to FIG. 5B, when applied to maternal
ECG cancellation, an array of signal recordings contaminated
with maternal ECG are input into a PiCA algorithm (550)
along with the maternal ECG phase. The first L components
output from the PiCA algorithm (i.e., the I components with
periodicity closest to the desired periodicity) undergo mater-
nal ECG cancellation using a Kalman filter (552). The L
filtered components and the (N-L) remaining unfiltered com-
ponents are recomposed by an inverse PiCA algorithm (554).
This step effectively removes any scaling and ordering issues
introduced by PiCA algorithms or other independent compo-
nent analysis (ICA) algorithms. The retransformed data is
iteratively processed (556) until arecursion stopping criterion
(558) is achieved, at which point data without maternal ECG
(560) is output.

[0077] Referring to FIG. 6, the iterative subspace decom-
position process is shown in more detail.

[0078] 1. A set of input signals x®(t)=x(1) is received,
where k is an iteration index and is set initially to 0 (step
600).

[0079] 2. The matrix C.%, which is the covariance
matrix of x®(t), is calculated (step 602).

[0080] 3. The matrix C_®, which contains the desired
statistics of X(t), is then determined (step 604).

[0081] 4.B®, which is the transpose of the decomposi-
tion matrix found by generalized eigenvalue decompo-
sition of the matrix pair (C,%,C®) (i.e., B¥<GEVD
(C,B,C N7 is obtained (step 606).

[0082] 5. The transformed signals are ranked in order of
periodicity, giving y*()«~B®x®(t) (step 608).

[0083] 6. The matrix AP=[a,®, . . a,@]<B® " is
deszi)ned (step 610). wherea,® is the j-th column vector of

[0084] 7. A denoising function G{*) is applied to the first
M channels of y*(t) to remove the undesired compo-
nents and to keep the desired components of each chan-
nel of y2(t) (step 612). The output of the denoising
block in channel j is s,*(t). The overall output of the
denoising function is s®(t)=[s, @), . . ., 5,20 "«<G
GO,

[0085] 8. Theupdated signals x**"(t) of the iteration are
determined as x®V(0)<xP(0)-Z,_,Ma,Ps ©(1) (step
614).

[0086] 9. x“** (1)), which is a measure of the desired
subspace removal used as a stopping criterion for the
iterative subspace decomposition algorithm, is calcu-
lated (step 616): c—T(x* (D).

[0087] 10. k is incremented: k<—k+1 (step 618).

[0088] 11.cis compared to a predefined threshold value
th (step 620). If c=th, the iterative subspace removal
process is stopped (step 622). Otherwise, a further itera-
tion is performed (step 624).

[0089] The output of each iteration of the subspace removal
algorithm can be represented in compact form as

=1 M

k
Z dsPo.

A0 = x(r) -
o o

i

I
=%

[0090] The number of iterations performed depends on the
dimensions of the removed subspace. In general, for cardiac
signals, between three to six iterations are typically used.
Thus, for practical implementations, the number of iterations
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may be fixed (e.g., at six iterations for cardiac applications).
Alternatively, in each iteration the projected signal y(t) may
used to determine whether to continue or stop the subspace
removal algorithm. Since the components of y(t) are ranked
according to their resemblance with the contaminating signal
(e.g., the maternal ECG), each iteration removes the signals
that are least important to the desired signal (e.g., the fetal
ECG).

[0091] The following criterion may be used as an overall
periodicity measure (PM) for x* (t) in each iteration:

&
trace(CL ))

By =
S

where C.® and C_® are the covariance matrices calculated
for the signal x®(t). Under this definition, 0= (x*(t))<1, and
the iterative subspace removal algorithm is stopped when the
PM falls below a small predefined threshold O<th<l (for
instance, by default set at th=0.05).

[0092] Although only two matrices (C, and C,) are jointly
diagonalized, the results are still robust to deviations of heart-
beat and noise. The reason is that the time lags T, required in
the calculation of C_are extracted from the beat-to-beat infor-
mation of the ECG. This robustness may be further improved
by splitting the information of the RR-interval that is carried
by C, into several matrices that contain local information
about the ECG cycle. Referring to the exemplary ECG cycle
350 shown in FIG. 13, these matrices contain information
such as the morphology of P-waves 360 and T-waves 362,
QRS complex 364, ST segment 366, QT interval 362, etc.
These matrices can then be approximately diagonalized using
joint approximate diagonalization methods.

[0093] The iterative subspace removal algorithm is also
effective when signals are collected from a small number of
electrodes. In other embodiments, when the number of
observed channels is high and/or the desired components are
strongly represented in the observed signals, one iteration of
periodicity ranking transformation, denoising of the relevant
channels, and back-projection of the desired components
may be sufficient.

[0094] In some examples, a multidimensional subspace is
identified at each iteration, for example, corresponding to a
number of the largest generalized eigenvalues. The number of
generalized eigenvalues may be fixed may be dependent on
the data. The reduction in the maternal component is effected
according to the eigenvalue associated with that direction. In
some examples, the full N-dimensional space is used in each
iteration.

2.6 Extraction of Desired Waveforms

[0095] Once the observed signals have been sufficiently
purified as described above, the maternal cardiac interference
is removed and the desired fetal signals are extracted. In this
case, rather than identifying the maternal heartbeats, the fetal
heartbeats are identified in the remaining signal. In this
enhancement phase, in some examples, a subspace, which
exhibits periodicity at the fetal heartrate, is enhanced. As in
the attenuation of the maternal signal, one or more iterations
may be performed, and at each iteration, one, a subset, or the
full N-dimensional space may be processed. Note that in
some examples, if the iterations of removal of the maternal
signal are continued until the maternal signal no longer domi-
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nates the fetal signal, the fetal periodicity may become evi-
dent without enhancement even if it was not apparent in the
original signal.

[0096] Referringto FIGS.7A and 7B, foroffline processing
of batches of signals, the maternal cardiac interference is
removed by a deflation procedure (step 700) including detec-
tion of the maternal R-peaks (step 702), calculation of the
maternal cardiac phase signal (step 704), and iterative
removal of the maternal cardiac signals (step 706). In one
embodiment, the fetal cardiac signal is then enhanced (step
708) by any linear or nonlinear decomposition method. In
another embodiment, the fetal cardiac signal is enhanced
(step 710) by using a deflation method trained over the fetal
R-peaks. That is, the fetal R-peaks are detected (step 712), the
fetal cardiac phase signal is calculated (step 714), and the
fetal cardiac subspace is enhanced by an iterative estimation
process (step 716).

[0097] Online implementation of the deflation procedure
for the extraction of fetal cardiac waveforms is similar to the
offline batch method, except that the PRT transform is
extracted and updated in real time using the most recent
cardiac beats (for either the mother or the fetus). To imple-
ment such real time processing, the covariance matrices C,®
and C @ are calculated online and updated from sliding win-
dows containing several maternal cardiac beats (e.g., 10
beats), with 0%<n<100% of overlap (e.g., 25%<n<75%).

3 EXAMPLES

Example 1

[0098] Referring to FIG. 8A, the well-known DalSy fetal
ECG dataset (De Moor B. (ed.). DAISY: Database for the
Identification of Systems, Dept. of Electrical Engineering,
ESAT/SISTA, K.U.Leuven, Belgium,URL: http://www.esat.
kuleuven.ac.be/sista/daisy) is used to illustrate the above
method. The dataset includes five maternal abdominal chan-
nels and three maternal thoracic channels recorded from the
abdomen and chest of a pregnant woman at a sampling rate of
250 Hz.

[0099] Referring to FIG. 8B, the maternal components are
extracted from the ECG of FIG. 8A. Specifically, by perform-
ing R-wave detection on one of the maternal thoracic chan-
nels, the maternal ECG phase ¢,,(t) is determined. The time-
varying maternal ECG period T, 1s calculated, from which
the matrix C, and the generalized eigenmatrix B of the (C,,
C,) pair are found and sorted in descending order of the
eigenvalues. The resulting period components extracted from
the dataset by maternal ECG beat synchronization are shown.
The first component (curve 800), which corresponds to the
largest eigenvalue, has the most resemblance with the mater-
nal ECG. As the eigenvalues decrease (i.e., curves 8§02-814),
the signals become less similar to the maternal ECG. Curves
810 and 812 are the fetal components. Because the fetal
components do not resemble the maternal ECG when aver-
aged synchronously with respect to the maternal R-peaks, the
fetal components are among the last components extracted.
[0100] Referring to FIG. 8C, the fetal components are now
extracted from the ECG of FIG. 8A. ECG periodicity is
considered in the matrix C,, which uses the fetal R-peaks for
extraction of the time-varying fetal period t/. In this example,
the fetal ECG component is first extracted from the dataset of
FIG. 8A by a benchmark independent component analysis
method known as JADE. The extracted fetal ECG component
is used for fetal R-peak detection and phase calculation. Hav-
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ing determined the fetal ECG phase ¢(t), the GEVD process
described above is used to extract the petiodic components of
the fetal ECG. The resulting periodic components are
depicted in FIG. 8C, with the extracted components ranked
according to their resemblance with the fetal ECG (i.e., the
fetal ECG contribution reduces from top to bottom).

[0101] Referring to FIG. 8D, periodic components are
extracted from the dataset using maternal and fetal ECG beat
synchronization. The covariance matrix C_ is calculated from
the difference of €. and C/. The periodic components are
determined as described above. The first component (curve
850) includes primarily maternal ECG: the last component
(curve 860) includes primarily fetal ECG. The intermediate
components are mixtures of maternal and fetal components
and noise.

Example 2

[0102] Referring to FIGS. 9A-9F, the fetal components of
the DalSY dataset shown in FIG. 9A are extracted and the
maternal components removed by an iterative subspace
removal process. Each of FIGS. 9B-9F corresponds to the
result of one iteration. The periodicity measure of each itera-
tion is listed in Table 1. The maternal ECG contaminants have
been effectively reduced from the first to the last iteration.
Referring to FIG. 10, a secondary deflation step was applied
to the results of the last iteration of maternal ECG removal to
enhance the fetal ECG. The fetal ECG signals before
enhancement (gray line) and after enhancement (black line)
are shown superimposed.

Example 3

[0103] Referring to FIG. 11, in another example, data were
acquired from 27 term laboring women who had a fetal scalp
electrode (FSE) placed for a clinical indication. A total of 27
channels of abdominal data and one channel of data from a
chest lead were recorded simultaneously with the FSE. The
median ST level was estimated from 79 10-second segments
acquired from the FSE and from preprocessed abdominal
data which passed an unbiased quality test. A statistical com-
parison was performed to assess the accuracy of the ST devia-
tion derived from abdominal sensors as compared to the ST
deviation obtained from the “gold standard,” FSE. FIG. 11
illustrates a typical fetal heart beat recorded from the scalp
electrode and an extracted abdominal fetal ECG overlaid. The
beat morphology is well reconstructed by the extracted signal
and the extracted fetal ECG shows good fidelity with the fetal
scalp ECG. In particular, the morphologies of all the clinical
features are well preserved in the extracted abdominal fetal
ECG, particularly the ST segment deviation. The QRS is also
accurately extracted from the abdominal channels, including
the R-peak height and location (relevant for respiration and
heart rate (HRV) analysis, respectively). The P-wave and
repolarization periods are also accurately extracted compared
to the scalp electrode.

[0104] When comparing the difference in the ST height
above the isoelectric line between the fetal scalp electrode
signal and the signal extracted from the abdominal electrodes,
the root mean square error (difference) over all processed
segments was determined to be on average 0.52% and the
mean absolute difference was 0.29%. These units are
expressed in percent relative to the R-peak height because the
electromagnetic field strength is different on the abdomen
and the fetal scalp. Moreover, the ST elevation for fetuses is
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defined in terms of its relative height compared to the R-peak.
To better understand these statistics, we can compare to an
adult ECG. A 0.52% deviation of an adult ST segmentona 1.5
mV amplitude beat corresponds to 0.0078 mV, which is well
below the acceptable error level and would not lead to a false
identification of ST elevation (or depression). FIG. 12 illus-
trates the distribution of the difference in ST deviation
between the fetal scalp ECG and extracted abdominal fetal
ECG. The gray line 1200 indicates a Gaussian fit to the
empirically calculated distribution (vertical bars). Even at the
extreme values of 2% deviation, the equivalent adult ST
deviation would only be 0.03 mV, which is not clinically
significant when compared to the amplitude of an adult ECG.
[0105] Therefore, the fetal ST deviation calculated from
ECG acquired from the maternal abdomen on healthy sub-
jects is clinically indistinguishable from ST deviations
derived from the fetal scalp electrode when using the extrac-
tion method detailed in this application.

TABLE 1

Periodicity measure variation with respect
to maternal ECG for each of five iterations

Tteration 1 2 3 4 5
Lx®) 0.98 0.91 0.51 0.34 0.28
[0106] In general, the methods described above are appli-

cable in clinical, theoretical, and experimental situations. For
instance, clinical study of pathological cases is enabled.
Theoretically, performance bounds for ECG processing can
be calculated and theoretical aspects of the deflation method
(e.g., convergence and stability) can be studied. Experimen-
tally, fetal ECG tracking for continuous monitoring can be
investigated and fetal monitoring systems can be developed.

4 IMPLEMENTATIONS

[0107] The approaches described above may be imple-
mented in hardware, software, or using a combination of
hardware and software. Hardware may include analog signal
processing circuitry, digital signal processing circuitry or
both. Software may include instructions stored on or trans-
mitted over a machine readable medium. The instructions can
include instructions for causing a processor (e.g., a general
purpose computer processor, a digital signal processor, spe-
cial purpose processor, virtual computer, a complex program-
mable logic device (CPLD), a field programmable gate array
(FPGA), etc.) to implement the processing steps of
approaches described above. The instructions can include
instructions for multiple separate processors, which may be
integrated into a single unit or distributed into multiple sepa-
rate units.

[0108] Insome implementations, a system includes signal
acquisition hardware, which can include components for
receiving biosignals such as ECG signals, and can include the
sensors that acquire such signals, such as electrodes for place-
ment on the maternal abdomen. In some implementations, a
system includes signal presentation hardware, which can
include components for providing processed biosignals for
presentation or for further processing prior to analysis or
presentation. In one implementation, the processed biosig-
nals (e.g., fetal ECG) are presented on a computer generated
display for monitoring by medical staff. In some instances,
the processed biosignals are used to determine an orientation
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of the fetus and data or images representative of the fetal
orientation are presented ona computer generated display. As
another example, the processed biosignals may be provided
to a system that analyzes extracted fetal ECG signals as
described in copending U.S. Patent Pub. US2009/
0259133A1, titled “FETAL ECG MONITORING.” Data rep-
resentative of the analysis, such as a diagnostic score related
to the entropy (i.e., variability) of the processed biosignals,
are presented on a computer generated display.

[0109] Although primarily described with reference to
maternal ECG cancellation, the methods disclosed herein are
broadly applicable to a wide range of data processing situa-
tions in which a contaminant signal is to be removed. For
instance, ECG artifacts may be removed from other biosig-
nals such as an electroencephalogram (ECG) or an elec-
tromyogram (EMG). More generally, enhancement and/or
removal of pseudo-periodic signals may be applied in various
areas including communication and sensor systems. As one
example, communication signals that include periodic power
line interference may be enhanced using the techniques
described above, for example, for mitigation of pseudo-peri-
odic interference in communication signals over powerlines.
[0110] FIG. 14 shows ablock diagram ofan embodiment of
a cardiac monitoring system. The system includes an input
subsystem 1401, which includes the electrodes 106. A data
processing system 1402 processes the accepted signals (e.g.,
cardiac signals). In some implementations, the data process-
ing system includes software on a machine readable medium
1403. An output system 1405 provides information deter-
mined by from the processed signals. In some implementa-
tions, the output system includes a display 1404.

[0111] Itis to be understood that the foregoing description
is intended to illustrate and not to limit the scope of the
invention, which includes the scope of the appended claims.
Other embodiments are within the scope of the following
claims, and other aspects are not necessarily represented by
the following claims.

What is claimed is:

1. A method for processing a input signal that includes a
pseudo-periodic signal present with another signal, the
method comprising:

accepting the input signal, the input signal being represent-

able as a vector signal in a multidimensional vector
space;

forming a phase signal representing a time-varying peri-

odicity of the pseudo-periodic signal;

identifying a subspace of the vector space that exhibits

correlation at the time-varying periodicity;

forming a component of the input signal according to the

identified subspace; and

processing the input signal to either enhance or to mitigate

and effect of the formed component to produce a pro-
cessed signal.

2. The method of claim 1 wherein accepting the input
signal comprises accepting a biosignal, the pseudo-periodic
signal having a periodicity related a periodic biological pro-
cess.

3. The method of claim 2 wherein the biosignal comprises
signal acquired by sensing a signal from a human body, and
wherein the periodic biological process comprises a cardiac
process.

4. The method of claim 1 further comprising presenting the
processed signal on a display.
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5. The method of claim 1 wherein

forming the phase representation includes identifying rep-
etitions of a signal characteristic in the input signal;

identifying the subspace includes determining a general-
ized eigenspace from a correlation of the input signal at
atime varying lag determined from the phase represen-
tation and from a correlation of the input signal at zero
lag;

forming the component of the input signal according to the
identified subspace includes projecting the input signal
onto the eigenspace; and

processing the input signal to either enhance or to mitigate
and effect of the formed component to produce a pro-
cessed signal includes at least one of adding or subtract-
ing the projection of the signal onto the eigenspace.
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