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(7) ABSTRACT

Monitoring of physiological signals is effected. In accor-
dance with one or more embodiments, an apparatus, system
and/or method is directed to sensing physiological signals
such as ECG signals. A skin-contacting electrode apparatus
includes an electrically conductive sheet having a conduc-
tive surface configured and arranged to contact a subject’s
skin, and conductive flexible microfibers extending from the
conductive surface and configured and arranged to protrude
into skin pores and sense an ECG signal.
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Figure 4
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Figure 7
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APPARATUS, SYSTEM AND METHODS FOR
SENSING AND PROCESSING
PHYSIOLOGICAL SIGNALS

FIELD OF INVENTION

[0001] Various aspects of the present invention relate to
devices such as electrodes, and data collection and process-
ing for monitoring physiological signals, and to incorpora-
tion of such devices into a garment that can be worn by
animals or human beings for monitoring physiological sig-
nals such as those pertaining to ECG signals.

BACKGROUND

[0002] Physiological signals have been monitored for a
variety of purposes. For example, ECG monitoring involves
using sensing electrodes that will detect the electrical cur-
rents of the heart so they can be amplified and recorded
electronically. Electrodes can be placed inside the body,
under the skin, on the surface of the skin, and in the vicinity
of the skin. It is often useful obtain long term (e.g., more
than a few days) recordings from ambulatory subjects. This
allows recording of transient events such as arrhythmias that
may only occur infrequently or under rare circumstances.

[0003] Long term ambulatory ECG monitoring is difficult
to achieve without the use of an implantable monitoring
device. Flectrodes have often been very uncomfortable or
may induce an allergic reaction, resulting in poor patient
compliance. Monitoring systems incorporated into comfort-
able garments have provided poor quality signals; therefore,
the information they provide is not adequate to facilitate
good decision making as to the presence or absence of
arrhythmias or other abnormalities in the ECG.

[0004] Regarding sensing electrodes, one type is a “wet”
electrode that is affixed to the skin with an adhesive, and
often employs a gel or electrolyte to improve electrical
contact with the skin. Wet electrodes have produced high
quality signals, relative to other types of electrodes available
for monitoring ambulatory subjects. However, these elec-
trodes often induce an allergic reaction when used for more
than a few days, may require that the area where the
electrode is applied be shaved, and are seldom tolerated by
patients for more than two weeks.

[0005] Another type of sensing electrode is a “dry” elec-
trode made of a conductive material that is positioned on the
skin without using a “wet” contacting material. Although
these electrodes are usually better tolerated for longer term
recordings than wet electrodes, they often provide a rela-
tively poor quality signal. Large baseline wander and loss of
signal due to clipping is common with these electrodes.

[0006] In addition to issues associated with electrode
design, the data collection instrumentation and signal pro-
cessing systems used to collect and process signals from dry
electrodes have been incapable of addressing the signal
quality (e.g., baseline wander) limitations of dry electrodes.
Dry electrode systems are typically only used for monitoring
heart rate because of these limitations and are not considered
useful for collection of diagnostic information such as
arrhythmia detections.

[0007] These and other considerations have presented
challenges to the detection of physiological signals, such as
ambulatory ECG signals, for a variety of uses such as the
assessment of arrhythmias and intervals.
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SUMMARY

[0008] Various aspects of the present invention are related
to devices and methods for sensing, recording, and evalu-
ating electrocardiogram and other physiological signals in a
manner that addresses the challenges described above, pro-
viding comfort and convenience for the monitored subject
and a good quality signal from which to extract information.
[0009] In accordance with various example embodiments,
a skin-contacting electrode includes an electrically conduc-
tive sensing sheet having a conductive surface, and conduc-
tive flexible microfibers extending from the conductive
surface and configured to sense a physiological signal such
as an ECG signal. Certain embodiments are directed to the
implementation of such an electrode with the conductive
sensing sheet contacting a subject’s skin with the conductive
flexible microfibers extending into the subject’s skin pores,
and collectively sensing an ECG signal that is communi-
cated for analysis via the fibers and the conductive sensing
sheet.

[0010] Another example embodiment is directed to an
apparatus for sensing an ECG signal from a subject. The
apparatus includes a skin-contacting electrode having a
conductive surface and conductive flexible microfibers
extending from the surface. The microfibers sense the ECG
signal (e.g., via pores as discussed above) which is commu-
nicated to a signal-processing circuit communicatively
coupled to the electrode. The signal-processing circuit
decomposes the ECG signal from a first domain into sub-
components in a second domain, identifies at least one
subcomponent corresponding to frequencies of less than 5
Hz, removes energy corresponding to baseline wander from
the at least one subcomponent, and reconstructs the ECG in
the first domain using at least the subcomponents from
which baseline wander energy was removed.

[0011] According to another example embodiment, sens-
ing electrodes are incorporated into the inside surface of a
garment at multiple locations. The garment is fabricated of
a non-conductive or poorly conductive elastic material that
helps to keep the electrodes in contact with the skin, and is
placed on the body at a location where acceptable signal
levels of the desired physiological signal are present. Sens-
ing electrodes are fabricated of a thin, hypoallergenic, and
flexible conductive sheet. The electrode is fabricated in a
manner that provides for flexible or somewhat flexible
conductive microfibers extending from one side of the
conductive surface in a generally perpendicular orientation
to the disk. The conductive fibers in combination with pores
in the conductive sheet allow the skin beneath the sensor to
breathe.

[0012] In another aspect of the present invention, a con-
ductive sheet having a sensing electrode includes a conduc-
tive polymer or aromatic material such as porous graphene
and the microfibers include cross-linked chains of carbon
atoms attached at the pores of the graphene.

[0013] In another aspect of the present invention, oxygen
or another polar entity is bonded to at least the distal region
of the microfibers in order to render at least the distal end of
the fibers hydrophilic in order to improve electrical coupling
between the skin and the electrode.

[0014] In another aspect of the present invention, a con-
ductive sheet having a sensing electrode includes one or
more of metal, polymer, or aromatic material, and flexible
microfibers including carbon nanorods.
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[0015] In another aspect of the present invention the
electrode is fabricated of a flexible conductive open cell
foam material. In some embodiments, the foam may be
coated with a thin layer of titanium or other non-allergenic
metallic element.

[0016] In another aspect of the present invention, active
electrodes within an input impedance greater than 1
gigaohm and input dynamic range greater than +/-1 volt are
employed that buffer and amplify the sensed ECG and
transform the impedance to less than 100 ohms for wired
communication to the data collection apparatus.

[0017] Inanother aspect of the present invention, a buffer-
amplifier with a dynamic range of greater than +/-1 volt,
input impedance of >1 gigaohm, and gain of about 100 is
used to amplify the signal from sensing electrodes. The
output of the buffer amplifier is digitized using an analog-
to-digital converter with a resolution of 18 bits or greater.
The digitized signal is processed to mitigate or remove
baseline wander by decomposing the signal into subcom-
ponents, applying a 0.5 to 2 Hz low-pass filter to the lowest
frequency subcomponent, computing the difference between
the lowest frequency unfiltered and filtered subcomponents,
replacing the original lowest frequency subcomponent with
the computed difference, and reconstructing the signal by
applying an inverse transform to the set of subcomponents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The invention may be more completely understood
in consideration of the following detailed description of
various embodiments of the invention in connection with
accompanying drawings, in which:

[0019] FIG. 1 shows a subject wearing an elastic shirt with
ECG sensing electrodes positioned on the inner surface,
consistent with one or more example embodiments of the
present invention;

[0020] FIG. 2A and FIG. 2B respectively show side and
top views of the construction of an electrode, consistent with
another example embodiment of the present invention;

[0021] FIG. 3 shows a representation of the chemical
structure of an embodiment of an electrode, consistent with
another example embodiment of the present invention.

[0022] FIG. 4 shows a drawing of an active electrode,
consistent with another example embodiment of the present
invention;

[0023] FIG. 5 shows a block diagram of a sensor and
front-end electronics for sensing, buffering, amplifying, and
digitizing an ECG, suitable for incorporation into a wearable
garment in connection with one or more example embodi-
ments;

[0024] FIG. 6 shows a block diagram of a system for
sensing, collecting, denoising, and extracting information
from ECGs, in accordance with one or more example
embodiments;

[0025] FIG. 7 shows a signal flow diagram of an algorithm
for removing baseline wander from an ECG, in accordance
with one or more example embodiments;

[0026] FIG. 8 shows a diagram of human skin with
microfibers of an electrode extending into skin pores, as may
be implemented in connection with one or more example
embodiments.
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DETAILED DESCRIPTION

[0027] Various example embodiments of the present
invention relate to a system, which may be incorporated into
or used with a wearable garment, for sensing, collecting, and
processing physiological signals at the skin surface, such as
for sensing ECG signals. While the present invention is not
necessarily limited to such applications, various aspects of
the invention may be appreciated through a discussion of
examples using this context.

[0028] Various embodiments of the present invention are
directed to aspects of an apparatus or system including
sensing electrodes in contact with the surface of the skin,
and data collection instrumentation and signal processing
algorithms (and their implementation) for removing noise
and extracting useful information from the acquired signals.
The apparatus/system is suitable for incorporation into a
garment or other item worn by a monitored subject. Infor-
mation provided may be useful for obtaining a clinical
diagnosis of a patient, for managing medications and other
therapies of a patient, for patient wellness purposes, for
assessing the effects of an experimental therapy, and for
athletic training.

[0029] Electrodes and electrode devices in accordance
with embodiments as discussed herein may be implemented
in a variety of manners, such as by incorporating the
electrode into an elastic garment, band, or other apparatus
that maintains sensing electrode contact with the skin. The
sensing electrode has characteristics that provide for good
electrical coupling with the skin surface. In various embodi-
ments, good signal quality and electrical coupling between
the skin and electrode and is achieved without the need for
special skin preparation (e.g., abrasion, alcohol wipe, or
shaving). This can be especially useful when monitoring
ECG signals for diagnosis and patient management, in
which details regarding atrial and ventricular activity are
important to making a proper diagnosis and evaluating
therapies.

[0030] In accordance with various embodiments, an elec-
trode device is fabricated of materials that are inert and
hypoallergenic, comfortable to wear, and designed to
breathe in order to avoid trapping moisture under the elec-
trode that could result in skin irritation.

[0031] Certain embodiments of the present invention are
directed to monitoring subjects for long periods of time (e.g,,
weeks or months). In various contexts, one or more embodi-
ments are directed to addressing challenges to wearable
electrodes, such as those discussed in the background above
in connection with both wet and dry electrodes. In some
embodiments, electrodes as discussed herein are dry elec-
trodes implemented using a conductive surface that is placed
in contact with the skin. Such electrodes may be imple-
mented without gel, an electrolyte or other fluid that
enhances electrical contact. Electrodes can be incorporated
into belts and straps, or into garments by selective placement
of conductive fibers in a stretchable garment or by attaching
conductive surfaces (e.g., fabricated of a conductive sub-
stance), inside a stretchable garment.

[0032] In a more particular example embodiment, a skin-
contacting electrode for measuring physiological signals
includes an electrically conductive sensing sheet having a
conductive surface, and conductive flexible microfibers
extending from the conductive surface. The sheet s config-
ured and arranged to contact a subject’s skin, and the flexible
microfibers can be used to facilitate the sensing of a physi-
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ological signal, such as an ECG signal. The size of the
sensing sheet can be tailored to suit particular applications,
and in some applications has a diameter of between about 10
to 30 mm.

[0033] In some implementations, the flexible microfibers
exhibit flexibility to extend into respective skin pores to
facilitate the sensing of a physiological signal. For instance,
different microfibers may extend generally perpendicular
from the electrode and, when contacted to a subject’s skin,
flexibly bend to enter differently-oriented pores and obtain a
physiological signal via the pores. This approach facilitates
the sensing of physiological signals via the pores, which can
be less insulating than other portions of the skin.

[0034] In these and other contexts, a flexible microfiber
refers to a fiber that readily bends, but has a tendency to
remain straight when not subjected to forces that cause it to
flex such that different microfibers may bend to enter dif-
ferent skin pores of a subject undergoing analysis (e.g., for
ECG sensing). In some implementations, such flexible
microfibers are configured to sense an ECG signal via the
different skin pores without penetrating the skin. In this
context, such flexible microfibers may have insufficient
stiffness to penetrate the skin, such as to penetrate an
insulating-type layer (e.g., the horny layer) of skin for
sensing an ECG signal.

[0035] Accordingly, in some embodiments, different ones
of the conductive flexible microfibers are respectively con-
figured and arranged to flexibly bend in different directions
to enter a plurality of differently-oriented skin pores of a
subject and sense the ECG signal therefrom.

[0036] The microfibers may include a variety of materials,
such as cross-linked carbon chains attached at the pores of
such a graphene material. In some embodiments, the micro-
fibers include polar structures attached to the distal end of
the microfiber, with the polar structures (e.g., which may
include oxygen) rendering the microfibers hydrophilic. In
other embodiments, the microfibers include t-butyl groups
attached to carbon chains and the t-butyl groups orient the
microfibers along a direction that is about perpendicular to
a surface of the conductive sheet (absent compressive force).
The flexible microfibers respectively bend in different direc-
tions to protrude into differently-oriented skin pores and
sense a physiological signal therefrom.

[0037] Other materials and combinations are used for the
electrode, to suit certain embodiments. Some embodiments
are directed to an electrode having a conductive surface
including a graphene material with microfibers including or
consisting of one or more of carbon nanotubes and graphene
ribbons.

[0038] In a more particular embodiment, an apparatus
having an electrode as discussed above includes a garment
of substantially non-conducting elastic fabric (e.g., a fabric
such as spandex or elastane), and the electrode is affixed to
the inside of the non-conducting fabric to sense ECG of the
subject.

[0039] Another example embodiment is directed to an
apparatus for sensing an ECG signal from a subject. The
apparatus includes a skin-contacting electrode and a signal-
processing circuit. The electrode has a conductive surface
that contacts the subject’s skin, and conductive flexible
microfibers extending from the conductive surface to sense
the ECG signal. The signal-processing circuit is communi-
catively coupled to the electrode and removes baseline
wander by decomposing the ECG signal from a first domain
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into subcomponents in a second domain, identifying at least
one subcomponent corresponding to frequencies of less than
5 Hz, removing energy corresponding to baseline wander
from the at least one subcomponent, and reconstructing said
ECG in the first domain using at least the subcomponents
from which baseline wander energy was removed.

[0040] In some embodiments, removing energy corre-
sponding to baseline wander from the at least one subcom-
ponent involves high-pass filtering the subcomponent. In
other embodiments, removing the energy includes low pass
filtering at least one subcomponent to estimate a baseline
wander waveform, computing at least one difference value
by subtracting the baseline wander waveform from the at
least one subcomponent, and replacing said at least one
subcomponent with said at least one difference value.
[0041] In the following discussion, reference is made to
cited references listed in a numbered order near the end of
this document, which are fully incorporated herein by ref-
erence. These references may assist in providing general
information regarding a variety of fields that may relate to
one or more embodiments of the present invention, and
further may provide specific information regarding the
application of one or more such embodiments.

[0042] Turning now to the Figures, FIG. 1 shows sensing
electrodes 101 attached to the inner surface of shirt 100, in
accordance with an example embodiment. Shirt 100 is
fabricated of an elastic mostly non-conductive fabric such as
spandex or elastane. The sensing electrodes may be attached
to the fabric using one or more approaches such as those
including the use of an adhesive, rivets, or stitching. In one
embodiment, sensing electrodes are 1 to 3 cm in diameter
and are porous to allow moisture on the skin surface to
evaporate. Sensing electrodes are electrically connected to
monitoring electronics module 102 via insulated conductors
103.

[0043] In some embodiments, the electronics module 102
contains electronics to amplify and digitize the sensed
signals and also contains a computing component. The
computing component is configured/programmed to remove
baseline wander and noise, extract information, compress
useful information, and communicate that information via a
wireless communication link to a computerized system or
display where the information can be reviewed or otherwise
processed as appropriate. In other embodiments, the elec-
trode has an integral active element that provides a gain of
from 1 to 100 and an input impedance of >1 gigaohm.
[0044] Various aspects of the system are useful in miti-
gating the effects of baseline wander. These include char-
acteristics of the electrodes that lead to a more stable
interface with the skin, front-end buffer-amplifier character-
istics that lead to less baseline wander, and analog-to-digital
converter characteristics that allow the system to tolerate a
large baseline wander without compromising ECG signal
information. Further, in connection with one or more of
these or other embodiments, it has been discovered that
baseline wander may be mitigated or removed using an
approach involving a decomposition of a signal to subcom-
ponents. A subcomponent identified as containing baseline
wander is manipulated to identify a waveform correspond-
ing to baseline wander. The estimate is then subtracted from
the identified subcomponent (or otherwise unused) to com-
pute a modified subcomponent with baseline wander
removed. An inverse transform is then applied to a set of
subcomponents, including the modified subcomponent and
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the remaining subcomponents, to reconstruct the original
signal with substantially suppressed baseline wander.
[0045] FIG. 2A and FIG. 2B respectively show side and
top views of an electrode sensing surface constructed of a
thin flexible sheet 200 with a conductive surface, in accor-
dance with other example embodiments. In one embodi-
ment, the conductive sheet is a disk approximately 1 to 3 cm
in diameter, although electrodes of other shapes and sizes are
implemented with other embodiments. Flexibility of the
sheet 1s such that it can easily conform to the contours of the
body surface in order to maximize percentage of area in
contact with the skin. In one embodiment, sheet 200 con-
tains numerous small pores 202 of less than 500 microns in
diameter through which moisture secreted by the skin (e.g.,
sweat) can breathe and evaporate. Attached to the disk are
conductive microfibers 201 that, as an example, have a
diameter ranging from 1 to 200 microns.

[0046] In some embodiments, microfibers 201 protrude
from the disk a sufficient distance to protrude into openings
in a layer of dead skin (e.g., and positioning around hair on
the skin) to improve the electrical coupling of the electrode
with the skin. The density of microfibers 201 is high enough
that the likelihood of several fibers making good electrical
contact with the skin is high, but the density is low enough
that the microfibers can pass between body hairs to make
contact with the skin.

[0047] In one embodiment, microfibers 201 as discussed
above extend 250 to 2500 micrometers from the disk and the
density of the fibers is 100 to 5000 per square cm. Other fiber
lengths and densities may also be useful. In some embodi-
ments, the fiber length and density is set based upon the
subject from which physiological signals are being obtained,
and the location on the subject (e.g., abdomen, thorax, sides,
shoulders, etc.) from which the signals are acquired.
[0048] In some embodiments, the microfibers 201 are
sufficiently flexible that they are perceived as soft and
non-irritating to the subject to which the electrode is applied,
but sufficiently stiff that they tend to project perpendicular to
the disk except when deformed during compression. In some
embodiments, the microfibers are fabricated of a material
that will maintain a tendency toward extending perpendicu-
lar from flexible sheet 200. This lasting “spring” or “resil-
iency” property is maintained in a moist or dry environment
such that if they are compressed against the skin, they will
return to a roughly perpendicular orientation to the conduc-
tive sheet when compression is released. The electrode
materials that are in skin contact are fabricated of hypoal-
lergenic materials to mitigate or avoid skin irritation and
allergic reactions. In some embodiments, the electrode and
system electronics is washable in a standard consumer
washing machine.

[0049] In some embodiments, insulated conductor 203 is
fabricated of the same material as the disk and is electrically
insulated with insulating tubing or by a coating of insulating
material such as parylene. In another embodiment, a braided
stainless steel insulated conductor is electrically connected
to disk 200 using a conductive adhesive, such as silver filled
epoxy resin from Master Bond (East Greenbush, N.Y.), or it
may be attached with a conductive rivet.

[0050] There are a number of materials from which the
microfibers 201 can be fabricated to provide the desirable
properties of electrical conductivity, biocompatibility/non-
allergenic, an appropriate degree of flexibility, ability to
spring back to a roughly perpendicular orientation following
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compression of the electrode against the skin, and durability.
These materials may be selected according to these terms,
and for a particular application. Microfibers 201, for
example, could be fabricated of a conductive polymer,
conductive aromatic (e.g., graphene), carbon nanotubes, or
various forms of metalized polymers, or metallic materials.
[0051] In many embodiments, the microfibers 201 are
sufficiently flexible to mitigate or inhibit invasive interaction
with a subject. For example, devices that penetrate into a
subject’s living skin or other tissue may be uncomfortable.
In this context, microfibers 201 are configured to be suffi-
ciently flexible to be comfortable for the patient, but also
sufficiently resilient or rigid to penetrate skin hair and
self-position in skin pores and openings in the horny layer of
the skin in order to maintain good electrical contact.
[0052] FIG. 3 shows a skin-contacting surface of a con-
ductive sheet including multilayer graphene, for use with an
electrode as discussed herein, in accordance with other
example embodiments. In one embodiment, the graphene is
porous. Both porous and non-porous graphene are highly
conductive, with an electrical resistivity on the order of 107°
Ohm-cm, less than the resistivity of silver [1]. Both porous
and non-porous graphene are strong and can be fabricated as
a very thin flexible multilayer sheet [2]. The chemical
structure of porous graphene sheet 308 includes some
“pores” 301 with bonded hydrogen atoms. These atoms can
be replaced with other bonds, such as long carbon chains
302 containing cross-links 305 with another carbon chain to
form conductive microfibers 307. By using hydrogen atoms
already present within the porous graphene structure, micro-
fibers 307 are interspersed without disrupting the function-
ality and overall structure of graphene sheet 308. The
structures in FIG. 3 are shown to represent the chemical
structure only and not the actual size. Upon implementation
in a sensing element, graphene sheet 308 and microfibers
307 would contain several orders of magnitude more
molecular entities than is shown in FIG. 3.

[0053] In one embodiment, to render the carbon microfi-
bers sufliciently resilient, carbon chains are cross-linked at
points 305. The number of carbon chains that will be
cross-linked in each microfiber in order to achieve accept-
able mechanical properties is at least several thousand.
Rigidity and tendency of the carbon microfibers toward a
perpendicular orientation to conductive sheet 308 can be
further manipulated by bonding large entities 303 to the
carbon chains. In one embodiment, these large entities are
t-butyl groups.

[0054] In another embodiment, the microfibers that project
from conductive sheet surface include conductive carbon
nanotubes. In another embodiment, the microfibers 307
include ribbons of a material with a porous or non-porous
graphene surface. The porous graphene surface may be
useful in order to provide sites for attachment of polar
entities 304 for hydrophilicity and for attaching entities to
control physical properties such as resiliency of the micro-
fibers and hence tendency to maintain a perpendicular
orientation to conductive sheet 308.

[0055] In some embodiments, polar entities such as oxy-
gen atoms 304 are attached at or near the distal end of the
microfibers 307 to render at least the distal portion hydro-
philic. When the subject perspires, the moisture in the skin
will loosely bond with the surface of the fiber to improve the
electrical coupling between the fiber and the skin. This may
be especially useful when the monitored subject is exercis-
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ing heavily and exhibiting a high degree of movement. In
those situations, movement artifacts can be particularly
troublesome, and the coupling with the skin in accordance
with these embodiments can be used to mitigate such
artifacts and improve signal quality. In one embodiment,
polar entities 304 are bonded to the long-chain carbon
entities and in another embodiment polar entities 304 are
bonded to carbon nanotubes.

[0056] In another embodiment, referring to FIGS. 1 and 4,
electrodes 101 are fabricated of conductive foam 401. In one
embodiment, conductive foam electrode 401 is 1 to 3 cm in
diameter and is fabricated of 1 to 10 mm thick open cell
polyurethane foam having a resistivity of 500 to 5,000 ohms
per square. Open cell foam has the advantage of presenting
an irregular surface which can improve electrical contact
with the skin and can also be highly flexible to provide
comfort for the subject wearing the monitoring device. In
some embodiments, the foam is coated with a 100 nm to
10,000 nm thick conductive layer 402 that is substantially
more electrically conductive than foam 401 and improves
electrical contact with the skin. Conductive layer 402 is
composed of a material that is hypoallergenic and inert and
can be deposited on the foam material at a temperature that
will not damage the properties of foam. In one embodiment
conductive layer 402 is titanium deposited using a low-
temperature pressure vapor deposition process. In another
embodiment, conductive layer 402 is of gold.

[0057] In another embodiment, electrodes 101 are active
electrodes. The ECG signal is sensed from the tissue via
conductive layer 402 and foam 401, and is electrically
connected from foam 401 to buffer-amplifier 404 via bond
407 and wire 408. An electrical reference connection and
output for buffer-amplifier 404 is provided via connector
406. Battery 405 provides power for buffer-amplifier 404. In
one embodiment, bond 407 is achieved using conductive
epoxy. In one embodiment, buffer-amplifier 404 has an input
impedance of >1 gigaohm, a DC leakage current of <100
pico-amp, and an output impedance of <100 ohm. In some
embodiments, housing 403 provides electromagnetic inter-
ference (EMI) shielding for buffer-amplifier 404 and con-
nections to foam 401. In one embodiment, housing 403 is
constructed of metallic sheet material. In another embodi-
ment, housing 403 is constructed of a metallized plastic such
as is available from Cybershield (Lufkin, Tex.). The buffer-
amplifier 404 is configured, arranged and/or implemented
with a very high input impedance and low leakage current to
reduce baseline wander during subject movement and to
reduce the need for skin preparation prior to placing the
electrode on the skin. Positioning the amplifier at the elec-
trode allows the connections from the electrode to the
buffer-amplifier to be very short and reduces the complexity
and cost of shielding the high-impedance connections and
circuits from EML

[0058] A challenge of obtaining useful high-quality infor-
mation from ECGs obtained from ambulatory subjects is
that the resistance of the tissue-electrode interface can
change significantly with movement of the subject. This is
especially true of dry electrodes. Accordingly, various
embodiments are further directed to the improvement in
signal quality and information extracted from electrodes,
using various data collection instrumentation and signal
processing algorithms employed in combination with the
electrode designs described herein. By combining improve-
ments in electrode performance, data collection instrumen-
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tation, and signal processing algorithms, system perfor-
mance can be improved over the state-of-the-art to provide
higher quality information from ECGs of ambulatory sub-
jects.

[0059] Referring to FIG. 5, the tissue-electrode interface
504 can, in its simplest form, be represented by impedance
7, through which a current I, flows (e.g., between electrode
501 and skin 503). The current I, includes a combination of
currents generated by the body I, (e.g., electrical activity of
the heart) and the DC offset current 1, generated by the
buffer-amplifier 502 and converted via ADC 505. 1, is
>>than I, and therefore I_~I_. As the subject moves, causing
a change in the tissue-electrode interface impedance 7, a
shift in base line proportional to 1 *Z_ occurs. If, for
example, I, is 1 nano-Amp and a movement of the electrode
relative to the skin results in a 100 megachm change in 7,
a corresponding 100 mV baseline shift at the input of 502
would occur. Various embodiments are directed to mitigat-
ing or eliminating monitoring aspects in which this change
in 7Z_, would cause the front-end amplifier to hit the rail,
cause the signal to be clipped, and lose signal information.

[0060] In an embodiment of the present invention, the DC
offset current I, of buffer-amplifier 502 is <100 pico-Am-
peres (pA), the gain is 100, and the dynamic range is +/-1
volt. In some instances, DC offset is <10 pA. If a 100 M-chm
change in 7, occurred as a result of movement when I, was
100 pA, a baseline shift of 1 volt would occur at the output
of buffer-amplifier 502 as a result of the 100 M-ohm change
in Z_, This deviation during baseline shift would remain
within the dynamic range of 502 and therefore clipping and
information loss would be avoided. The relative low gain
(e.g., 100), however, may create an issue of resolution of the
ECG signal that is riding on the baseline. During normal
operation, the amplitude of the voltage sensed by electrodes
101 would be about 1 mV, corresponding to a 100 mV
change in the output of buffer-amplifier 502. Analog-to-
digital converters (ADC) used to digitize ECG in ambula-
tory monitoring devices may not designed to provide suffi-
cient resolution given that the amplitude of the ECG is much
less than the dynamic range of buffer-amplifier 502. In one
embodiment of the present invention this issue is addressed
by using an 18-bit or higher resolution ADC in order to
achieve sufficient resolution for processing the ECG and
accommodate the dynamic range required to avoid clipping
during large fluctuations in baseline voltage during subject
movement. In some implementations, this approach is also
implemented to mitigate or eliminate the need to have an
adjustable dynamic range, as an 18 bit or higher resolution
ADC would accommodate most/all signal amplitude ranges
and still provide adequate resolution to preserve signal
information in ambulatory monitoring devices. Mitigating or
eliminating the need for an adjustable gain of the monitoring
device simplifies use for the customer and avoids data loss
from an inappropriate gain setting. In some embodiments, it
may be useful for buffer-amplifier 502 to have a +/-3 volt
dynamic range in order to accommodate even wider fluc-
tuations in Z_, during subject movement. In this and other
embodiments, it may be useful for the ADC to have a
resolution of 20 bits or greater.

[0061] The various computing components, circuits and
signal processing methods described herein can be imple-
mented using a variety of devices and methods. For
example, logic or processing circuits can be implemented
using one or more of: discrete logic circuitry, fully-program-
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mable and semi-programmable circuits such as PLAs (pro-
grammable logic arrays), specialized processors or general
purpose processors that are specially programmed. Combi-
nations of these and other circuit components are also
possible and within the scope of various embodiments,
including those discussed above. For example, the comput-
ing component in electronics module 102 of FIG. 1 can be
implemented in a variety of circuit-based forms, such as
through the use of data processing circuit modules. Such
systems are exemplified by implementation in high-speed
programmable computer/processor circuits, or in combina-
tion with discrete and or semi-programmable circuitry (e.g.,
as Field-Programmable Gate Arrays, Programmable Logic
Devices/Arrays).

[0062] In one embodiment, referring to FIG. 6, ECG
sensing electrodes 601, located on or near the skin of the
monitored subject, are electrically connected to buffer-
amplifier 602 having an input impedance of >1 gigaohm, DC
leakage current of <100 pA, dynamic range of about +/-1
volt, and gain of 100. The output of buffer-amplifier 602 is
electrically connected to analog-to-digital converter 603,
ADC 603 having a resolution of >18 bits. A signal process-
ing algorithm implemented in microprocessor 604 processes
the digitized ECG to remove baseline wander and other
noise to produce a denoised ECG signal. In some embodi-
ments, microprocessor 604 also implements algorithms for
extracting information such as intervals (e.g., QT interval,
QRS duration) from the denoised ECG signal.

[0063] An enhanced method for baseline wander removal
can be implemented to achieve further improvement of
signal quality and accuracy of information extracted from
the ECG. In one embodiment, referring to FIG. 7, an input
ECG signal 701 in the first domain is decomposed at block
702 into subcomponents D2, . . . D2, D2, In a
second domain. In one embodiment, decomposition is
achieved using one of a discrete cosine transform or a
wavelet transform. The subcomponent with the lowest fre-
quency content D2_,,, selected in step 703, contains infor-
mation from low-frequency ECG waves (e.g., T wave),
baseline wander, and other low-frequency signals such as
respiration. A waveform corresponding to the baseline wan-
der is estimated by low-pass filtering D2_,,; in step 704 with
a frequency cut-off (e.g., 3 dB down) between 0.05 to 2 Hz
to produce a signal LPF (D2,,,,,). In one embodiment, the
low-pass filter (LPF) is an IIR filter such as a Butterworth
filter. In another embodiment, the LPF is an FIR filter. The
estimated baseline waveform LPF (D2,,,;) is subtracted
from D2, in step 705. The difference, D2subF, is the
subcomponent D2 ,, with baseline wander removed and
replaces D2 ,,. The ECG signal with baseline wander
removed is then reconstructed from the set of subcompo-
nentsD2_,, ...D2_,., D2_ .. in step 706 by applying an
inverse of the transform used for decomposition, and can be
output at block 707.

[0064] In an alternate embodiment, steps 704 and 705 are
replaced by a step whereby a high-pass filter (HPF) is
applied to subcomponent D2_,, to remove the baseline
wander. In one embodiment, the cutoff frequency of the
high-pass filter is between 0.05 and 2 Hz. In one embodi-
ment, the high-pass filter is an Infinite Impulse Response
(IIR) filter such as a Butterworth filter. In another embodi-
ment the HPF is an FIR filter.

[0065] In another embodiment, the digitized signal output
from ADC 603 is high-pass filtered to remove baseline
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wander. In some applications, where preservation of T-wave
morphology may not be important but it is desired to
preserve QRS energy, frequency cut-off (-3dB relative to
pass-band) can be between 1 to 5 Hz. In another embodi-
ment, the signal is post-processed to identify isoelectric
points between the end of T and start of P wave. The baseline
is estimated by interpolating over the isoelectric points. The
estimated baseline is then subtracted from the ECG. In
another embodiment an adaptive filter can be used to remove
baseline wander. The simultaneously collected impedance
signal can serve as a reference signal for the adaptive filter.

[0066] In some embodiments, aspects of the baseline
wander can contain useful information. For example, certain
changes in baseline wander commonly occur as a result of
changes in thoracic impedance with ribcage movement and
lung inflation during respiration. In one embodiment the
estimated baseline wander calculated in step 704 is further
processed to extract respiration parameters such as respira-
tory rate, inspiratory time, and expiratory time. In one
embodiment, extraction of respiratory parameters includes
low-pass filtering of the estimated baseline wander to
remove non-respiratory related artifacts. In one embodi-
ment, when extracting respiratory parameters from a human
ECG and mammals larger than about 10 kg, the estimated
baseline wander is low-pass filtered with a cutoff of 1 to 2
Hz. The output of the low-pass filter is processed to detect
either positive or negative zero crossings to indicate onset,
peak, and offset of the respiratory cycle. Onset, peak, and
offset information can be used to compute respiratory rate,
inspiratory time, and expiratory time. In another embodi-
ment the QRS amplitude changes and RR interval changes
are included in the algorithm to improve the accuracy of
respiration rate calculation.

[0067] FIG. 8 shows a representative diagram of human
skin with microfibers of an electrode extending into skin
pores, as may be implemented in connection with one or
more example embodiments. Referring to FIG. 1 by way of
example, electrode 101 may be implemented as shown in
FIG. 8, in position on the skin. The outer surface of the skin
is comprised of flat keratinous material that forms the
stratum corneum 801, or horny layer of dead tissue. The
outer layer 801, compared to the underlying skin layers such
as the stratum granulosum and stratum germinativum, is
more electrically resistive. When using wet electrodes, it is
common to remove at least a portion of the horny layer 801
by abrading the skin, which can be used improve electrical
contact between a sensing electrode and the underlying
tissue (e.g., to make the sensing of ECG signals possible
under certain conditions). Various embodiments herein are
directed to sensing such physiological signals, without nec-
essarily abrading or otherwise penetrating the skin. Pores
802 pass from the skin surface through the horny more
resistive layer 801 and are used to access to the underlying
more conductive layers of the skin. Conductive microfibers
803 and 804 extend from the surface of conductive sheet
805. Some of the microfibers may contact horny layer 801,
as is the case with microfibers 804, which exhibit a highly
resistive electrical contact with the skin if horny layer 801 is
in place. Other microfibers, such as 803, make contact with
the pores in the skin, provide an improved electrical contact
with the underlying tissue, and hence improve the quality of
the sensed ECG. Those microfibers 803 that contact the
inner surface of pores 802 bypass the higher resistance of
horny layer 801, thereby improving tissue-electrode contact



US 2016/0345850 A1

without taking additional steps in skin preparation such as
abrasion. In addition, the flexibility of the microfibers pet-
mits the application of the electrode against the skin, with
some microfibers entering pores at different orientations,
and some microfibers that do not enter pores bending
(perhaps even flat) against the skin to permit the close
positioning of the electrode and entry of the other microfi-
bers into the pores.

[0068] The garment referenced in the preceding descrip-
tions can take several forms, as the various apparatuses (e.g.,
electrodes and/or sensing circuitry), systems and methods
herein may be implemented with a multitude of disparate
garments to suit particular needs. For monitoring ECG
signals, the garment shown in FIG. 1 is placed on the thorax.
Garment 100 can consist of a t-shirt comprised of elastic
material, or it can consist of an elastic band or multiple
elastic bands that surround the chest with electrodes 101
located on the inner surface. In one embodiment, garment
100 is fabricated of an elastic material with minimal ten-
dency to absorb water and is woven in a “fishnet” pattern to
facilitate air movement at the skin and faster drying time
should the garment be exposed to water or sweat. In one
embodiment the openings in the fishnet pattern range from
6 10 36 inch. In another embodiment, electrodes are
fabricated of materials whereby sensing performance and
electrode integrity is not negatively affected by water, such
as any of the electrode materials previously proposed herein
for use as dry electrodes. In some embodiments, electronics
module 102 is housed in a sealed water-tight housing such
as a high-density polyethylene housing with seams that are
bonded with adhesive or with heat. Adhesives suitable for
bonding include hot melt adhesives that are formulated for
bonding polyethylene or epoxy adhesives that are applied to
an appropriately prepared surface to facilitate adhesion.
Bonding seams with heat can be accomplished by ultrasonic
welding, for example. To eliminate the need to access the
battery in housing 102, and hence eliminate a potential path
for water ingress, a rechargeable cell is employed along with
magnetic or RF field recharging circuitry. The combination
of use of a garment material that is will not absorb water,
electrodes that are not negatively impacted by water, an
electronics housing that is water-tight, and a wirelessly
rechargeable power source contained within electronics
module 102 allows the patient to shower without the need to
remove the garment and monitoring apparatus. This capa-
bility can save substantial nursing labor when the garment is
used to monitor patients in a hospital environment, allows
more robust monitoring regimens (e.g., patient can be moni-
tored while showering), and is more convenient and com-
fortable for the patient. The fishnet style also has benefits for
use in fitness monitoring and other applications where
diaphoresis is an issue, as it facilitates evaporation of sweat
from the skin faster and keeps the subject more comfortable.

[0069] In one embodiment, a garment is used to monitor
fetal ECG and uterine EMG. In this embodiment, the
garment may be in the form of an elastic band that covers a
substantial portion of the abdomen and underlying uterus. In
this embodiment, the band may incorporate twelve or more
electrodes.

[0070] It should be recognized that aspects of the electrode
designs, buffer-amplifier and ADC designs, and signal pro-
cessing algorithm for removing baseline wander discussed
here can also be useful when monitoring subcutaneous ECG.
For example, the electrode embodiments described herein
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having conductive microfibers extending generally perpen-
dicular from a conductive surface can be configured to
permit and/or encourage extensive tissue ingrowth around
the microfibers, thereby increasing the tissue electrode sur-
face area and hence improving the stability of the electrical
contact with the tissue. The buffer-amplifier characteristics,
ADC characteristics, and the algorithm for removing base-
line wander described herein are also beneficial for use in a
subcutaneous device to address baseline wander issues and
eliminate the need for a gain setting adjustment.

[0071] Based upon the above discussion and illustrations,
those skilled in the art will readily recognize that various
modifications and changes may be made to the present
invention without strictly following the exemplary embodi-
ments and applications illustrated and described herein. For
example, different types of electrodes and electrode mate-
rials may be used. In addition, a variety of different types of
fabrics and other materials that are used to hold or house
electrodes may be used. Moreover, such items may be
formed to, and used in connection with, interaction with
various parts of a patient, for both human and animal
physiological signal detection. Still other embodiments are
directed to methods of sensing physiological signals, as may
be implemented with aspects described herein. Such modi-
fications do not depart from the true spirit and scope of the
present invention, including that set forth in the following
claims.
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What is claimed is:

1. An apparatus comprising:

a plurality of conductive microfibers configured and
arranged with density of the conductive microfibers per
area, length, and flexibility characteristics that facilitate
penetration of the conductive microfibers into pores of
human skin and sensing of ECG signals from within the
pores; and

a digitizing circuit electrically coupled to the conductive
microfibers and configured and arranged to digitize the
ECG signals.

2. The apparatus of claim 1, wherein different ones of the
conductive microfibers are configured and arranged to flex-
ibly bend in different directions and to enter a plurality of
differently-oriented skin pores of a subject and sense the
ECG signal therefrom.

3. The apparatus of claim 1, wherein the plurality of
conductive microfibers are configured and arranged with a
density of number of microfibers per unit area that is high
enough to facilitate collection of an ECG signal from within
the pores and low enough to facilitate passage of the
microfibers between body hairs to make contact with the
skin.

4. The apparatus of claim 3, wherein the plurality of
conductive microfibers are configured and arranged with
flexibility that is high enough to facilitates passage of the
microfibers to a depth into the pores below a surface layer
of the skin and low enough to facilitate passage of the
microfibers between the body hairs to reach into the pores.
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5. The apparatus of claim 1, wherein the plurality of
conductive microfibers are configured and arranged with
flexibility that is high enough to facilitates passage of the
microfibers to a depth into the pores below a surface layer
of the skin and low enough to facilitate passage of the
microfibers between the body hairs to reach into the pores.

6. The apparatus of claim 1, wherein the conductive
microfibers are configured and arranged with fiber length
and density of fibers per unit area to facilitate collection of
an ECG signal from location on a subject’s skin from which
physiological signals are to be obtained.

7. The apparatus of claim 1, wherein the conductive
microfibers are attached to, and in electrical communication
with, a mostly planar conductive surface that electrically
couples the conductive microfibers to the digitizing circuit.

8. The apparatus of claim 7, wherein the mostly planar
surface includes a metallic material and the microfibers
include carbon nanotubes.

9. The apparatus of claim 7, wherein the mostly planar
surface is a disk having a diameter of between about 10 to
30 mm.

10. The apparatus of claim 7, further including a garment
of substantially non-conducting elastic fabric, wherein the
electrically conductive surface is affixed to an inside portion
of the non-conducting fabric and configured and arranged to
sense the ECG signals from within skin pores of a person
wearing the garment.

11. The apparatus of claim 7, wherein the conductive
microfibers are configured and arranged to, in the absence of
compressive force, extend in a direction that is perpendicular
to the conductive surface.

12. The apparatus of claim 1, wherein the density of
microfibers is in a range of 100 to 5000 per square cm.

13. The apparatus of claim 1, wherein the length of the
microfibers is in a range of 250 to 2500 micrometers.

14. The apparatus of claim 1, wherein the microfibers
include a metallic material.
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15. The apparatus of claim 1, wherein the conductive
microfibers are configured and arranged to collect the ECG
signal without penetrating the skin.
16. The apparatus of claim 1, wherein the plurality of
conductive microfibers is configured and arranged to sense
the ECG signals from inner surfaces of the pores below a
surface layer of the skin.
17. A method comprising:
forming a plurality of conductive microfibers with density
of the conductive microfibers per area, length, and
flexibility characteristics that facilitate penetration of
the conductive microfibers into pores of human skin
and sensing of ECG signals from within the pores; and

electrically coupling a digitizing circuit to the conductive
microfibers, the digitizing circuit being configured and
arranged to digitize the ECG signals.
18. The method of claim 17, wherein forming the plurality
of conductive microfibers includes forming the conductive
microfibers with a number of fibers per unit area that is high
enough to facilitate collection of an ECG signal from within
the pores and low enough to facilitate passage of the
microfibers between body hairs to make contact with the
skin.
19. The method of claim 17, wherein forming the plurality
of conductive microfibers includes:
selecting a fiber length and density of fibers per unit area
based upon characteristics of skin on a location on a
subject from which the signals are to be acquired, and

forming the plurality of conductive microfibers with the
selected fiber length and density.

20. The method of claim 17, wherein forming the plurality
of conductive microfibers includes configuring the conduc-
tive microfibers to flexibly bend in different directions and
to enter a plurality of differently-oriented skin pores of a
subject for sensing the ECG signal from within the plurality
of differently-oriented skin pores.
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