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(57) ABSTRACT

Systems and methods for electrocardiography monitoring
use multiple capacitive sensors in order to determine reliable
measurements of electrophysiological information of a
patient. Relative coupling strength and/or reliability is used
to select dynamically which sensors to use in order to
determine, in particular, an electrocardiogram of the patient.

Al

1



Patent Application Publication  Oct. 6,2016 Sheet 1 of 5 US 2016/0287129 A1

10




Patent Application Publication  Oct. 6,2016 Sheet 2 of 5 US 2016/0287129 A1

11

(7 A

10/
FIG. 2A

/11
4 )
1432 143b
o LP
3\ o
@)
O
\_ _J




Patent Application Publication  Oct. 6,2016 Sheet 3 of 5

US 2016/0287129 A1

4 ™
11~
P
OO 1)
\_ J
108
<
« >

110

113

112

111

x10'3



Patent Application Publication  Oct. 6,2016 Sheet 4 of 5 US 2016/0287129 A1

025 I 1 I !

0.2

0.15

0.1.

0.05

-0.05

_ 1 1 ] 1 ]
’ 40 iy 42 43 44 45




Patent Application Publication  Oct. 6,2016 Sheet 5 of 5 US 2016/0287129 A1

500

\ ( st )
!

Emit carrier signals by multiple capacitive sensors 402

!

Generate output signals conveying electrophysiological | —504
information of a subject

!

Determine coupling levels for the capacitive sensors _|—506
based on the output signals

!

Select one or more capacitive sensors based on _—508
the determined coupling levels

!

Determine an ECG signal based on the generated output _—510
signals from the selected capacitive sensor(s)

Y
( Fnish )
FIG. 5




US 2016/0287129 Al

ELECTROCARDIOGRAPHY MONITORING
SYSTEM AND METHOD

BACKGROUND

[0001] 1. Field

[0002] The present disclosure pertains to systems and
methods for electrocardiography (ECG) monitoring.
[0003] 2. Description of the Related Art

[0004] Monitoring heart activity is known to be widely
used. Traditionally, electrocardiography (ECG) monitoring
produces important information for medical professionals.
Invasive techniques, including, but not limited to, adhesive
electrodes and tape can be uncomfortable for some subjects,
in particular those having sensitive, new, or thin skin.
Non-invasive techniques, for example using capacitive elec-
trodes, sometimes suffer from motion artifacts.

SUMMARY

[0005] Accordingly, one or more embodiments provide a
system configured for electrocardiography (ECG) monitor-
ing of a subject. The system includes multiple capacitive
sensors and one or more processors. The multiple capacitive
sensors are configured to generate output signals conveying
electro-physiological information of the subject. Individual
ones of the capacitive sensors are further configured to emit
carrier signals. The generated output signals include a rep-
resentation of the) emitted carrier signals. The one or more
processors are configured to execute computer program
modules. The computer program modules include a cou-
pling module, a selection module, and a reconstruction
module. The coupling module is configured to determine
coupling levels for individual ones of the capacitive sensors
based on the output signals. The selection module is con-
figured to select one or more capacitive sensors based on the
determined coupling levels, among other factors The recon-
struction module is configured to determine an electrocar-
diogram (ECQ) signal based on the generated output signals
of the selected one or more capacitive sensors.

[0006] It is yet another aspect of one or more embodi-
ments to provide a method of providing electrocardiography
(ECG) monitoring of a subject. The method includes emit-
ting, by multiple capacitive sensors, carrier signals; gener-
ating, by the multiple capacitive sensors, output signals
conveying electro-physiological information of the subject,
wherein the output signals include a representation of the
emitted carrier signals; determining coupling levels for
individual ones of the capacitive sensors based on the
generated output signals; selecting one or more capacitive
sensors based on the determined coupling levels, among
other factors; and determining an electrocardiogram (ECG)
signal based on the generated output signals of the selected
one or more capacitive sensors.

[0007] It is yet another aspect of one or more embodi-
ments to provide a system configured to provide electrocar-
diography (ECG) monitoring of a subject. The system
includes means for emitting carrier signals including mul-
tiple elements configured to emit carrier signals; means for
generating output signals conveying electrophysiological
information of the subject, wherein the output signals
include a representation of the emitted carrier signals; means
for determining coupling levels for the means for emitting
carrier signals based on the generated output signals; means
for selecting one or more elements of the means for emitting
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carrier signals based on the determined coupling levels,
among other factors; and means for determining an electro-
cardiogram signal based on the generated output signals of
the selected elements selected by the means for selecting.
[0008] These and other aspects, features, and characteris-
tics of the present disclosure, as well as the methods of
operation and functions of the related elements of structure
and the combination of parts and economies of manufacture,
will become more apparent upon consideration of the fol-
lowing description and the appended claims with reference
to the accompanying drawings, all of which form a part of
this specification, wherein like reference numerals designate
corresponding parts in the various figures. It is to be
expressly understood, however, that the drawings are for the
purpose of illustration and description only and are not
intended as a definition of any limits.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates a system for monitoring of a
subject, in accordance with one or more embodiments;
[0010] FIGS.2A-2B illustrate a system in accordance with
one or more embodiments;

[0011] FIG. 3 schematically illustrates a system for moni-
toring of a subject, in accordance with one or more embodi-
ments;

[0012] FIGS. 4A-4B-4C illustrate graphs of measure-
ments made in accordance with one or more embodiments;
and

[0013] FIG. 5 illustrates a method for determination of one
or more ECG signals of a subject, in accordance with one or
more embodiments.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

G <
a

[0014] As used herein, the singular form of “a”, “an”, and
“the” include plural references unless the context clearly
dictates otherwise. As used herein, the statement that two or
more parts or components are “coupled” shall mean that the
parts are joined or operate together either directly or indi-
rectly, i.e., through one or more intermediate parts or com-
ponents, so long as a link occurs. As used herein, “directly
coupled” means that two elements are directly in contact
with each other. As used herein, “fixedly coupled” or “fixed”
means that two components are coupled so as to move as one
while maintaining a constant orientation relative to each
other.

[0015] As used herein, the word “unitary” means a com-
ponent is created as a single piece or unit. That is, a
component that includes pieces that are created separately
and then coupled together as a unit is not a “unitary”
component or body. As employed herein, the statement that
two or more parts or components “engage” one another shall
mean that the parts exert a force against one another either
directly or through one or more intermediate parts or com-
ponents. As employed herein, the term “number” shall mean
one or an integer greater than one (i.e., a plurality).

[0016] Directional phrases used herein, such as, for
example and without limitation, top, bottom, left, right,
upper. lower, front, back, and derivatives thereof, relate to
the orientation of the elements shown in the drawings and
are not limiting upon the claims unless expressly recited
therein.
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[0017] FIG. 1 illustrates a system 10 for (non-invasive)
monitoring of a subject 106. System 10 may interchangeably
be referred to as “monitoring system 10”. System 10 may
include one or more of a body of engagement 11, an
incubator 4 having access apertures 3, multiple capacitive
sensors 143, and/or other components (including compo-
nents illustrated in other figures as being included in system
10). Body of engagement 11 may interchangeably be
referred to as “structure of engagement,” “structure,” “sup-
port-structure of engagement,” or “support-structure.” By
way of non-limiting example, FIG. 3 schematically illus-
trates system 10a, which may include all components and
features attributed to system 10 as elsewhere described
herein, and which may further include, as depicted in FIG.
3, one or more of an electronic storage 130, a user interface
120, one or more processors 110, one or more computer
program modules, and/or other components. Referring to
FIG. 3, the computer program modules may include one or
more of a coupling module 111, a selection module 112, a
reconstruction module 113, and/or other modules. Also
illustrated in FIG. 3 is a user 108 of system 10 such as, by
way of non-limiting example, a care-giver, a therapy-deci-
sion-maker, and/or a medical professional.

[0018] Non-invasive, unobtrusive, and/or motion-tolerant
determination of heart activity of a subject, including elec-
trocardiography (ECG), and in particular for neonates and/or
infants, may contribute to the availability of medically
and/or diagnostically relevant information without causing
the damage, stress, pain, and/or discomfort associated with
invasive techniques. The techniques described in this dis-
closure may be applied to both humans and animals.
Changes over time in such monitored parameters may be
particularly relevant. As used herein, the term “non-inva-
sive” may refer to the absence of adhesives to keep sensors
in place and/or the absence of physical equipment penetrat-
ing or adhering to the skin or being inserted in any manner
into the subject. Adhesive sensors may damage the (very
thin) skin and cause stress, discomfort, and/or pain when
used. As used herein, the term “motion-tolerant” may refer
to the ability to obtain reliable measurements in the presence
of limited motion by subject 106. Wriggling, movement of
arms, legs, and head, rolling from side-to-side, transitions
between different body positions, movements caused by the
subject being agitated or unwell, and/or similar movements
may be interpreted as limited motion. In some embodiments,
in situ and/or in place handling of subject 106, including but
not limited to feeding, diaper changes, test-taking, and/or
other actions commonly performed when treating or caring
for neonates and/or infants may be interpreted as limited
motion as long as subject 106 remains within a predeter-
mined distance of capacitive sensors 143. This predeter-
mined distance may be relative to a particular individual
capacitive sensor, to all capacitive sensors used in a particu-
lar embodiment, to an average distance from multiple
capacitive sensors, and/or otherwise specified for a particu-
lar embodiment. Measurements during periods when subject
106 is more than the predetermined distance from capacitive
sensors 143 may not be interpreted as limited motion,
regardless of the actual movement of subject 106. Medical
conditions and/or issues mentioned in this disclosure are
intended to be exemplary and without limitation.

[0019] Referring to FIG. 1, body of engagement 11 is
configured to engage with a subject 106, e.g. a neonate
and/or infant. In some embodiments, body of engagement 11
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may be implemented as a (subject) support structure con-
figured to support subject 106 thercon. A subject support
structure may be a mattress, a bed, a pad, a blanket, a wrap,
a pillow, an incubator, and/or other structure suitable to
engage and/or support subject 106. In some embodiments,
body of engagement 11 may be an article of clothing
configured to be worn by and/or wrapped around subject
106. Body of engagement 11 may be configured to carry one
Or more sensors, €.g. one or more capacitive sensors 143. By
way of illustration, FIGS. 2A and 2B illustrates a top-view
of system 10, including body of engagement 11 and multiple
capacitive sensors 143. In FIG. 2A, subject 106 is placed on
top of body of engagement 11, thus obscuring one or more
capacitive sensors 143 from being directly visible, as indi-
cated by dotted lines in FIG. 2A. FIG. 2B illustrates the same
system 10 and the same body of engagement as depicted in
FIG. 2A, but without subject 106 obscuring part of the view.
The number of capacitive sensors 143 as depicted is merely
exemplary, and not intended to be limiting in any way. The
pattern and/or arrangement of capacitive sensors 143 as
depicted in FIG. 2B, e.g. resembling flow petals, is merely
exemplary, and not intended to be limiting in any way.
[0020] As used herein, a generic reference to a capacitive
sensor or a reference to multiple capacitive sensors may use
the terms “capacitive sensor 143,” or “capacitive sensor(s)
143,” or variations thereof using the reference numeral
“143,” whereas a specific individual capacitive sensor may
be referred to by appending a character to that reference
numeral, e.g. “capacitive sensor 143a”, or “capacitive sensor
143b,” depicted in FIG. 2B. The disclosure is not limited to
the number or position of any sensors depicted in any of the
figures. As used herein, the term “measure” refers to any
combination of measuring, estimating, and/or approximat-
ing based on output generated by one or more sensors. As
used herein, the term “measurement” refers to any combi-
nation of one or more measurements, estimations, determi-
nations, inferences, and/or approximations based on output
generated by one or more sensors.

[0021] Capacitive sensor(s) 143 may be configured to
generate output signals conveying one or more types of
information, collectively referred to as sensed information.
In particular, capacitive sensor(s) 143 may be configured to
generate output signals conveying electrophysiological
information of subject 106 and/or output signals conveying
information related in a predictable manner (e.g. through a
mathematical relationship) to electrophysiological param-
eters of subject 106, which may collectively be referred to
as electrophysiological information. The sensed information
may include electrophysiological information. Capacitive
sensors effectively may form a capacitor in which the skin
of subject 106 acts as one of the capacitor plates and an
electrode of the capacitive sensor acts as the other capacitive
plate of the capacitor. Capacitive sensor(s) 143 may be
supported and/or carried by body of engagement 11.
[0022] In some embodiments, capacitive sensor(s) 143
may be configured to generate output signals conveying
electrical and/or other coupling information between two
objects (e.g. the sensor itself and subject 106). In some
embodiments, sensed information may include coupling
information and/or electrophysiological information.
[0023] In some embodiments, coupling information may
be conveyed by the intensity, strength, magnitude, spectral
information, phase shift, and/or level of a signal generated
by capacitive sensor(s) 143. For example, referring to FIG.
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2A, in some embodiments, an individual capacitive sensor
1430 may emit a signal (e.g. an electromagnetic signal)
having one or more known characteristics (including but not
limited to a known frequency, phase, shape, magnitude,
and/or other characteristic of an electromagnetic signal).
Such an emitted signal may be referred to as a carrier signal.
Coupling information for individual capacitive sensor 143a
may be determined by and/or based on how well the emitted
signal is received by individual capacitive sensor 143a. The
sensed information may include at least a component that
corresponds to and/or represents a carrier signal, and this
component may be used to determine coupling information
and/or as basis for such a determination. In some embodi-
ments, the sensed information may include a modulated
carrier signal (and/or modulated version of a carrier signal)
that is a version of the carrier signal that has been modulated
and/or influenced by the capacitive coupling between a
capacitive sensor 143 and (the skin of) subject 106.

[0024] As used herein, the term “capacitive sensor” is not
intended to be limited to structures for receiving and/or
sensing signals, but may include structures for transmitting,
emitting, transferring, broadcasting, generating, and/or cre-
ating signals. Such “capacitive sensors” may interchange-
ably be referred to as “capacitive transceivers,” and deriva-
tives thereof. In case of good and/or strong coupling
between capacitive sensor 143a and subject 106, the
received signal (e.g. the portion or component of the sensed
information that corresponds to the carrier signal) may have,
e.g., a greater magnitude than compared to a case of poor
and/or weak coupling between the capacitive sensor 143a
and subject 106.

[0025] Insome embodiments, the portion or component of
the sensed information that corresponds to the emitted
carrier signal (and/or is a representation of the emitted
carrier signal) may be distinguished from the portion or
component of the sensed information conveying electro-
physiological information by virtue of having distinguishing
(electromagnetic) characteristics, including but not limited
to frequency, phase, shape, magnitude, and/or other charac-
teristic of an electromagnetic signal. For example, the elec-
trophysiological information may be (biologically) limited
to a (predetermined) range of frequencies and/or other
characteristics. Capacitive sensors 143 may be configured to
emit a carrier signal. In some embodiments, the emitted
carrier signal may have a characteristic outside of the limited
range. For example, the carrier signals emitted by capacitive
sensors 143 may have one or more higher frequencies (e.g.
about 1 kHz, about 10 kHz, about 100 kHz, about 1 MHz,
and/or other suitable frequencies) than the range of frequen-
cies of the electrophysiological information (e.g. below 1
kHz, and/or below/above the suitable frequency chosen
and/or selected for capacitive sensors 143). System 10 may
distinguish electrophysiological information from coupling
information in the sensed information by filtering and/or
using signal-processing techniques suitable for the chosen
and/or selected distinguishing feature(s) described herein. In
addition to using the carrier signals to perform channel
selection, as explained elsewhere in this disclosure, the
carrier signals may be used to reconstruct the electrocardio-
gram (ECG) signal.

[0026] In some embodiments, system 10 may include 3, 4,
5, 6, 7, 8, or more capacitive sensors 143. By way of
illustration, FIG. 2B illustrates an exemplary embodiment of
system 10 that includes 8 capacitive sensors 143. Systems
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using one or two capacitive sensors 143 may not be motion-
tolerant, and/or may not be able to determine reliable
measurements in multiple different body positions, includ-
ing but not limited to supine, prone, and/or on the side.

[0027] Sensors in this disclosure may be configured to
generate output signals in an ongoing manner, e.g. through-
out the day. This may include generating signals intermit-
tently, periodically (e.g. at a sampling rate), continuously,
continually, at varying intervals, and/or in other ways that
are ongoing during at least a portion of period of a day,
week, month, or other duration. The sampling rate may be
about 0.001 second, 0.01 second, 0.1 second, 1 second,
about 10 seconds, about 1 minute, and/or other sampling
rates. It is noted that multiple individual sensors may operate
using different sampling rates, as appropriate for the par-
ticular output signals and/or (frequencies related to particu-
lar) parameters derived therefrom. For example, in some
embodiments, the generated output signals may be consid-
ered as a vector of output signals, such that a vector includes
multiple samples of information conveyed related to one or
more parameters of subject 106. Different parameters may
be related to different vectors. A particular parameter deter-
mined in an ongoing manner from a vector of output signals
may be considered as a vector of that particular parameter.

[0028] Referring to system 10 of FIG. 3 (and/or system
104, as used interchangeably in reference to FIG. 3), system
10 may include electronic storage 130 comprising electronic
storage media that electronically stores information. The
electronic storage media of electronic storage 130 includes
one or both of system storage that is provided integrally (i.e.,
substantially non-removable) with system 10 and/or remov-
able storage that is connectable to system 10 via, for
example, a port (e.g., a USB port, a FireWire port, etc.) or
adrive (e.g., a disk drive, etc.). Electronic storage 130 may
include one or more of optically readable storage media
(e.g., optical disks, etc.), magnetically readable storage
media (e.g., magnetic tape, magnetic hard drive, floppy
drive, etc.), electrical charge-based storage media (e.g.,
EEPROM, RAM, etc.), solid-state storage media (e.g., flash
drive, etc.), and/or other electronically readable storage
media. Electronic storage 130 stores software algorithms,
information determined by processor 110, information
received via user interface 120, and/or other information that
enables system 10 to function properly. For example, elec-
tronic storage 130 may record or store (a set of) one or more
parameters derived from output signals measured (e.g. over
time) by one or more sensors (as discussed elsewhere
herein), and/or other information. Electronic storage 130
may be a separate component within system 10, or electronic
storage 130 may be provided integrally with one or more
other components of system 10 (e.g., processor 110).

[0029] Referring to FIG. 3, system 10 may include user
interface 120 configured to provide an interface between
system 10 and a user (e.g., user 108, a caregiver, a therapy
decision-maker, etc.) through which the user can provide
information to and receive information from system 10. This
enables data, results, and/or instructions and any other
communicable items, collectively referred to as “informa-
tion,” to be communicated between the user and system 10.
Examples of interface devices suitable for inclusion in user
interface 120 include a keypad, buttons, switches, a key-
board, knobs, levers, a display screen, a touch screen,
speakers, a microphone, an indicator light, an audible alarm,
and a printer. Information may e.g. be provided to user 108
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by user interface 120 in the form of auditory signals, visual
signals, tactile signals, and/or other sensory signals.

[0030] By way of non-limiting example, in certain
embodiments, user interface 120 includes a radiation source
capable of emitting light. The radiation source includes one
or more of an LED, a light bulb, a display screen, and/or
other sources. User interface 120 may control the radiation
source to emit light in a manner that conveys information to,
e.g., user 108 related to, e.g., a breaching of a predetermined
heart-rate threshold by subject 106.

[0031] It is to be understood that other communication
techniques, either hard-wired or wireless, are also contem-
plated herein as user interface 120. For example, in one
embodiment, user interface 120 is integrated with a remov-
able storage interface provided by electronic storage 130. In
this example, information is loaded into system 10 from
removable storage (e.g., a smart card, a flash drive, a
removable disk, etc.) that enables the user(s) to customize
the implementation of system 10. Other exemplary input
devices and techniques adapted for use with system 10 as
user interface 120 include, but are not limited to, an RS-232
port, RF link, an IR link, modem (telephone, cable, Ethernet,
internet or other). In short, any technique for communicating
information with system 10 is contemplated as user interface
120.

[0032] Referring to FIG. 3, processor 110 is configured to
provide information processing capabilities in system 10. As
such, processor 110 includes one or more of a digital
processor, an analog processor, a digital circuit designed to
process information, an analog circuit designed to process
information, and/or other mechanisms for electronically
processing information. Although processor 110 is shown in
FIG. 3 as a single entity, this is for illustrative purposes only.
In some embodiments, processor 110 includes a plurality of
processing units.

[0033] As is shown in FIG. 3, processor 110 is configured
to execute one or more computer program modules. The one
or more computer program modules include one or more of
coupling module 111, selection module 112, reconstruction
module 113, and/or other modules. Processor 110 may be
configured to execute modules 111-113 by software; hard-
ware; firmware; some combination of software, hardware,
and/or firmware; and/or other mechanisms for configuring
processing capabilities on processor 110, including pro-
grammable hardware.

[0034] It should be appreciated that although modules
111-113 are illustrated in FIG. 3 as being co-located within
a single processing unit, in implementations in which pro-
cessor 110 includes multiple processing units, one or more
of modules 111-113 may be located remotely from the other
modules. The description of the functionality provided by
the different modules 111-113 described below is for illus-
trative purposes, and is not intended to be limiting, as any of
modules 111-113 may provide more or less functionality
than is described. For example, one or more of modules
111-113 may be eliminated, and some or all of its function-
ality may be provided by other ones of modules 111-113.
Note that processor 110 may be configured to execute one or
more additional modules that may perform some or all of the
functionality attributed below to one of modules 111-113.
[0035] Coupling module 111 of system 10 in FIG. 3 is
configured to determine coupling levels for one or more
capacitive sensors 143 of system 10. As used herein, the
term “coupling level” may refer to coupling strength (e.g. of
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electrical signals), and/or signal strength (e.g. of electrical
signals). In some embodiments, coupling levels may be
based on the intensity, amplitude, strength, magnitude,
energy content, capacitive levels, spectral information,
phase shift and/or other types of levels and/or combinations
thereof that may indicate whether (and/or to what extent) the
output signal from a capacitive sensor 143 should be deemed
reliable. Alternatively, and/or simultaneously, in some
embodiments, a coupling level may indicate whether the
output signal from a capacitive sensor 143 should be dis-
carded, e.g. in favor of stronger and/or more reliable signals
from other capacitive sensors 143. Determinations of cou-
pling levels by coupling module 111 may be based on the
entire output signal (e.g. the entire sensed information) or on
one or more portions or components thereof (e.g. one or
more portions or components that correspond to the cou-
pling information). For example, in some embodiments, the
coupling level for a particular capacitive sensor 143a may be
based on the magnitude of the portion of the output signal
that falls in a particular frequency range, e.g. above 1 kHz.
The portion of the output signal falling in the particular
frequency range corresponds to the coupling information. In
some embodiments, the coupling level may be based on a
characteristic of the entire output signal, instead of a portion
thereof.

[0036] The coupling level for an individual capacitive
sensor 143 may change over time, for example between
individual measurements taken. Changes in coupling levels
over time may. for example, be caused by movement of
subject 106. Coupling module 111 may be configured to
order, rank, and/or otherwise compare coupling levels of a
capacitive sensor 143 to coupling levels from one or more
other capacitive sensors 143. Coupling module 111 may be
configured to determine coupling levels for some or all
capacitive sensors 143 at the same or similar sampling rate
such that changing coupling levels may be reevaluated at the
same or similar sampling rate to determine whether to use or
discard corresponding measurements from associated
capacitive sensors 143.

[0037] In some embodiments, coupling module 111 may
be configured to determine which particular capacitive sen-
sor 143 has the highest and/or strongest coupling level from
a set of capacitive sensors 143. This particular capacitive
sensor 143 may be referred to as the maximum capacitive
sensor. The maximum capacitive sensor may change from
one particular capacitive sensor 143a to another particular
capacitive sensor 1435, e.g. subsequent to measurements
being taken on both capacitive sensors. The coupling level
of the maximum capacitive sensor may be referred to as the
maximum coupling level. In some embodiments, coupling
module 111 may be configured to determine an aggregate
coupling level for one or more capacitive sensors 143. For
example, the aggregate coupling level may be based on one
or more of the average value, mean value, standard devia-
tion, variance, and/or other statistical and/or aggregate func-
tion that produces one output values from multiple coupling
levels. The coupling levels used to determine the aggregate
coupling level may include coupling levels from all avail-
able capacitive sensors 143, all available capacitive sensors
except the maximum capacitive sensor, all available capaci-
tive sensors 143 that have a coupling level at least high or
strong enough to breach a minimum coupling threshold, all
available capacitive sensors except the maximum sensor that
have a coupling level at least high or strong enough to
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breach a minimum coupling threshold, and/or other subsets
of the capacitive sensors 143 that may be reevaluated
subsequent to measurements being taken, e.g. at the sam-
pling rate.

[0038] Selection module 112 of system 10 in FIG. 3 is
configured to select one or more capacitive sensors 143.
Selection module 112 may applied multiple selections in
sequence to discard one or more capacitive sensors 143.
Output signals from the one or more selected capacitive
sensors may be used, e.g. by reconstruction module 113 to
determine an electrocardiogram (ECG) signal and/or param-
eter. Selection by selection module 112 may be based on
coupling levels determined by coupling module 112. In
some embodiments, coupling levels below a minimum cou-
pling threshold may be automatically excluded from selec-
tion. In some embodiments, coupling levels above a suffi-
cient coupling threshold may be automatically included in
the selection. In some embodiments, the minimum coupling
threshold may be an absolute value. In some embodiments,
the minimum coupling threshold may be dependent on
and/or based on one or both of the maximum coupling level
and/or an aggregate coupling level based on a subset of
values of coupling levels from a corresponding subset of
capacitive sensors. In some embodiments, the sufficient
coupling threshold may be an absolute value. In some
embodiments, the sufficient coupling threshold may be
dependent on and/or based on one or both of the maximum
coupling level and/or an aggregate coupling level based on
a subset of values of coupling levels from a corresponding
subset of capacitive sensors.

[0039] For example, in some embodiments, selection by
selection module 112 may be based on comparisons between
the maximum coupling level (e.g. the output signal having
the maximum amplitude for either (substantially) the entire
sensed information or the maximum energy content for the
frequency range corresponding to the coupling information)
and the coupling levels for the other (non-maximum) cou-
pling sensors. Comparisons may be based on ratios, vari-
ances, and/or other arithmetic and/or statistical manipula-
tions of the coupling levels. For example, the variance of the
maximum coupling level may be compared to the variances
of one or more other coupling levels to determine selection
by selection module 112. The term “substantially the entire
sensed information” may be interpreted as the sensed infor-
mation including all or most of the electrophysiological
information and including all or most of the coupling
information. In some embodiments, the sensed information
may be processed prior to being used as described by
selection module 112. For example, signal components
having a frequency below a lower frequency threshold may
be discarded. The lower frequency threshold may be 20 Hz,
15 Hz, 10 Hz, 5 Hz, 4 Hz, 3 Hz, 2 Hz, 1 Hz, and/or another
suitable lower frequency threshold. Such processed sensed
information may be referred to as “substantially the entire
sensed information.”

[0040] In some embodiments, selection by selection mod-
ule 112 may be based on one or more correlation coeffi-
cients, e.g. using comparisons thereof. A correlation coefi-
cient may be determined between output signals from two
capacitive sensors 143 and/or between the two correspond-
ing coupling levels. Correlation coefficients may include one
or more of Pearson’s correlation coeflicient, rank correla-
tion, and/or other types of statistical correlation. Assuming
a maximum capacitive sensor has been determined, a first
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correlation coefficient may be determined between the cor-
responding maximum coupling level and the coupling level
of a first particular capacitive sensor 143a. A second corre-
lation coefficient may be determined between the maximum
coupling level and the coupling level of a second particular
capacitive sensor 1435, and so forth for additional coupling
levels of other (possibly preliminarily selected on other
grounds as described elsewhere herein) capacitive sensors.
Selection by selection module 112 may be based on a
comparison between the first correlation coeflicient, the
second correlation coefficient, and so forth. For example,
selection module 112 may discard output signals from
capacitive sensors having a corresponding correlation coef-
ficient (with the maximum coupling level) below a mini-
mum correlation threshold.

[0041] In some embodiments, selection by selection mod-
ule 112 may be based on a quantification of the amount of
information that is included in the output signals of particu-
lar capacitive sensors. The amount of information may be
determined independently, or relative to the output signals
from the maximum sensor. For example, if two capacitive
sensors, a first and second capacitive sensor, generated the
same or very similar output signals, the additional amount of
information added by the second capacitive sensor to the
information provided by the first capacitive sensor may be
small and/or limited, and may form a basis for excluding the
second capacitive sensor from selection by selection module
112.

[0042] In some embodiments, selection by selection mod-
ule 112 may be based on spatial distribution of multiple
capacitive sensors 143. Spatial distribution may be used to
favor selecting capacitive sensors 143 covering the largest
available area of body of engagement 11. In some embodi-
ments, the set of capacitive sensors 143 corresponds to a
weighing matrix. Selection by selection module 112 may be
implemented by adjusting and/or tuning the weights in the
weighing matrix. [n some embodiments, spatial distribution
may penalize proximity. For example, if a first and second
capacitive sensor have similar coupling levels according to
some determination (for example in comparison to the
maximum capacitive sensor), by virtue of taking spatial
distribution into account, the first capacitive sensor may be
favored over the second capacitive sensor because it is
furthest away from the maximum capacitive sensor. Con-
versely, the second capacitive sensor may be penalized (e.g.
by reducing its weight factor in the weighing matrix)
because it is closest to the maximum capacitive sensor. In
some embodiments, spatial distribution may only be used
responsive to at least a minimum number of capacitive
sensors 143 having at least a minimum coupling level,
and/or responsive to other conditions.

[0043] Selection module 112 may be configured to deter-
mine multiple selections, for example including a first
selection, a second selection, and so forth. Multiple selec-
tions may be determined and/or performed in sequence
and/or simultaneously. Selections may act as a filter on
which capacitive sensors are deemed to have produced
reliable and/or useful information. For example, the first
selection may be based on the amplitude of the coupling
levels of a set of capacitive sensors 143 (as described
elsewhere), thus establishing a first subset of capacitive
sensors 143 and discarding sensed information from capaci-
tive sensors outside of the first subset. Selection for such a
subset may be referred to as “meeting” or “passing” the
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selection. A second selection may be based on comparisons
of correlation coefficients between the maximum coupling
level and the coupling levels of capacitive sensors in the first
subset. Based on the second selection, a second subset is
determined that forms a subset of the first subset, thud
discarding sensed information from capacitive sensors 143
outside of the second subset. Selection module 112 is not
limited to a first and second selection, but rather may be
configured to perform a set of two, three, or more selections,
which may be applied subsequently, to iteratively discard
individual capacitive sensors (and their corresponding
sensed information) until a final subset of selected capacitive
sensors has been determined, including only those capaci-
tive sensors that meet and/or pass all performed selections.

[0044] Reconstruction module 113 of system 10 in FIG. 3
is configured to determine an electrocardiogram (ECG)
signal. Determinations by reconstruction module 113 may
be based on output signals generated by one or more
capacitive sensors 143. In some embodiments, determina-
tions by reconstruction module 113 may be based on output
signals by a subset of selected capacitive sensors, e.g. as
selected by selection module 112. Operation of reconstruc-
tion module 113 may be based on techniques described in
U.S. Pat. No. 8,332,021, filed Jan. 20, 2010 by Vullings et
al., titled “Fetal Monitoring.” Alternatively, and/or simulta-
neously, operation of reconstruction module 112 may be
based on blind source separation methods, template match-
ing approaches, and/or other techniques that can be used for
electrocardiogram (ECQG) reconstruction, such as techniques
based on using the emitted carrier signal. Exemplary opera-
tions performed by reconstruction module 113 may include
one or more of the following: applying a low-pass filter to,
at least, remove one or more (about) 50 Hz to (about) 60 Hz
noise signals caused by ambient electrical devices, deter-
mine a vectorcardiogram (VCG, illustrated in FIG. 4A)
based on output signals from selected capacitive sensors,
approximating the vectorcardiogram (VCG) for several
overlaid heartbeats (see FIG. 4A) by an ellipse and project-
ing the vectorcardiogram (VCG) onto the long axis of the
ellipse, or alternatively, performing another projection suit-
able for maximal R-peak detection on the reconstructed
electrocardiogram (ECG) signal that results from the pro-
jection.

[0045] Additional steps in the operation of reconstruction
module 113 may include performing R-peak detection on the
reconstructed signal, applying Kalman filtering using the
detected R-peaks, and/or re-calculating a vectorcardiogram
(VCQ) signal from the Kalman-filtered signal and projecting
that VCG signal to the standard Einthoven leads, as may be
commonly used in standard ECG analysis. Kalman filtering
may be implemented by maximizing the Bayesian evidence
function of a sequential ECG estimation and by exploiting
the spatial correlation between several simultaneously
recorded ECG signals, respectively. The noise covariance
estimation thus obtained may be used in Kalman filtering to
either assign and/or ascribe more weight to the most recently
obtained sensed information if this sensed information con-
tains morphological variability, or to assign and/or ascribe
less weight in cases of no or insignificant morphological
variability.

[0046] By way of illustration, FIG. 4B illustrates a refer-
ence ECG signal 42, depicting several heartbeats, as may be
generated through commonly used techniques. The X-axis
depicts time; the Y-axis depicts amplitude in Volts. FIG. 4A
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illustrates a determined vectorcardiogram (VCG) signal 41
based on output signals from 7 capacitive sensors, measured
during testing. The X and Y-axis represent distance in the
plane in which the capacitive sensors are placed. Several
overlaid heartbeats are depicted in FIG. 4A. FIG. 4C illus-
trates the reconstructed ECG signal 43 based on the deter-
mined VCG signal 41 from FIG. 4A. Reconstructed ECG
signal 43 corresponds closely to reference ECG signal 42.
R-peaks 44 are clearly detected and/or depicted in recon-
structed ECG signal 43.

[0047] FIG. 5 illustrates a method 500 of providing elec-
trocardiography (ECG) monitoring of subject 106. The
operations of method 500 presented below are intended to be
illustrative. In certain embodiments, method 500 may be
accomplished with one or more additional operations not
described, and/or without one or more of the operations
discussed. Additionally, the order in which the operations of
method 500 are illustrated in FIG. 5 and described below is
not intended to be limiting.

[0048] In certain embodiments, method 500 may be
implemented in one or more processing devices (e.g., a
digital processor, an analog processor, a digital circuit
designed to process information, an analog circuit designed
to process information, and/or other mechanisms for elec-
tronically processing information). The one or more pro-
cessing devices may include one or more devices executing
some or all of the operations of method 500 in response to
instructions stored electronically on an electronic storage
medium. The one or more processing devices may include
one or more devices configured through hardware, firmware,
and/or software to be specifically designed for execution of
one or more of the operations of method 500.

[0049] At an operation 502, carrier signals are emitted by
multiple capacitive sensors, in proximity of a subject. In
some embodiments, operation 502 is performed by a capaci-
tive sensors the same as or similar to capacitive sensors 143
(shown in FIGS. 1 and 2 and described herein).

[0050] At an operation 504, output signals are generated,
conveying electrophysiological information of a subject.
The output signals include a representation of the emitted
carrier signals. In some embodiments, operation 504 is
performed by capacitive sensors the same as or similar to
capacitive sensors 143 (shown in FIGS. 1 and 2 and
described herein).

[0051] At an operation 506, coupling levels are deter-
mined for individual ones of the capacitive sensors based on
the generated output signals. [n some embodiments, opera-
tion 506 is performed by a coupling module the same as or
similar to coupling module 111 (shown in FIG. 3 and
described herein).

[0052] At an operation 508, one or more capacitive sen-
sors are selected based on the determined coupling levels. In
some embodiments, operation 508 is performed by a selec-
tion module the same as or similar to selection module 112
(shown in FIG. 3 and described herein).

[0053] At an operation 510, an electrocardiogram (ECG)
signal is determined based on the generated output signals
from the selected one or more capacitive sensors. In some
embodiments, operation 510 is performed by a reconstruc-
tion module the same as or similar to reconstruction module
113 (shown in FIG. 3 and described herein).

[0054] In the claims, any reference signs placed between
parentheses shall not be construed as limiting the claim. The
word “comprising” or “including” does not exclude the
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presence of elements or steps other than those listed in a
claim. In a device claim enumerating several means, several
of these means may be embodied by one and the same item
of hardware. The word “a” or “an” preceding an element
does not exclude the presence of a plurality of such ele-
ments. In any device claim enumerating several means,
several of these means may be embodied by one and the
same item of hardware. The mere fact that certain elements
are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.
[0055] Although this description includes details for the
purpose of illustration based on what is currently considered
to be the most practical and preferred embodiments, it is to
be understood that such detail is solely for that purpose and
that the disclosure is not limited to the disclosed embodi-
ments, but, on the contrary, is intended to cover modifica-
tions and equivalent arrangements that are within the spirit
and scope of the appended claims. For example, it is to be
understood that, to the extent possible, one or more features
of any embodiment are contemplated to be combined with
one or more features of any other embodiment.

1. A system for electrocardiography (ECG) monitoring of
a subject, the system comprising:

multiple capacitive sensors configured to generate output

signals conveying electrophysiological information of
the subject, wherein the multiple capacitive sensors
include at least three non-invasive capacitive sensors,
wherein individuals ones of the non-invasive capacitive
sensors are further configured to emit carrier signals,
and wherein the generated output signals of an indi-
vidual one of the non-invasive capacitive sensors
include a representation of the carrier signals emitted
by the individual one of the non-invasive capacitive
sensors

computer program modules; and

one or more processors configured to execute the com-

puter program modules, the computer program mod-

ules comprising:

a coupling module configured to determine coupling
levels for individual ones of the non-invasive capaci-
tive sensors based on the generated output signals

a selection module configured to select one or more
capacitive sensors based on the determined coupling
levels; and

a reconstruction module configured to determine an
electrocardiogram (ECG) signal based on the gener-
ated output signals from the selected one or more
capacitive sensors.

2. The system of claim 1, wherein the coupling module is
further configured to determine which capacitive sensor has
the highest coupling level.

3. The system of claim 1, wherein the coupling module is
further configured to determine which capacitive sensor has
the highest coupling level, and wherein selection of the one
or more capacitive sensors is based on one or more corre-
lation coeflicients between the output signals generated by
the capacitive sensor having the highest coupling level and
the output signals generated by one or more other capacitive
SEensors.

4. The system of claim 1, wherein selection of the one or
more capacitive sensors is further based on spatial distribu-
tion of the one or more capacitive sensors.

5. The system of claim 1, wherein the reconstruction
module is configured to determine the electrocardiogram
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signal by determining a vectorcardiogram (VCG) signal
based on the generated output signals from the selected one
or more capacitive sensors, approximating the vectorcardio-
gram signal by an ellipse having a long axis, and projecting
the vectorcardiogram signal onto the long axis of the ellipse.
6. The system of claim 1, wherein the electrocardiography
(ECG) monitoring is non-invasive and motion-tolerant to
limited motion of a subject.
7. A method of providing electrocardiography (ECG)
monitoring of a subject, the method comprising:
emitting, by multiple capacitive sensors, carrier signals,
wherein the multiple capacitive sensors include at least
three non-invasive capacitive sensors; sensors,

generating, by the multiple capacitive sensors, output
signals conveying electrophysiological information of
the subject, wherein the output signals of an individual
one of the non-invasive capacitive sensors include a
representation of the carrier signals emitted by the
individual one of the non-invasive capacitive sensors;

determining coupling levels for individual ones of the
capacitive sensors based on the generated output sig-
nals;

selecting one or more capacitive sensors based on the

determined coupling levels; and

determining an electrocardiogram (ECG) signal based on

the generated output signals from the selected one or
more capacitive sensors.

8. The method of claim 7, wherein determining coupling
levels includes determining which capacitive sensor has the
highest coupling level.

9. The method of claim 7, wherein determining coupling
levels includes determining which capacitive sensor has the
highest coupling level, and wherein selection of the one or
more capacitive sensors is based on one or more correlation
coeflicients between the output signals generated by the
capacitive sensor having the highest coupling level and the
output signals generated by one or more other capacitive
Sensors.

10. The method of claim 7, wherein selection of the one
or more capacitive sensors is further based on spatial dis-
tribution of the one or more capacitive sensors.

11. The method of claim 7, wherein determining the
electrocardiogram (ECG) signal includes:

determining a vectorcardiogram (VCG) signal based on

the generated output signals from the selected one or
more capacitive sensors;

approximating the vectorcardiogram signal by an ellipse

having a long axis; and

projecting the vectorcardiogram signal onto the long axis

of the ellipse.

12. The method of claim 7, wherein the electrocardiog-
raphy (ECG) monitoring is provided in a manner that is
non-invasive and motion-tolerant to limited motion of sub-
ject 106.

13. A system configured to provide electrocardiography
(ECG) monitoring of a subject, the system comprising:

means for emitting carrier signals including multiple

elements configured to emit carrier signals, wherein the
multiple elements include at least three elements;
means for generating output signals conveying electro-
physiological information of the subject, wherein the
output signals of an individual element include a rep-
resentation of the carrier signals emitted by the indi-
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vidual element, wherein the means for generating out-
put signals is non-invasive to the subject;

means for determining coupling levels for the means for

emitting carrier signals based on the generated output
signals;

means for selecting one or more elements of the means for

emitting carrier signals based on the determined cou-
pling levels; and

means for determining an electrocardiogram (ECG) sig-

nal based on the generated output signals from the
selected elements selected by the means for selecting.

14. The system of claim 13, wherein the means for
determining coupling levels is configured to determine
which element of the means for emitting carrier signals has
the highest coupling level.

15. The system of claim 13, wherein the means for
determining coupling levels is configured to determine
which element of the means for emitting carrier signals has
the highest coupling level, and wherein operation of the
means for selecting is based on one or more correlation
coeflicients between the output signals generated by the
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determined element and the output signals generated by one
or more other elements of the means for emitting carrier
signals.

16. The system of claim 13, wherein operation of the
means for selecting is further based on spatial distribution of
the one or more elements of the means for emitting carrier
signals.

17. The system of claim 13, wherein the means for
determining the electrocardiogram (ECG) signal includes:

means for determining a vectorcardiogram (VCG) signal

based on the generated output signals from the selected
one or more capacitive sensors;

means for approximating the vectorcardiogram signal by

an ellipse having a long axis; and

means for projecting the vectorcardiogram signal onto the

long axis of the ellipse.

18. The system of claim 13, wherein the electrocardiog-
raphy (ECG) monitoring is provided in a manner that is
non-invasive and motion-tolerant to limited motion of a
subject.
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