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(7) ABSTRACT

An abdominal electrocardiogram processing system for
determining a fetal heart rate of a fetus in a pregnant woman
obtains a combined electrocardiogram measurement of a
maternal heart rate and a fetal heart rate. The system then
transforms the combined electrocardiogram measurement
into a wavelet domain to create a combined electrocardio-
gram measurement wavelet transform. The system can then
remove the maternal heart rate from the combined electro-
cardiogram measurement wavelet transform. The system
then identifies a fetal heart rate from the compensated
combined electrocardiogram measurement wavelet trans-
form.

Abdominal Electrocardiogram Processing
System Block Diagram Overview
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FETAL HEART RATE EXTRACTION
WITHIN A PROCESSOR CONSTRAINED
ENVIRONMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and the benefit
of U.S. Provisional Application Ser. No. 62/779,014 filed
Dec. 13, 2018 entitled “FETAL HEART RATE EXTRAC-
TION WITHIN A PROCESSOR CONSTRAINED ENVI-
RONMENT.” The entire content of the aforementioned
application is incorporated by reference herein in its entirety.

BACKGROUND

[0002] The use of non-invasive health monitoring devices
has been a long sought-after market segment. Recently,
many consumer wearable devices have incarporated pulse-
oximetry as a sensor for gathering biometric data. While
pulse-oximetry data can provide several important insights
into an individual’s health. There is a desire for increased
monitoring that provides information beyond what a stan-
dard pulse-oximeter is able to provide. For example, stan-
dard wrist-worn pulse-oximeters are unable to provide
health information regarding a fetus within the womb of a
pregnant woman.

[0003] One potential means for providing this information
is through the use of abdominal electrodes for fetal moni-
toring. Abdominal electrodes for fetal monitoring are attrac-
tive because they are non-invasive and can potentially allow
for in-home and ambulatory use. However, the detection of
Fetal QRS Iocations from the abdominal ECG signal is
extremely challenging, especially during the antepartum
period (20-40 weeks) of the pregnancy. This is due to the
low amplitude of the Fetal ECG signal and significant noise
contributions from maternal ECG, maternal movements,
fetal movements, vernix caseosa layer, and uterine contrac-
tions. These factors contribute to an extremely low SNR
(Signal-to-Noise-Ratio) for fetal QRS peaks often resulting
in FQRS peaks that are not visually identifiable.

[0004] Several single-channel algorithms currently exist
in the literature for estimating the location of Fetal QRS
peaks from the abdominal ECG. These algorithms, however,
trade-off accuracy and performance for lower algorithm
complexity. The current state-of-the art algorithms require
significant processing power and have high-complexity for
achieving reasonable detection performance. Despite the
high-complexity, these algorithms do not work well for low
SNRs (0-6 dB).

[0005] Conventional ECG algorithms and systems fail to
provide useful accuracy while minimizing the required
system resources. In particular, conventional systems
require significant processing power that is not compatible
with a mobile, low-power platform. Accordingly, there is a
need for a system that overcomes technical challenges
relating to the excessive processing requirements needed to
identify fetal ECG.

[0006] The subject matter claimed herein is not limited to
embodiments that solve any disadvantages or that operate
only in environments such as those described above. Rather,
this background is only provided to illustrate one exemplary
technology area where some embodiments described herein
may be practiced.

Jun. 18, 2020

BRIEF SUMMARY

[0007] In at least one disclosed embodiment, an abdomi-
nal electrocardiogram processing system for determining a
fetal heart rate of a fetus in a pregnant woman comprise
obtaining a combined electrocardiogram measurement of a
maternal heart rate and a fetal heart rate. The combined
electrocardiogram measurement is sampled at a first sample
rate. The system then transforms the combined electrocar-
diogram measurement into a wavelet domain to create a
combined electrocardiogram measurement wavelet trans-
form. Additionally, the system determines an estimate of the
maternal heart rate from the combined electrocardiogram
measurement wavelet transform. The system can then
remove the maternal heart rate from the combined electro-
cardiogram measurement wavelet transform using the esti-
mate of the maternal heart rate to create a compensated
combined electrocardiogram measurement wavelet trans-
form. In addition, the system identifies a fetal heart rate from
the compensated combined electrocardiogram measurement
wavelet transform.

[0008] Additionally, in at least one embodiment the sys-
tem can identify the fetal heart rate using a variety of
different means. In some embodiments, the means can
include one or more of the following. The system can
identify at least one fetal wavelet transform modulus
maxima in a particular detail level of a wavelet transform of
the compensated combined electrocardiogram measurement
wavelet transform. The system can then determine one or
more fetal features of the at least one fetal wavelet transform
modulus maxima. The system can evaluate each fetal feature
of the one or more fetal features against one or more
predetermined criteria to identify a plurality of candidate
fetal peaks. Additionally, the system can determine a set of
preliminary fetal peaks using a probabilistic likelihood
search of the plurality of candidate fetal peaks. The system
can also determine a kurtosis score and a signal score of each
preliminary fetal peak in the set of preliminary fetal peaks
for a given time step. Further, the system can select a set of
final fetal peaks with kurtosis scores in a first predetermined
range and signal scores in a second predetermined range.
The system can then display an indication of a final fetal
heart rate based on the set of final fetal peaks.

[0009] In at least one additional disclosed embodiment, an
abdominal electrocardiogram processing system for deter-
mining a fetal heart rate of a fetus in a pregnant woman
comprise obtaining a combined electrocardiogram measure-
ment of a maternal heart rate and a fetal heart rate. The
combined electrocardiogram measurement 1s sampled at a
first sample rate. The system then transforms the combined
electrocardiogram measurement into a wavelet domain to
create a combined electrocardiogram measurement wavelet
transform. Additionally, the system determines an estimate
of the maternal heart rate from the combined electrocardio-
gram measurement wavelet transform.

[0010] Additionally, in at least one embodiment the sys-
tem can identify the maternal heart rate using a variety of
different means. In some embodiment, the means can
include one or more of the following. The system can
identify at least one maternal wavelet transform modulus
maxima in a first detail level of the combined electrocar-
diogram measurement wavelet transform. The system can
then determine one or more maternal features of the at least
one maternal wavelet transform modulus maxima. Addition-
ally, the system can evaluate each maternal feature of the one
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or more maternal features against one or more predeter-
mined criteria to identify a plurality of candidate maternal
peaks. The system can also obtain a set of windowed
candidate maternal peaks, where each windowed candidate
maternal peak in the set of windowed candidate maternal
peaks is a window of a first number of samples around a
candidate maternal peak of the plurality of candidate mater-
nal peaks. Additionally, the system determines a set of
template matching scores for the set of windowed candidate
maternal peaks. Each template matching score of the set of
template matching scores is found using a distance metric
between each windowed candidate maternal peak of the set
of windowed candidate maternal peaks and a maternal heart
rate template. The system then determines a set of maternal
peaks using a probabilistic likelihood search of the plurality
of candidate maternal peaks that is based at least on the set
of template matching scores. The system can further update
one or more parameters of the maternal heart rate template
based at least on the set of maternal peaks to create an
updated maternal heart rate template. The system then
determines an estimate of the maternal heart rate based on
the set of maternal peaks and the updated maternal heart rate
template.

[0011] The system can then remove the maternal heart rate
from the combined electrocardiogram measurement wavelet
transform using the estimate of the maternal heart rate to
create a compensated combined electrocardiogram measure-
ment wavelet transform. In addition, the system identifies a
fetal heart rate from the compensated combined electrocar-
diogram measurement wavelet transform.

[0012] Additionally, in at least one embodiment the sys-
tem can identify the fetal heart rate using a variety of
different means. In some embodiments, the means can
include or more of the following. The system can identify at
least one fetal wavelet transform modulus maxima in a
particular detail level of a wavelet transform of the com-
pensated combined electrocardiogram measurement wavelet
transform. The system can then determine one or more fetal
features of the at least one fetal wavelet transform modulus
maxima. The system can evaluate each fetal feature of the
one or more fetal features against one or more predeter-
mined criteria to identify a plurality of candidate fetal peaks.
Additionally, the system can determine a set of preliminary
fetal peaks using a probabilistic likelihood search of the
plurality of candidate fetal peaks. The system can also
determine a kurtosis score and a signal score of each
preliminary fetal peak in the set of preliminary fetal peaks
for a given time step. Further, the system can select a set of
final fetal peaks with kurtosis scores in a first predetermined
range and signal scores in a second predetermined range.
The system can then display an indication of a final fetal
heart rate based on the set of final fetal peaks.

[0013] This Summary is provided to introduce a selection
of concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid
in determining the scope of the claimed subject matter.
[0014] Additional features and advantages will be set forth
in the description which follows, and in part will be obvious
from the description, or may be learned by the practice of the
teachings herein. Features and advantages of the invention
may be realized and obtained by means of the instruments
and combinations particularly pointed out in the appended
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claims. Features of the present invention will become more
fully apparent from the following description and appended
claims or may be learned by the practice of the invention as
set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] In order to describe the manner in which the
above-recited and other advantages and features can be
obtained, a more particular description of the subject matter
briefly described above will be rendered by reference to
specific embodiments which are illustrated in the appended
drawings. Understanding that these drawings depict only
typical embodiments and are not therefore to be considered
to be limiting in scope, embodiments will be described and
explained with additional specificity and detail through the
use of the following drawings.

[0016] FIG. 1 illustrates on an embodiment of an abdomi-
nal electrocardiogram (“ECG” or “AECG”) processing sys-
tem block diagram.

[0017] FIG. 2 illustrates an embodiment of a bellyband
system.
[0018] FIG. 3 illustrates an embodiment of an abdominal

ECG processing system and provides additional detail on
processing center.

[0019] FIG. 4 illustrates an exemplary QRS complex of an
ECG measurement.

[0020] FIG. 5illustrates an exemplary absolute value QRS
complex of an ECG measurement.

[0021] FIG. 6 shows an exemplary QRS template.
[0022] FIG. 7 depicts an exemplary absolute value of a
noisy fetal QRS complex.

[0023] FIG. 8 illustrates greater detail on an embodiment
of a maternal heart rate feature extraction.

[0024] FIG. 9 illustrates greater detail on an embodiment
of an adaptive updating of maternal heart rate template.
[0025] FIG. 10 illustrates greater detail on an embodiment
of a Fetal Heart Rate Extraction step.

[0026] FIG. 11 illustrates greater detail on an embodiment
of a Dynamic Fetal Heart Rate Search step.

[0027] FIG. 12 illustrates another embodiment of the
abdominal electrocardiogram (“ECG” or “AECG”) process-
ing system block diagram shown in FIG. 1.

[0028] FIG. 13 illustrates a flow chart of acts in methods
for generating an optimized coating formulation through a
user interface.

DETAILED DESCRIPTION

[0029] The following discussion now refers to a number of
methods and method acts that may be performed. Although
the method acts may be discussed in a certain order or
illustrated in a flow chart as occurring in a particular order,
no particular ordering is required unless specifically stated,
or required because an act is dependent on another act being
completed prior to the act being performed.

[0030] In at least one embodiment, the proposed system
disclosed herein has a significantly lower complexity than
current state-of-the-art systems on medium-to-high SNRs.
On low SNR signals the proposed systems potentially out-
performs the conventional systems. In at least one embodi-
ment, disclosed systems overcome technical challenges
related to the detecting fetal ECG within a processor con-
strained environment.
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[0031] One of skill in the art will appreciate that the
particular inventive selection of various steps and features in
a systeni can have a dramatic impact on the overall system
resources required for the system and the resulting accuracy.
For example, in at least one embodiment, the ECG signal is
transformed into the wavelet domain and all processing is
performed within that domain. In contrast, one or more
conventional systems may perform multiple transforms dur-
ing the identification of the fetal ECG.

[0032] One will appreciate in view of the disclosure below
that some similar processing methods are performed to both
the fetal ECG and the maternal ECG. In some cases, for the
sake of conciseness, only the fetal processing or only the
maternal processing is described. Nonetheless, one having
skill in the art will appreciate that the respective examples
and figures substantially apply to both fetal and maternal
ECG processing.

[0033] FIG. 1 illustrates an abdominal electrocardiogram
(“ECG” or “AECG”) processing system block diagram
overview 100. This is a simplified block diagram that
provides an overview of embodiments of an abdominal ECG
processing system. This overview is not intended to describe
all details, connections, or signal flows, but rather to
describe the general concepts of the abdominal ECG pro-
cessing system in block diagram form. The signal flow and
connections of FIG. 1 should not be seen as limiting other
connections, signal flows, operations, or functions of the
various blocks in the block diagram. More detail on specific
embodiments, functionality of different aspects of the
abdominal ECG processing system, and more detailed block
diagrams are provided below.

[0034] The abdominal ECG processing system block dia-
gram overview 100 consists of two main aspects or sides, a
maternal side 140 and a fetal side 150. These two aspects or
sides are part of the whole and operate in conjunction to
determine or estimate a fetal heart rate from a combined
ECG measurement of a maternal heart rate and a fetal heart
rate. In some embodiments, this combined measurement is
obtained through the use of a bellyband device, such as that
depicted in FIG. 2 and discussed below.

[0035] The maternal side 140 operates by estimating and
canceling the maternal heart rate from the combined ECG
measurement. The resulting compensated ECG measure-
ment is then processed by the fetal side 150 to determine or
estimate the fetal heart rate.

[0036] Turning now to the individual blocks, a combined
ECG measurement, comprising a fetal ECG and a maternal
ECG, is at a first sample rate. In at least one embodiment, the
first sample rate is between 100 Hz and 500 Hz. The
combined ECG is subjected to preprocessing and transforms
102. This block prepares the data from the combined ECG
measurement and transforms the prepared data into the
wavelet domain.

[0037] In this stage, the abdominal AECG signal is pro-
cessed using a Maximal Overlap Discrete Wavelet Trans-
form (MODWT). The MODWT operation is used to decom-
pose the signal into 5 levels, which include 4 detail levels &
1 approximation level. Each level corresponds to a different
frequency range as shown below in Table 1.
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TABLE 1

Wavelet Level Frequency Bandwidth (Hz)

Detail Level 1 50 - 100 Hz
Detail Level 2 25 - 50 Hz
Detail Level 3 12.5 -25 Hz
Detail Level 4 6.25 - 12.5 Hz
Approximation Level 5 DC - 6.25 Hz

[0038] In at least one embodiment, the Symmlets 4
(‘Sym4’) wavelet is used as the mother wavelet. Alterna-
tively, a different mother wavelet such as, the debauchies
(db6, db20), haar, etc. can be used. The Wavelet Transform
(MODWT) may be implemented in the Time-Domain using
a filter bank approach. Alternatively, it can also be imple-
mented in the frequency-domain using a fft-convolution
approach. It is worth noting that any of these alternative
approaches may be used to implement the algorithm and the
approach would still be covered under the scope of the
invention.

[0039] At least one advantage associated with transform-
ing the signal from the time-domain to the wavelet-domain
is that it enhances the Signal-To-Noise (SNR) Ratio of the
maternal and fetal components of the Abdominal ECG.
[0040] Returning to FIG. 1, next is maternal heart rate
feature extraction 104. Peaks of the wavelet transform of the
combined ECG measurement are found in at least one detail
level of the wavelet transform. Features of the peaks are
extracted and the features are compared to one or more
predetermined criteria. In some embodiments, these prede-
termined criteria are thresholds on the features. Peaks that
meet the one or more predetermined criteria are identified as
candidate peaks.

[0041] The candidate peaks are then passed to a functional
block for adaptive updating of maternal heart rate template
106. In this block, the candidate peaks are compared to a
maternal heart rate template using a distance metric. In some
embodiments, the distance metric is a normalized Euclidean
distance metric. Those skilled in the art are familiar with
Buclidean distance metrics and versions of normalized
Euclidean distance, However, as used herein, the normalized
Buclidean distance metric takes on a specific meaning as a
new or improved metric. Further details on the normalized
Buclidean distance metric and its definition are provided
below.

[0042] Adaptive updating of materal heart rate template
106 uses the final peaks, which are selected or determined at
the next block (dynamic heart rate search 108), to update the
maternal heart rate template. [n some embodiments, updat-
ing the maternal heart rate template includes adjusting one
or more features of the maternal heart rate template based on
the final peaks.

[0043] Next, the candidate peaks and their associated
distance measures are sent to dynamic heart rate search 108.
A probabilistic search is performed which compares likeli-
hoods of a set of candidate peaks being the peaks of the
actual maternal heart rate. The distance measures and a
maternal heart rate probability density are utilized in the
probabilistic search. The best set of candidate peaks is
selected as a set of maternal peaks, which are sent to
adaptive updating of maternal heart rate template 106, as
discussed above.

[0044] The set of maternal peaks are sent to maternal heart
rate estimation 110, which estimates the maternal heart rate
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based on the locations of the peaks in the set of maternal
peaks and the updated maternal heart rate template.

[0045] The estimated maternal heart rate is sent to mater-
nal ECG cancellation 112. Here, the estimated heart rate is
subtracted or otherwise cancelled from the combined ECG
measurement. The result is a compensated ECG measure-
ment that contains a fetal heart rate ECG measurement.

[0046] The compensated ECG measurement is sent from
the maternal side 140 to fetal heart rate feature extraction
114 on the fetal side 150. Similar to the maternal heart rate
feature extraction 104, the fetal heart rate feature extraction
114 identifies peaks of the wavelet transform of the com-
pensated ECG measurement in at least one detail level of the
wavelet transform. Features are then extracted from those
peaks and the features are compared to one or more prede-
termined criteria. In some embodiments, the one or more
predetermined criteria are thresholds on the features.

[0047] Further, similar to adaptive updating of maternal
heart rate template 106, fetal heart rate feature extraction 114
also performs a comparison of the compensated ECG mea-
surement to a fetal heart rate template using a distance
metric. In some embodiments, the distance metric is the
normalized Euclidean distance metric discussed above and
further defined below.

[0048] Peaks that meet the one or more predetermined
criteria are passed on as candidate peaks with their distance
measures to dynamic fetal heart rate search 116. Similar to
dynamic heart rate search 108, dynamic fetal heart rate
search 116 performs a probabilistic search which compares
likelihoods of a set of candidate peaks being the peaks of the
actual fetal heart rate. The distance measures and a fetal
probability density are utilized in the probabilistic search.
The best set of candidate peaks is selected as a preliminary
set of fetal peaks.

[0049] The fetal probability distribution is updated based
on the preliminary set of fetal peaks. In some embodiments,
this includes updating the mean of the fetal probability
distribution.

[0050] The preliminary set of fetal peaks is used with the
fetal heart rate template to form a preliminary estimate of the
fetal heart rate. The preliminary estimate may be broken up
into time steps, where each time step is a portion of the
preliminary estimate of the fetal heart rate where a single
fetal heart beat should be present. In each time step, each
preliminary fetal peak from the preliminary set of fetal peaks
is evaluated using one or more scoring criteria. In some
embodiments, the one or more scoring criteria include at
least a kurtosis score and a signal quality score.

[0051] Preliminary fetal peaks which meet one or more
predetermined constraints on the one or more scoring cri-
teria are retained, while others are discarded. The result is a
final set of fetal peaks that are used to form a final estimate
of the fetal heart rate. In some embodiments, the final
estimate of the fetal heart rate is the output of the abdominal
ECG processing system.

[0052] Turning back to the overall abdominal ECG pro-
cessing system, in some embodiments, a series of combined
ECG measurements are made. As each measurement passes
through the system, such as according to the block diagram
of FIG. 1, the maternal heart rate template, the maternal
probability distribution, and the fetal probability distribution
are updated and used for the next combined ECG measure-
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ment. This allows the abdominal ECG processing system to
dynamically update based on the mother’s and child’s actual
heart rates.

[0053] Attention is now turned to FIG. 2, which presents
an example embodiment of a bellyband system 210 with a
processing center 212 and a sensor 214. The bellyband
system 210 is wrapped around the abdomen of a pregnant
woman 200. While FIG. 2 depicts other elements, in
embodiments of the present disclosure, only a single sensor
214 is discussed as part of the system.

[0054] Processing center 212 receives or accesses ECG
measurements from sensor 214 and processes them accord-
ing to embodiments of an abdominal ECG processing sys-
tem to determine a fetal heart rate as disclosed herein.
[0055] FIG. 3 illustrates an embodiment of an abdominal
ECG processing system 300 and provides additional detail
on processing center 212. Processing center 212 includes
processor(s) 310 and computer-readable memory 312. In
some embodiments, computer-readable memory 312 con-
tains instructions for determining, calculating, or otherwise
finding a fetal heart rate from a combined ECG measure-
ment made by sensor 214, such as according to embodi-
ments of abdominal ECG processing systems described
herein. In some embodiments, processor(s) 310 are config-
ured to execute instructions on computer-readable memory
312 to determine, calculate, or otherwise find a fetal heart
rate from a combined ECG measurement made by sensor
214, such as according to embodiments of abdominal ECG
processing systems described herein.

[0056] Sensor 214 is configured to at least measure an
ECG from a person to whom sensor 214 is attached. For
example, sensor 214 as depicted in FIG. 2 is configured to
measure an ECG from a pregnant woman 200 and child.
[0057] Processing center 212 is connected to sensor 214
by communications connection 220. Communications con-
nection 220 is configured to provide ECG measurements
from sensor 214 to processing center 212. In some embodi-
ments, communications connection 220 is a wired connec-
tion, such as a fiber optic cable, Ethernet, a bespoke con-
nector, or other wired connections. In other embodiments,
communications connection 220 is a wireless connection,
such as wireless internet, Bluetooth, Bluetooth Low Energy,
or other wireless connections.

[0058] FIGS. 4 through 7 illustrate a number of data plots.
The signals in each plot contain peaks that will be referenced
and defined in more detail below. Each peak has an ampli-
tude, which is the distance that the peak is located from a
time axis. Each peak occurs at a point in time, which is the
point where a line drawn vertically from the peak would
intersect the time axis. Time differences of peaks will be
referred to, which are the differences between the points in
time for a pair of peaks.

[0059] FIG. 4 illustrates an exemplary QRS complex 400
of an ECG measurement. While a single QRS complex is
shown in FIG. 4, it will be appreciated that, in some
embodiments, ECG measurements include multiple QRS
complexes.

[0060] The QRS complex is plotted on a set of axes 410,
with the vertical axis being amplitude and the horizontal axis
being time. Peaks 425a, 425b, 435a, and 4355 are the
maxima and minima of QRS complex 400. The QRS com-
plex 400 is representative or typical of QRS complexes in an
ECG measurement, such as a maternal QRS complex 420(a,
b) or fetal QRS complex 430(a, b) that appears in ECG
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measurements of maternal or fetal heart rates. Those skilled
in the art will appreciate the various differences between
fetal and maternal QRS complexes, such as amplitude,
periodicity, frequency content, and other parameters.
[0061] FIG. 5illustrates an exemplary absolute value QRS
complex 500 of an ECG measurement. In some embodi-
ments, the absolute value of ECG measurements is taken to
aid in processing. In some embodiments, taking the absolute
value of the ECG measurements has the advantage of
simplifying processing or analysis of the ECG measure-
ments. In some such embodiments, this simplification is the
result of the relaxing or removal of constraints on the
processing or analysis.

[0062] Absolute value QRS complex 500 is plotted on a
set of axes 510, with the vertical axis being amplitude and
the horizontal axis being time. Peaks 520, 521, 522, 523,
524, 525, 527, 528, 540, 541, 542, 543, 544, 545, and 546
are the maxima of absolute value QRS complex 500.
[0063] Boundaries 512, 514, and 516 indicate the edge of
time steps or windows. In FIG. 5, the time between bound-
aries 512 and 514 indicate a first window or time step and
the time between boundaries 514 and 516 indicate a second
window or time step. Each time step is intended to capture
or mark out a single heartheat from a single person. For
example, the window between boundaries 512 and 514
includes a single beat of the absolute value QRS complex
500.

[0064] In embodiments when measuring combined ECGs
of a mother and fetus, there can be more than one heartbeat
in a window, as both the mother and fetus have heartbeats in
the same signal. Further, a different window size may be
used for the mother than the fetus because the heartbeats can
have different periods.

[0065] In FIG. 5, two beats are depicted, the first in the
window between boundaries 512 and 514 and the second in
the window between the boundaries 514 and 516. For the
first beat, peak 520 is representative of the R peak, peak 522
is representative of the Q peak, and peak 523 is represen-
tative of the S peak. For the second beat, peak 540 is
representative of the R peak, peak 543 is representative of
the Q peak, and peak 544 is representative of the S peak.
[0066] The absolute value QRS complex 500 is represen-
tative of QRS complexes in an ECG measurement after the
absolute value of the ECG measurement has been taken. For
example, the absolute value QRS complex 500 could be the
absolute value of a maternal or fetal QRS complex that
appears in ECG measurements of maternal or fetal heart
rates. Those skilled in the art will appreciate the various
differences between fetal and maternal QRS complexes,
such as amplitude, periodicity, frequency content, and other
parameters.

[0067] FIG. 6 shows an exemplary QRS template 600 with
a first and second edge 630, 631 and a first and second
transition 640, 641. This embodiment of a QRS template is
the absolute value of the QRS complex. Peak 620 is repre-
sentative of the R peak, peak 621 is representative of the Q
peak, and peak 622 is representative of the S peak. QRS
complex 600 is plotted on a set of axes 610, with the vertical
axis being amplitude and the horizontal axis being time.
[0068] In some embodiments, QRS template 600 is a
maternal QRS template. In such embodiments, QRS tem-
plate 600 has parameters or characteristics more appropriate
for a maternal QRS complex. For example, the amplitude of
the peaks 620, 621, and 622 will be set to values that
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correspond to a maternal QRS complex. In some embodi-
ments, a QRS template 600 that is a maternal QRS template
will be adjusted or modified based on known information
about the heart rate and QRS complex of a specific patient
who is to be monitored.

[0069] In some embodiments, QRS template 600 is a fetal
QRS template. In such embodiments, QRS template 600 has
parameters or characteristics more appropriate for a fetal
QRS complex. For example, the amplitude of the peaks 620,
621, and 622 will be set to values that correspond to a fetal
QRS complex.

[0070] FIG. 7 depicts the absolute value of a noisy fetal
QRS complex 700. The graph of FIG. 7 depicts the wavelet
decomposition modulus at levels 1-4 (shown as 722, 724,
726, and 728). One will appreciate that the wavelet decom-
position modulus at levels 1-4 (722, 724, 726, and 728) are
shown on axes 710 that comprise a single amplitude axis that
is relative to each individual bisecting time axis 712, 714,
716, 718. As is apparent from the presented data, there is
significant noise within the ECG signal. The inclusion of the
maternal QRS complex on top of the fetal QRS complex
presents significant difficulty for isolating the fetal heart rate
information from the noisy signal.

[0071] Attention will now be turned to several aspects of
the block diagram of FIG. 1. For specific blocks that perform
complex functions, FIGS. 8-11 provide additional detail on
those functions.

[0072] FIG. 8 illustrates greater detail on maternal heart
rate feature extraction 104. As described above, maternal
heart rate feature extraction 104 takes as an input signal in
detail level N 800, which is a signal or measurement in the
Nth detail level of a wavelet transform of the signal or
measurement. The signal is processed or analyzed to identify
a number of candidate peaks 804 as an output. Candidate
peaks 804 are maxima of the signal in detail level N 800
which are candidates for corresponding to an actual R-peak
of a QRS complex in an ECG measurement.

[0073] Insome embodiments, detail level N is detail level
three of a four-level wavelet transform of the signal or
measurement being analyzed. In some embodiments, detail
level N is a detail level that includes at least 12.5 Hz to 25
Hz. In some embodiments, detail level N is a detail level that
includes at least 5 Hz to 35 Hz.

[0074] To identify the candidate peaks 804, maternal heart
rate feature extraction 104 first takes signal in detail level N
800 and finds the absolute value of the signal using absolute
value 810. The output is absolute value signal in detail level
N 801.

[0075] Next the signal peaks 802 of absolute value signal
in detail level N 801 are found using peak finder 820. In
some embodiments, peak finder 820 finds the peaks by
sequentially processing the samples of absolute value signal
in detail level N 801. Those skilled in the art will appreciate
the various peak finding techniques available and which can
be used to find the peaks of absolute value signal in detail
level N 801. In some embodiments, signal peaks 802 are
referred to as wavelet transform modulus maxima(e)
(Wtmm).

[0076] As an example, consider FIG. 5, depicting absolute
value QRS complex 500. In the window between boundaries
512 and 514, peaks 520, 521, 522, 523, 524, 525, 526, 527,
and 528 exist. Depending on the peak finding algorithm or
technique used, peak finder 820 identifies one or more of
peaks 520, 521, 522, 523, 524, 525, 526, 527, and 528 as the
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signal peaks 802 of absolute value QRS complex 500. In
some embodiments, peak finder 820 identifies at least two of
peaks 520, 521, 522, 523, 524, 525, 526, 527, and 528 as
signal peaks 802. In some embodiments, peak finder 820
identifies all of peaks 520, 521,522, 523, 524, 525, 526, 527,
and 528 as signal peaks 802.

[0077] Signal peaks 802 are then processed by feature
computation 830 to identify peak features 803. Feature
computation 830 includes finding, processing, calculating,
determining, identifying, or otherwise obtaining one or more
parameters. Example parameters include of a signal peak of
the signal peaks 802 include amplitude of a peak, found by
amplitude 832, distance-from-mean score, found by DFM
834, peak-to-peak distance, found by peak distance 836, and
Lipschitz Exponents, found by Lipschitz Exponents 838.
[0078] In at least one embodiment, Amplitude 832 is
provided for each identified peak (e.g., peaks 520, 521, 522,
523, 524, 525, 526, 527, and 528 from FIG. 5). In at least
one additional or alternative embodiment, Amplitude 832 is
calculated using conventional means known in the art. The
Amplitude 832 may be designate as y,,, (n) of the wtmm.
[0079] In at least one embodiment, DFM 834 is computed
as follows:

abs(y(n)

Ymatemal-dfn-score =

— (1) Equation 1

Honr(1)

In Equation 1, n is the sample index of wtmm and p,,,,(n)
is the value of the n sample of the running mean p,,, . The
mean signal . is obtained by filtering the Detail Level 3
signal with a first-order I1R filter. y(n) is the amplitude of the
™ sample of the Level 3 Signal.
[0080] In at least one embodiment, Peak Distance 836 is
calculated based upon the number of samples between
consecutive wtmm.
[0081] In at least one embodiment, the Lipschitz Expo-
nents 838 is used to characterize signal singularities. For
example, the Lipschitz Exponent may be used to detect QRS
complexes which appear as transient abruptions (i.e., signal
singularities) in the ECG baseline. The computation of the
Lipschitz exponent requires the identification of correspond-
ing wtmm in the neighboring levels. The neighboring scales
for Detail Level 3 are Levels 1, 2, and 4. Let y H(n) v, (n),
and y,,(n) denote the amphtudes of the wtmm in Levels 1,
2, and 4 that correspond to the wtmm y(n) of Level 3. The
decay a, of y(n) from Level 3 to Level i is expressed using
the modified regularity exponent provided below:

a;=log, y3-log, v; Equation 2

[0082] Based on the modified regularity exponents a,, the
Lipschitz Exponent LE(y(n)) for the m-QRS candidate
wtmm y(n), is calculated using the below equation 3.

LE(ym)=%; 0,

[0083] In some embodiments, one or more of amplitude
832, DFM 834, peak distance 836, or Lipschitz Exponents
838 are used in feature computation 830. In some embodi-
ments, all of amplitude 832, DFM 834, peak distance 836,
and Lipschitz Exponents 838 are used in feature computa-
tion 830.

[0084] Peak features 803 contains whichever parameters
are found in feature computation 830. For example, in
embodiments where Amplitude 832, DFM 834, peak dis-

Equation 3
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tance 836, or Lipschitz Exponents 838 are used in Feature
Computation 830, for each signal peak of signal peaks 8§02,
peak features 803 will include that signal peak, the ampli-
tude of that signal peak found by amplitude 832, the distance
from mean score of that signal peak found by DFM 834, a
distance between that signal peak and at least one other
signal peak that is closest to that signal peak on either side
found by peak distance 836, and a Lipschitz Exponent for
that signal peak found by Lipschitz Exponent 838.

[0085] In at least one embodiment, feature evaluation 840
uses each of the above four features 832, 834, 836, 838 to
compare against a threshold. Only those candidate wtmms
that satisfy all four conditions are retained and passed to the
next stage (Stage 3). Hereafter, these candidates are referred
to as candidate peaks 804 (also referred to as m-QRS
candidates) for the location of R-peak.

[0086] FIG. 9 illustrates greater detail on adaptive updat-
ing of maternal heart rate template 106. In this stage, a
template of the shape of the maternal QRS waveform is
generated. The shape of the m-QRS waveform varies from
woman to woman and it also changes through the course of
the pregnancy.

[0087] Within the adaptive updating of maternal heart rate
template 106, the candidate peaks 804 are provided to the
windowing 910. A window, hy (n) of length N samples
centered around each of candidate locations i, of the matet-
nal R-peak is taken (shown as Windowed Candidate Peaks
901). The Windowed Candidate Peaks 901 are then com-
pared to a maternal QRS Heart Rate Template 930, g,,, using
a novel distance metric, herein referred to as normalized
Euclidean distance. It is also alternatively referred to as the
template matching score t_,,, or the normalized Euclidean-
Distance score. The location of these m-QRS candidates and
their corresponding template-matching scores are then fed to
the Dynamic Maternal Heart Rate Search 108, also referred
to here as “dynamic programming based Probabilistic
m-QRS/MHR Search Scheme.”

[0088] The Normalized Euclid Distance Calculation 920
is calculated as outlined below:

Area under the window, Equation 4
N
Z
hmaternalyye, = Z (A (k) = Aoy ik = 1))
k=541
Area under the template, Equation 5
N
v
gmaternal,,,. = Z (gnk) —gnk = 1))
_N
2
. hmaternal,,e, Equation 6
Gain of the Template, Tmaternalyq, = —————
gmaternal,,,,
U ferat-score = Sonar-nom-exctia-dis (Wi v) = Equation 7

N

7
Z (hmaternal/v,i(k) — gmaternaly(k))? ]

Tmaternalygin

N
k=7

[0089]
template matching score, tmaternal

Equations 4-7 are used to compute the maternal
Once the final

score*
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maternal R-peak location has been identified, the Final
Maternal Heart Rate Peak 903 is fed into a Heart Rate
Template Update step 935 and the Heart Rate Template, g,
is then adaptively adjusted as shown below in Equation 8.

ENMH1)=0 By i peart(1=0g)*g(m) Equation 8

[0090] In at least one embodiment, a universal initial
template gy, is used to seed the maternal template estima-
tion algorithm. Similarly, templates can be generated for the
corresponding components of the maternal QRS complex in
the neighboring levels (Levels 1, 2, & 4). The output of this
stage 1s a set of candidate maternal R-peak locations (y,) and
their corresponding template matching scores t

SOVZ,yi'
[0091] Returning to the flow chart of FIG. 1, Dynamic
Maternal Heart Rate Search 108 is used to select the
candidate m-QRS location that maximizes a probabilistic
cost function. In at least one embodiment, the Dynamic
Maternal Heart Rate Search 108 is referred to as a “dynamic
programming based Probabilistic m-QRS/MHR Search
Scheme.” For example, let m denote the number of maternal
R-peaks that has been detected by the algorithm so far. Let
) romai score denote the final scores for the N, m-QRS
candidates. Let y(m-1), denote the set of m-QRS candidates
detected at the (m-1)” pass through a Probabilistic m-QRS/
MHR Search scheme. The cost function for the i m-QRS

candidate is then given by Equation 9 below:

Pl i 1), G 1 = ), i), yilm = 1) = 1f () Equation 9

(m71>)2

1 ( 6043 }
) — 1) MOiTm)=y, (m=1))~ Fmir
ecoresm=1)xe ey (= D HOTT A

YinatmoRs () = argmax Py (yi(m— 1))«

yi(m)

P o i), Yyopeye b = 1), yi(m), yi(m = 1))

[0092] Following the Dynamic Maternal Heart Rate
Search 108, the Maternal Heart Rate Estimation 110 is
performed to identify the Final Maternal Heart Rate. In at
least one embodiment, the Final Maternal Heart Rate is
estimated as provided below by Equation 10.

60+ Fs
(i(m) = ye(m = 1))

Equation 10
Znir (1) =

Based on z7,,,,(m), W, and o, are updated as follows,

o (=0, ()10, 1 (1) Equation 11

i (1) =0 ¥ 1, (1) +(1-C) * O, (1= 1) Equation 12

[0093] Once the Maternal Heart Rate Estimation 110 is
performed, the Maternal ECG Cancellation 112 removes the
Maternal ECG signal from the QRS complex 400 (shown in
FIG. 4). As an example method for Maternal ECG Cancel-
lation 112, let x,,,...(t, 1) denote the multiresolution wavelet
decomposition of the abdominal ECG signal x,,,...(t) at level
1. Furthermore, let g, ,(m) denote the template of the mater-
nal QRS complex for the level 1. Once the final m-QRS
location (Y 4,47, mors{m)) has been identified (shown in Equa-
tion 9), the multiresolution wavelet decomposition of the
fetal ECG signal is calculated as follows:

Jun. 18, 2020

¥ o B (D) =8 (1)

Y Y sinatimors =N )Lt mors(MHN,) Equation 13

In Equation 13, N, and N, are the number of samples around
the final maternal R-peak.

[0094] After the Maternal ECG Cancellation 112, the
system transitions from the Matemnal Side 140 of the
Abdominal Electrocardiogram Processing System Block
Diagram Overview of FIG. 1 and into the Fetal Side 150. In
at least one embodiment, the Fetal Heart Rate Feature
Extraction 114 depicted in FIG. 10 is then performed. As
indicated above, the signal received by the Fetal Heart Rate
Feature Extraction 104 comprise the Absolute Value Signal
in Detail Level N 1000, which is the output of the Maternal
ECG Cancellation 112.

[0095] In the Fetal Heart Rate Feature Extraction 104
stage, the Peak Finder 1010 sequentially processes the
samples of the Wavelet-domain fECG signal (fetal ECG) to
identify the Signal Peaks 1001 (i.e., local modulus maxima);
these Signal Peaks 1001 are also referred to herein as
“fetal-wtmm.” Once a fetal-wtmm has been identified, the
Feature Computation 1020 identifies various features.
Examples of the computed features include amplitude of a
peak (calculated in stage Amplitude 1022), distance from
mean score (calculated in stage DFM 1024), distance
between peaks (calculated in stage Peak Distance 1026),
Lipschitz Exponents (calculated in stage Lipschitz Expo-
nents 1028), and template matching (calculated in stage
Template Matching 1030).

[0096] In at least one embodiment, the Amplitude 1022,
also referred to herein as yg,,(n), is provided for each
identified peak. In at least one additional or alternative
embodiment, the Amplitude 1022 is calculated using con-
ventional means known in the art.

[0097] In at least one embodiment, DFM 1024 (also
referred to herein as “fetal-DFM score™) is computed as
follows:

aAbS(X fece (1)) = M fecg (1) Equation 14

Hfecg (”)

yferal—dfm—xcore -

In Equation 14, n is the sample index of the fetal-wtmm and
le(n) is the value of the nth sample of the running mean
of the Wavelet-domain fECG signal.

[0098] Additionally, in at least one embodiment, the Peak
Distance 1026 (also referred to herein as N,,,;,,,.....) 18 calcu-
lated based upon the number of samples, between consecu-
tive fetal-wtmm.

[0099] In at least one embodiment, the Lipschitz Expo-
nents 1028 are used to characterize signal singularities. The
Lipschitz Exponents 1028 are used to detect QRS complexes
which appear as transient abruptions (i.e., signal singulari-
ties) in the fECG baseline. The computation of the Lipschitz
Exponents 1028 requires the identification of corresponding
fetal-wtmm in the neighboring levels. The neighboring
scales for Detail Level 2 are Levels 1 and 3. For example,
let y,,..n(0) and v, (n) denote the amplitudes of the
fetal-wtmm in Levels 1 and 3 that correspond to the fetal-
wimm Y,,(n) of Level 2. The decay «, of y(n) from Level
2 to Level 1 is expressed using the modified fetal regularity
exponent as indicated in Equation 15 below:

Ot =1082 Vforar- 31982 Y porars Equation 15
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[0100] Based on the modified regularity exponents a,, the
Lipschitz Exponent LE ., (y,,,n)) for the fetal QRS (i.e.,
“[-QRS”) candidate fetal-wtmm y.,,(n), is calculated as
follows,

LE(yﬁ,ml(n)):Eizlzafm,_i Equation 16
[0101] In the Template Matching 1030 stage, a template of
the shape of the fetal QRS waveform is generated and
compared against a reference. The shape of the f~QRS
waveform varies for each fetus woman-to-woman and it also
changes through the course of the pregnancy. A window,
hfetal, (n) of length N samples centered around each of
candidate locations i, of the fetal R-peak is taken and then
compared to a fetal QRS template, g,  using the novel
Euclidean Distance Equation disclosed above. It is also
alternatively referred to as the fetal template matching score
Vsatscores 118 sCOTE s teferted to as the normalized fetal
Euclidean-Distance score and is disclosed above in Equation
4. One of skill in the art will appreciate that Equation 4 is
recited with respect to maternal ECG measurements, but the
modification for fetal measurements are readily apparent.
The location of these Candidate Fetal Peaks 1004, also
referred to as Fetal R-peak (i.e., f-QRS), and their corre-
sponding template-matching scores are then fed to the
Dynamic Fetal Heart Rate Search 116, also referred to herein
as “dynamic programming based Probabilistic m-QRS/
MHR Search Scheme.”

[0102] FIG. 11 depicts the Dynamic Fetal Heart Rate
Search 116 in detail. As depicted, the Candidate Fetal Peaks
1004 are received by the Probabilistic Search 1110. The
Probabilistic Search 1110 is used to select the candidate
f-QRS location that maximizes a probabilistic cost function.
For example, let m denote the number of fetal R-peaks that
have been detected by the algorithm. Let tf;,,,; ;... denote
the final scores for the N,,, f-QRS candidates. Let y ., (m~-1),
denote the set of f-QRS candidates detected at the (m-1)"
pass through Probabilistic f-QRS/FHR Search scheme (i.e.,
the Probabilistic Search 1110). The cost function for the i

f-QRS candidate is then given by the following Equation 17.

P(l‘fﬁzral-xr:orlz,i(m)7 tfﬁzral—xcorz,k (m— 1)7 Yi (m), Yk (m— 1)) = Equation 17

Y esat-scorei " * Y gt scores 1 = 1)

6

1 04 2
’5;;;2";;3(@}%in» ~tgn)
e T g

Yfinal, foRs (M) = argmax P, roral(y fetat-i = 1)) *
Yfetat-i

P (’f  fecat-score,i s W eat-scores M = 1), yilm), ye(m— 1))

[0103] Following the Dynamic Fetal Heart Rate Search
116, the Fetal Heart Rate Estimation 1120 is performed. In
at least one embodiment, the Fetal Heart Rate Signal 1102
is estimated as provided below by Equation 18.

60xFs
(y etalei ) = Y g (1 = 1))

Equation 18

thr(m) =
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Based on 7, (m), 1, and oy, are updated as follows,

W=, * 2, (m)+(1-cy, Y g, (m-1) Equation 19

O (M= *Z g, (M (1= 05)* O, (m—1) Equation 20

The Updated Probability Distribution 1121 is then provided
to Probabilistic Search 1110 through feedback.

[0104] In at least one embodiment Smoothing 1130 is
applied to the Fetal Heart Rate Signal 1102 (i.e., 7, (m)) to
obtain a Smoothed Fetal Heart Rate Signal 1103 (i.e.,
Zmoomedpn ). Additionally, in at least one embodiment,
the Smoothing 1130 may comprise a Real-time Kurtosis
1132 and a Fetal Signal Score 1134 for estimating the quality
of detected of fetal QRS beats.

[0105] In at least one embodiment, the Real-time Kurtosis
1132 comprises a Real-time Kurtosis Score for a given fetal
beat. The Real-time Kurtosis Score is calculated as follows:

kurt g (n) = Equation 21

_ 4
& *(y eral (1) — 1 feral(n)] (1 =6y ekt 1)
T fetal

T ot (1) = 63 (3t (W) = tprat )Y + (1 = 02) £ O pgaa (= 1)

erral(”) =4 *Xaecg(n) +(1-46)) */"feral(n -1

[0106] Additionally, in at least one embodiment, the Fetal
Signal Score 1134 is calculated at indicated below by
Equation 22.

Ne Equation 22

) 1 )fxcore,k )
FORS el )= § Wloglll 7"
i=1

In Equation 22, N_ is the number of fQRS candidates at
timestep n.

[0107] The Dynamic Fetal Heart Rate Search 116 identi-
fies the final fetal peaks with kurtosis scores in a first
predetermined range and signal scores in a second prede-
termined range and outputs the Smoothed Fetal Heart Rate
Signal. In at least one embodiment, the first predetermined
range of kurtosis scores and/or the second predetermined
range of signal scores may be dynamically determined or
may comprise static thresholds. In at least one additional or
alternative embodiment, the Smoothed Fetal Heart Rate
Signal 1103 can be displayed to user on a user interface, used
to identify abnormalities in fetal heart rate, used to track and
log fetal health, and/or used for any number of different
medical and health metrics.

[0108] FIG. 12 depicts a rearrangement of the flowchart of
FIG. 1. The Detailed Abdominal Electrocardiogram Pro-
cessing System Block Diagram 1200 of FIG. 12 has been
drawn to depict an embodiment of the system with depicted
feedback loops. One of skill in the art, in view of the above
disclosure and mathematical explanations will appreciate
the indicated flow of information between the different
blocks 102, 104, 106, 108, 110, 112, 114, 116, 140, and 150.
[0109] One will appreciate that the present invention can
also be described in terms of methods comprising one or
more acts for accomplishing a particular result. For example,
FIG. 13 and the corresponding text illustrate a flowchart of
a sequence of acts in methods for generating an optimized
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coating formulation through a user interface. The acts of
FIG. 13 are described below with reference to the compo-
nents and modules illustrated in FIGS. 1-12.

[0110] For instance, FIG. 13 illustrates that a method 1300
for determining a fetal heart rate of a fetus in a pregnant
woman includes an act 1302 of obtaining a combined ECG
measurement. Act 1302 comprises obtaining a combined
electrocardiogram measurement of a maternal heart rate and
a fetal heart rate, wherein the combined electrocardiogram
measurement is sampled at a first sample rate. For example,
as depicted in FIG. 1-3, and the accompanying description,
a combined ECG signal is obtained from one or more
sensors 214 and processed at a processing center 212.
[0111] Method 1300 also includes an act 1304 transform-
ing the combined ECG measurement. Act 1304 comprises
transforming the combined electrocardiogram measurement
into a wavelet domain to create a combined electrocardio-
gram measurement wavelet transform. For example, as
depicted and explained with respect to the Preprocessing and
Transforms step 102 of FIG. 1, the combined ECG can be
transformed using a Maximal Overlap Discrete Wavelet
Transform (MODWT).

[0112] Additionally, Method 1300 includes an act 1306 of
determining an estimate of the maternal heart rate. Act 1306
comprises determining an estimate of the maternal heart rate
from the combined electrocardiogram measurement wavelet
transform, wherein determining the estimate of the maternal
heart rate from the combined electrocardiogram measure-
ment wavelet transform comprises various optional methods
and systems. For example, FIGS. 8 and 9 depict and describe
various optional methods and systems that can be used to
determine an estimate of the maternal heart rate. Neverthe-
less, one will appreciate that while the method of FIGS. 8
and 9 may comprise novel and inventive features, those
particular methods may not be required within the present
system for determining a fetal heart rate of a fetus in a
pregnant woman. For example, in at least one embodiment,
the estimate of the maternal heart rate may be provided to
the system through some other means.

[0113] By way of brief description of the optional methods
and systems for determining an estimate of a maternal heart
rate, in at least one embodiment, the Peak Finder step 820 as
depicted and described with respect to FIG. 8 identifies at
least one maternal wavelet transform modulus maxima in a
first detail level of the combined electrocardiogram mea-
surement wavelet transform. The Feature Computation 830
then determines one or more maternal features of the at least
one maternal wavelet transform modulus maxima. The Fea-
ture Evaluation step 840 evaluates each maternal feature of
the one or more maternal features against one or more
predetermined criteria to identify a plurality of candidate
maternal peaks.

[0114] Further, the optional methods and systems can
comprise a Windowing step 910, as depicted and described
with respect to FIG. 9, that obtains a set of windowed
candidate maternal peaks. Each windowed candidate mater-
nal peak in the set of windowed candidate maternal peaks is
a window of a first number of samples around a candidate
maternal peak of the plurality of candidate maternal peaks.
A Normalized Fuclidean Distance Calculation 920 can then
determine a set of template matching scores for the set of
windowed candidate maternal peaks. Each template match-
ing score of the set of template matching scores may be
found using a distance metric between each windowed

Jun. 18, 2020

candidate maternal peak of the set of windowed candidate
maternal peaks and a maternal heart rate template.

[0115] Turning now to FIGS. 1 and 12, the optional
methods and systems can comprise a Dynamic Maternal
Heart Rate Search step 108 that determines a set of maternal
peaks using a probabilistic likelihood search of the plurality
of candidate maternal peaks that is based at least on the set
of template matching scores. Using a feedback system, the
Adaptive Updating of Maternal Heart Rate Template step
106 updates one or more parameters of the maternal heart
rate template based at least on the set of maternal peaks to
create an updated maternal heart rate template. Based upon
the foregoing optional methods and systems, the Maternal
Heart Rate Estimation step 110 determines an estimate of the
maternal heart rate based on the set of maternal peaks and
the updated maternal heart rate template.

[0116] Returning now to Method 1300 in FIG. 13, the
method 1300 may also include an act 1308 of removing the
maternal heart rate. Act 1308 comprises removing the mater-
nal heart rate from the combined electrocardiogram mea-
surement wavelet transform using the estimate of the mater-
nal heart rate to create a compensated combined
electrocardiogram measurement wavelet transform. For
example, as depicted and described with respect to FIG. 1,
the Maternal ECG Cancellation step 112 may comprise a
process as indicated in Equation 13.

[0117] In addition, Method 1300 may include an act 1310
of identifying a fetal heart rate. Act 1310 comprises identi-
fying a fetal heart rate from the compensated combined
electrocardiogram measurement wavelet transform. wherein
identifying a fetal heart comprises various optional methods
and systems. For example, FIGS. 10 and 11 depict and
describe various optional methods and systems that can be
used to determine an estimate of the maternal heart rate.
Nevertheless, one will appreciate that while the method of
FIGS. 10 and 11 may comprise novel and inventive features,
those particular methods may not be required within the
present system for determining a fetal heart rate of a fetus in
a pregnant woman. For example, in at least one embodiment,
the estimate of the fetal heart rate may be provided to the
system through some other means.

[0118] By way of brief description of the optional methods
and systems for determining an estimate of a fetal heart rate,
in at least one embodiment, Peak Finder 1010, as depicted
and described with respect to FIG. 10, identifies at least one
fetal wavelet transform modulus maxima in a particular
detail level of a wavelet transform of the compensated
combined electrocardiogram measurement wavelet trans-
form. Feature Computation step 1020 then determines one
or more fetal features 1002 of the at least one fetal wavelet
transform modulus maxima. Feature Evaluation step 1040
then evaluates each fetal feature of the one or more fetal
features 1002 against one or more predetermined criteria to
identify a plurality of candidate fetal peaks.

[0119] Further, the optional methods and systems can
comprise the Probabilistic Search step 1110, as depicted and
described with respect to FIG. 11, that determines a set of
preliminary fetal peaks 1101 using a probabilistic likelihood
search of the plurality of candidate fetal peaks. In at least one
embodiment, the Fetal Heart Rate Estimation 1120 then
estimated a fetal heart rate. The Smoothing step 1130 then
determines a kurtosis score 1132 and a signal score 1134 of
each preliminary fetal peak in the set of preliminary fetal
peaks for a given time step. The Dynamic Fetal Heart Rate
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Search 116 also selects a set of final fetal peaks with kurtosis
scores in a first predetermined range and signal scores in a
second predetermined range and outputs the Smoothed Fetal
Heart Rate Signal (i.e., the final fetal peaks). Once the final
fetal peaks are identified, Smoothed Fetal Heart Rate Signal
1103 can display an indication of the final fetal heart rate
(Act 1312) to user on a user interface. The displayed fetal
heart rate can be used to identify abnormalities in fetal heart
rate, used to track and log fetal health, and/or used for any
number of different medical and health metrics.

[0120] Further, the methods may be practiced by a com-
puter system including one or more processors and com-
puter-readable media such as computer memory. In particu-
lar, the computer memory may store computer-executable
instructions that when executed by one or more processors
cause various functions to be performed, such as the acts
recited in the embodiments.

[0121] Embodiments of the present invention may com-
prise or utilize a special purpose or general-purpose com-
puter including computer hardware, as discussed in greater
detail below. Embodiments within the scope of the present
invention also include physical and other computer-readable
media for carrying or storing computer-executable instruc-
tions and/or data structures. Such computer-readable media
can be any available media that can be accessed by a general
purpose or special purpose computer system. Computer-
readable media that store computer-executable instructions
are physical storage media. Computer-readable media that
carry computer-executable instructions are transmission
media. Thus, by way of example, and not limitation,
embodiments of the invention can comprise at least two
distinctly different kinds of computer-readable media: physi-
cal computer-readable storage media and transmission com-
puter-readable media.

[0122] Physical computer-readable storage media includes
RAM, ROM, EEPROM, CD-ROM or other optical disk
storage (such as CDs, DVDs, etc.), magnetic disk storage or
other magnetic storage devices, or any other medium which
can be used to store desired program code means in the form
of computer-executable instructions or data structures and
which can be accessed by a general purpose or special
purpose computer.

[0123] A “network” is defined as one or more data links
that enable the transport of electronic data between com-
puter systems and/or modules and/or other electronic
devices. When information is transferred or provided over a
network or another communications connection (either
hardwired, wireless, or a combination of hardwired or
wireless) to a computer, the computer properly views the
connection as a transmission medium. Transmissions media
can include a network and/or data links which can be used
to carry or desired program code means in the form of
computer-executable instructions or data structures and
which can be accessed by a general purpose or special
purpose computer. Combinations of the above are also
included within the scope of computer-readable media.
[0124] Further, upon reaching various computer system
components, program code means in the form of computer-
executable instructions or data structures can be transferred
automatically from transmission computer-readable media
to physical computer-readable storage media (or vice versa).
For example, computer-executable instructions or data
structures received over a network or data link can be
buffered in RAM within a network interface module (e.g., a
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“NIC”), and then eventually transferred to computer system
RAM and/or to less volatile computer-readable physical
storage media at a computer system. Thus, computer-read-
able physical storage media can be included in computer
system components that also (or even primarily) utilize
transmission media.

[0125] Computer-executable instructions comprise, for
example, instructions and data which cause a general-pur-
pose computer, special purpose computer, or special purpose
processing device to perform a certain function or group of
fanctions. The computer-executable instructions may be, for
example, binaries, intermediate format instructions such as
assembly language, or even source code. Although the
subject matter has been described in language specific to
structural features and/or methodological acts, it is to be
understood that the subject matter defined in the appended
claims is not necessarily limited to the described features or
acts described above. Rather, the described features and acts
are disclosed as example forms of implementing the claims.
[0126] Those skilled in the art will appreciate that the
invention may be practiced in network computing environ-
ments with many types of computer system configurations,
including, personal computers, desktop computers, laptop
computers, message processors, hand-held devices, multi-
processor systems, microprocessor-based or programmable
consumer electronics, network PCs, minicomputers, main-
frame computers, mobile telephones, PDAs, pagers, routers,
switches, and the like. The invention may also be practiced
in distributed system environments where local and remote
computer systems, which are linked (either by hardwired
data links, wireless data links, or by a combination of
hardwired and wireless data links) through a network, both
perform tasks. In a distributed system environment, program
modules may be located in both local and remote memory
storage devices.

[0127] Alternatively, or in addition, the functionality
described herein can be performed, at least in part, by one or
more hardware logic components. For example, and without
limitation, illustrative types of hardware logic components
that can be used include Field-programmable Gate Arrays
(FPGAs), Program-specific Integrated Circuits (ASICs),
Program-specific Standard Products (ASSPs), System-on-a-
chip systems (SOCs), Complex Programmable Logic
Devices (CPLDs), etc.

[0128] The present invention may be embodied in other
specific forms without departing from its spirit or charac-
teristics. The described embodiments are to be considered in
all respects only as illustrative and not restrictive. The scope
of the invention is, therefore, indicated by the appended
claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of
the claims are to be embraced within their scope.

What is claimed is:

1. An abdominal electrocardiogram processing computer
system for determining a fetal heart rate of a fetus in a
pregnant woman, the computer system comprising:

one or more processors; and

one or more computer-readable media having stored

thereon executable instructions that when executed by

the one or more processors configure the computer

system to perform at least the following:

obtain a combined electrocardiogram measurement of a
maternal heart rate and a fetal heart rate, wherein the
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combined electrocardiogram  measurement is
sampled at a first sample rate;
transform the combined electrocardiogram measure-
ment into a wavelet domain to create a combined
electrocardiogram measurement wavelet transform;
determine an estimate of the maternal heart rate from
the combined electrocardiogram  measurement
wavelet transform;
remove the maternal heart rate from the combined
electrocardiogram measurement wavelet transform
using the estimate of the maternal heart rate to create
a compensated combined electrocardiogram mea-
surement wavelet transform;
identify a fetal heart rate from the compensated com-
bined electrocardiogram measurement wavelet
transform, wherein identifying a fetal heart rate
comprises:
identifying at least one fetal wavelet transform
modulus maxima in a particular detail level of a
wavelet transform of the compensated combined
electrocardiogram measurement wavelet trans-
form,
determining one or more fetal features of the at least
one fetal wavelet transform modulus maxima,
evaluating each fetal feature of the one or more fetal
features against one or more predetermined crite-
ria to identify a plurality of candidate fetal peaks,
determining a set of preliminary fetal peaks using a
probabilistic likelihood search of the plurality of
candidate fetal peaks,
determining a kurtosis score and a signal score of
each preliminary fetal peak in the set of prelimi-
nary fetal peaks for a given time step, and
selecting a set of final fetal peaks with kurtosis
scores in a first predetermined range and signal
scores in a second predetermined range; and
display an indication of a final fetal heart rate based on
the set of final fetal peaks.

2. The abdominal electrocardiogram processing computer
system of claim 1, wherein the combined electrocardiogram
measurement is processed entirely in a wavelet transform
domain to determine the maternal heart rate and the final
fetal heart rate.

3. The abdominal electrocardiogram processing computer
system of claim 2, wherein the wavelet transform domain
uses a Symmlets 4 wavelet as a mother wavelet.

4. The abdominal electrocardiogram processing computer
system of claim 1, wherein the particular detail level is detail
level two of a four level wavelet transform.

5. The abdominal electrocardiogram processing computer
system of claim 1, wherein the first sample rate is between
100 Hz and 500 Hz.

6. The abdominal electrocardiogram processing computer
system of claim 1, wherein the one or more fetal features of
the at least one fetal wavelet transform modulus maxima
comprises at least one of a peak amplitude feature, a
distance-from-mean feature, a peak-to-peak distance fea-
ture, a Lipschitz exponent feature, or a template matching
feature.

7. The abdominal electrocardiogram processing computer
system of claim 1, wherein the one or more predetermined
criteria is a threshold on each fetal feature of the one or more
fetal features of the at least one fetal wavelet transform
modulus maxima.
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8. The abdominal electrocardiogram processing computer
system of claim 1, further comprising creating an updated
probability density of the fetal heart rate by updating an
estimated mean value of the fetal heart rate.
9. The abdominal electrocardiogram processing computer
system of claim 1, wherein determining the estimate of the
maternal heart rate from the combined electrocardiogram
measurement wavelet transform comprises:
identifying at least one maternal wavelet transform modu-
lus maxima in a first detail level of the combined
electrocardiogram measurement wavelet transform;

determining one or more maternal features of the at least
one maternal wavelet transform modulus maxima;

evaluating each maternal feature of the one or more
maternal features against one or more predetermined
criteria to identify a plurality of candidate maternal
peaks;
obtaining a set of windowed candidate maternal peaks,
where each windowed candidate maternal peak in the
set of windowed candidate maternal peaks is a window
of a first number of samples around a candidate mater-
nal peak of the plurality of candidate maternal peaks;

determining a set of template matching scores for the set
of windowed candidate maternal peaks, wherein each
template matching score of the set of template match-
ing scores is found using a distance metric between
each windowed candidate maternal peak of the set of
windowed candidate maternal peaks and a maternal
heart rate template;

determining a set of maternal peaks using a probabilistic

likelihood search of the plurality of candidate maternal
peaks that is based at least on the set of template
matching scores;
updating one or more parameters of the maternal heart
rate template based at least on the set of maternal peaks
to create an updated maternal heart rate template; and

determining an estimate of the maternal heart rate based
on the set of maternal peaks and the updated maternal
heart rate template.

10. A method for processing abdominal electrocardiogram
signals comprising:

obtaining a combined electrocardiogram measurement of

a maternal heart rate and a fetal heart rate, wherein the
combined electrocardiogram measurement is sampled
at a first sample rate;
transforming the combined electrocardiogram measure-
ment into a wavelet domain to create a combined
electrocardiogram measurement wavelet transform;

determining an estimate of the maternal heart rate from
the combined electrocardiogram measurement wavelet
transform;

removing the maternal heart rate from the combined

electrocardiogram measurement wavelet transform
using the estimate of the maternal heart rate to create a
compensated combined electrocardiogram measure-
ment wavelet transform;

identifying a fetal heart rate from the compensated com-

bined electrocardiogram measurement wavelet trans-

form, wherein identifying a fetal heart comprises:

identifying at least one fetal wavelet transform modulus
maxima in a particular detail level of a wavelet
transform of the compensated combined electrocar-
diogram measurement wavelet transform,
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determining one or more fetal features of the at least
one fetal wavelet transform modulus maxima,

evaluating each fetal feature of the one or more fetal
features against one or more predetermined criteria
to identify a plurality of candidate fetal peaks,

determining a set of preliminary fetal peaks using a
probabilistic likelihood search of the plurality of
candidate fetal peaks,

determining a kurtosis score and a signal score of each
preliminary fetal peak in the set of preliminary fetal
peaks for a given time step, and

selecting a set of final fetal peaks with kurtosis scores
in a first predetermined range and signal scores in a
second predetermined range; and

displaying an indication of a final fetal heart rate based on

the set of final fetal peaks.
11. The method of claim 10, wherein the combined
electrocardiogram measurement is processed entirely in a
wavelet transform domain to determine the maternal heart
rate and the final fetal heart rate.
12. The method of claim 11, wherein the wavelet trans-
form domain uses a Symmlets 4 wavelet as a mother
wavelet.
13. The method of claim 10, wherein the particular detail
level is detail level two of a four level wavelet transform.
14. The method of claim 10, further comprising creating
an updated probability density of the maternal heart rate by
updating an estimated mean value of the maternal heart rate.
15. The method of claim 10, wherein the one or more fetal
features of the at least one fetal wavelet transform modulus
maxima comprises at least one of a peak amplitude feature,
a distance-from-mean feature, a peak-to-peak distance fea-
ture, a Lipschitz exponent feature, or a template matching
feature.
16. The method of claim 10, wherein the one or more
predetermined criteria is a threshold on each fetal feature of
the one or more fetal features of the at least one fetal wavelet
transform modulus maxima.
17. The method of claim 10, further comprising creating
an updated probability density of the fetal heart rate by
updating an estimated mean value of the fetal heart rate.
18. The method of claim 10, wherein determining the
estimate of the maternal heart rate from the combined
electrocardiogram measurement wavelet transform com-
prises:
identifying at least one maternal wavelet transform modu-
lus maxima in a first detail level of the combined
electrocardiogram measurement wavelet transform;

determining one or more maternal features of the at least
one maternal wavelet transform modulus maxima;

evaluating each maternal feature of the one or more
maternal features against one or more predetermined
criteria to identify a plurality of candidate maternal
peaks;

obtaining a set of windowed candidate matemal peaks,

where each windowed candidate maternal peak in the
set of windowed candidate maternal peaks is a window
of a first number of samples around a candidate mater-
nal peak of the plurality of candidate maternal peaks;
determine a set of template matching scores for the set of
windowed candidate maternal peaks, wherein each
template matching score of the set of template match-
ing scores is found using a distance metric between
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each windowed candidate maternal peak of the set of
windowed candidate maternal peaks and a maternal
heart rate template;

determine a set of maternal peaks using a probabilistic

likelihood search of the plurality of candidate maternal
peaks that is based at least on the set of template
matching scores;
update one or more parameters of the maternal heart rate
template based at least on the set of maternal peaks to
create an updated maternal heart rate template; and

determine an estimate of the maternal heart rate based on
the set of maternal peaks and the updated maternal
heart rate template.

19. An abdominal electrocardiogram processing computer
system for determining a fetal heart rate of a fetus in a
pregnant woman, the computer system comprising:

one or more processors; and

one or more computer-readable media having stored

thereon executable instructions that when executed by

the one or more processors configure the computer

system to perform at least the following:

obtain a combined electrocardiogram measurement of a
maternal heart rate and a fetal heart rate, wherein the
combined electrocardiogram  measurement is
sampled at a first sample rate;

transform the combined electrocardiogram measure-
ment into a wavelet domain to create a combined
electrocardiogram measurement wavelet transform;

determine an estimate of the maternal heart rate from
the combined electrocardiogram  measurement
wavelet transform, wherein determining the estimate
of the maternal heart rate from the combined elec-
trocardiogram measurement wavelet transform com-
prises:
identifying at least one maternal wavelet transform
modulus maxima in a first detail level of the
combined electrocardiogram measurement wave-
let transform,

determining one or more maternal features of the at
least one maternal wavelet transform modulus
maxima,

evaluating each maternal feature of the one or more
maternal features against one or more predeter-
mined criteria to identify a plurality of candidate
maternal peaks,

obtaining a set of windowed candidate maternal
peaks, where each windowed candidate maternal
peak in the set of windowed candidate maternal
peaks is a window of a first number of samples
around a candidate maternal peak of the plurality
of candidate maternal peaks,

determining a set of template matching scores for the
set of windowed candidate maternal peaks,
wherein each template matching score of the set of
template matching scores is found using a distance
metric between each windowed candidate mater-
nal peak of the set of windowed candidate mater-
nal peaks and a maternal heart rate template,

determining a set of maternal peaks using a proba-
bilistic likelihood search of the plurality of can-
didate maternal peaks that is based at least on the
set of template matching scores,
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updating one or more parameters of the maternal
heart rate template based at least on the set of
maternal peaks to create an updated maternal heart
rate template, and

determining an estimate of the maternal heart rate
based on the set of maternal peaks and the updated
maternal heart rate template;

remove the maternal heart rate from the combined

electrocardiogram measurement wavelet transform

using the estimate of the maternal heart rate to create

a compensated combined electrocardiogram mea-

surement wavelet transform;

identify a fetal heart rate from the compensated com-

bined electrocardiogram measurement wavelet

transform, wherein identifying a fetal heart com-

prises:

identifying at least one fetal wavelet transform
modulus maxima in a particular detail level of a
wavelet transform of the compensated combined
electrocardiogram measurement wavelet trans-
form,

determining one or more fetal features of the at least
one fetal wavelet transform modulus maxima,

evaluating each fetal feature of the one or more fetal
features against one or more predetermined crite-
ria to identify a plurality of candidate fetal peaks,

determining a set of preliminary fetal peaks using a
probabilistic likelihood search of the plurality of
candidate fetal peaks,
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determining a kurtosis score and a signal score of
each preliminary fetal peak in the set of prelimi-
nary fetal peaks for a given time step, and
selecting a set of final fetal peaks with kurtosis
scores in a first predetermined range and signal
scores in a second predetermined range; and
display an indication of a final fetal heart rate based on
the set of final fetal peaks.

20. The abdominal electrocardiogram processing com-
puter system of claim 19, wherein one or more computer-
readable media further have stored thereon instructions that
are executable by the one or more processors to configure
the abdominal electrocardiogram processing computer sys-
tem to perform at least the following:

obtain a second combined electrocardiogram measure-

ment of the maternal heart rate and the fetal heart rate,
wherein the second combined electrocardiogram mea-
surement of the maternal heart rate is sampled at the
first sample rate;

determine a second estimate of the maternal heart rate

from a wavelet transform of the second combined
electrocardiogram measurement using at least the
updated maternal heart rate template;

remove the maternal heart rate from the wavelet transform

of the second combined electrocardiogram measure-
ment using the second estimate of the maternal heart
rate to create a second compensated electrocardiogram
wavelet transform; and

determine a second fetal heart rate from the second

compensated electrocardiogram wavelet transform.
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