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7) ABSTRACT

Aspects of the present disclosure are directed to processing
ECG signals from a subject. As may be implemented in
accordance with one or more embodiments, respective elec-
trodes sense ECG signals from a subject, and the ECG signals
are digitized and processed, such as to remove noise, detect a
QRS complex, evaluate quality, detect arrhythmia and/or to
store the signals. In response to an input from the subject, one
or more of the ECG signals is recorded along with sound from
the user, such as to concurrently record the user’s voice for
describing conditions in connection with the recording of the
ECG signals. This approach can be carried out in an enclosed
housing, operated adjacent the subject’s thorax. The pro-
cessed digitized ECG signals and the audio signals are then
communicated for receipt by an external device.
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Figure 1 — System Diagram
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Figure 2
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Figure 3
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ECG SENSING APPARATUSES, SYSTEMS
AND METHODS

FIELD

[0001] The present disclosure relates to a system for moni-
toring ECG of ambulatory animals and human beings.

BACKGROUND

[0002] External wireless devices are often used to monitor
ECG in humans and animals for clinical care and in research
studies. For example, ambulatory devices that measure elec-
trocardiogram are routinely used to assess arrhythmias in
human clinical studies and for diagnosis of the status of
patients that may be at risk of arrhythmias. Correlation of
symptom and rhythm is often a goal of such evaluations, but
limitations of current devices often preclude the ability to do
so. Ambulatory monitoring devices often include a button that
the patient or a care provider presses when symptoms occur.
Pressing the button then results in an event mark in the record-
ing. Patients or care providers are advised to keep a diary that
describes the nature of the symptoms. Some devices may
include a computer aided function intended to simplify
recording of the nature of the symptoms. For example, some
devices have a menu displayed on a touch screen that allows
the patient to select a description of the symptoms from
among a list. Whether a diary or a computer-aided tool is
used, a low percentage of patients provide a record of the
symptoms associated with an event mark. This limits the
ability to correlate symptoms and rhythm and hence reduces
the potential diagnostic utility of the system.

[0003] Another limitation of current devices is that they
must be removed prior to bathing or showering in order to
avoid damage from fluid ingress. The devices can be damaged
due to exposure to fluid for any reason including falling in the
water, exposureto heavy rain, or accidentally leaving a device
in a pocket of a garment during washing. This limitation not
only creates an inconvenience for the patient but also can
result in damage to the device and subsequent expense for the
patient, care provider, supplier, or insurer.

[0004] Yet another limitation of current devices that mea-
surement of long-vector ECGs (i.e. where at least one elec-
trode is located separate from the electronics housing at a
distance of atleast 10 cm) often requires the use of a relatively
expensive connector and cable harness that can constitute a
significant portion of the cost of an ambulatory device.

SUMMARY

[0005] Various aspects of the present disclosure are
directed to devices, methods and systems for ambulatory
monitoring of ECG, in a manner that addresses challenges
and limitations including those discussed above.

[0006] In accordance with one or more embodiments, an
apparatus includes first and second electrodes operable to
sense ECG signals from a subject, a digitizing circuit that
receives and digitizes the ECG signals sensed by the elec-
trodes, and an audio circuit that captures sound from the
subject and converts the sound into electrical audio signals.
The apparatus also includes a processing circuit that operates
with the electrodes and the digitizing circuit to digitize the
ECG signals and process each digitized ECG signal by one or
more of removing noise from the digitized ECG signal, stor-
ing the digitized ECG signal in a memory circuit, detecting a
QRS complex in the digitized ECG signal, evaluating quality
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of the digitized ECG signal, and detecting arrhythmia in the
digitized ECG signal. An input circuit operates to receive an
input from the subject, with the processing circuit and audio
circuit being respectively operable to initiate recording of at
least one of the ECG signals and the sound in response to the
input. A communication circuit communicates the processed
digitized ECG signals and the audio signals for receipt by an
external device.

[0007] Another embodiment is directed to an apparatus
also having firstand second electrodes that sense ECG signals
from a subject, a digitizing circuit that digitizes each sensed
ECG signal, and an audio circuit that captures sounds from
the subject and converts the sounds into electrical audio sig-
nals. A wireless communication circuit wirelessly transmits
data to an external device. An input device is arranged to
receive a tactile input from the subject and to convert the
tactile input to an input signal. One or more processors are
responsive to each input signal by recording a digitized ECG
signal sensed from the subject via the electrodes, and record-
ing the subject’s voice via the audio circuit. The processor(s)
processes the digitized ECG signal by one or more of remov-
ing noise from the digitized ECG signal, storing the digitized
ECG signal in a memory circuit, detecting a QRS complex in
the digitized ECG signal, evaluating quality of the digitized
ECG signal, and detecting arrhythmia in the digitized ECG
signal. The recorded voice and digitized ECG signal are wire-
lessly transmitted to the external device via the wireless com-
munication circuit, thereby providing access to ECG signals
and the subject’s voice as recorded in conjunction with each
ECG signal recorded in response to tactile input from the
subject. A power supply provides power to the digitizing
circuit, the audio circuit, the communication circuit, the input
device, and the processor(s). The input device, audio circuit,
commuication circuit, power supply and processor(s) are
within a housing, and a mechanical support structure supports
the housing proximate the subject’s thorax.

[0008] Another embodiment is directed to a method as
follows. ECG signals are sensed from a subject via first and
second electrodes, the ECG signals sensed by the electrodes
are received and digitized at a digitizing circuit, and sounds
are captured from the subject using an audio circuit, with the
sounds being converted into electrical audio signals. In a
processing circuit operable with the electrodes and digitizing
circuit, the ECG signals are digitized and each digitized ECG
signal is processed by one or more of: removing noise from
the digitized ECG signal, storing the digitized ECG signal in
a memory circuit, detecting a QRS complex in the digitized
ECG signal, evaluating quality of the digitized ECG signal,
and detecting arrhythmia in the digitized ECG signal. In
response to receiving an input from the subject via an input
circuit, at least one of the ECG signals and the sound are
recorded via the processing circuit and the audio circuit. Each
processed digitized ECG signal and a corresponding one of
the audio signals are communicated, via a communication
circuit, for receipt by an external device.

[0009] Theabove summary is not intended to describe each
embodiment or every implementation of the present disclo-
sure. The figures and detailed description that follow more
particularly exemplify various embodiments.

DESCRIPTION OF THE FIGURES

[0010] Various example embodiments may be more com-
pletely understood in consideration of the following detailed
description in connection with the accompanying drawings,
in which:
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[0011] FIG. 1 shows an apparatus worn by a human or
animal subject and operable for measuring, processing and
recording an ECG, in accordance with an example embodi-
ment;

[0012] FIG. 2 shows another apparatus with a recording
device integrated with a component attached to a subject’s
chest, in accordance with another example embodiment;
[0013] FIG. 3 shows oblique lower and upper views of an
apparatus for detecting ECG and audio signals, incotporated
in a housing, in accordance with another example embodi-
ment;

[0014] FIG. 4A shows plots that illustrate example beat-to-
beat R-R interval dynamics with different characteristics as
detected in accordance with one or more embodiments;
[0015] FIG. 4B shows plots pertaining to multiscale
entropy (MSE) with lag factor relative to the plots shown in
FIG. 4A, in accordance with one or more embodiments;
[0016] FIG. 5 shows a method for detecting atrial fibrilla-
tion, as may be implemented in accordance with one or more
example embodiments; and

[0017] FIG. 6 shows another apparatus with ECG and audio
recording devices integrated with a component attached to a
subject’s chest, in accordance with another example embodi-
ment.

[0018] While various embodiments discussed herein are
amenable to modifications and alternative forms, aspects
thereof have been shown by way of example in the drawings
and will be described in detail. It should be understood, how-
ever, that the intention is not to limit the invention to the
particular embodiments described. On the contrary, the inten-
tion is to cover all modifications, equivalents, and alternatives
falling within the scope of the disclosure including aspects
defined in the claims. In addition, the term “example” as used
throughout this application is only by way of illustration, and
not limitation

DETAILED DESCRIPTION

[0019] Aspects of the present invention relate to a system
for monitoring, reviewing, and reporting of cardiac status on
ambulatory subjects. In the context of this invention, cardiac
status may include one or more of the following: incidence of
arrhythmias, interval measurements, heart rate variability,
metrics of cardiac risk such as a cardiac repolarization char-
acteristic (e.g. T-wave alternans), and electromechanical
decoupling. Various embodiments are directed to monitoring
human or animal subjects using the device as part of a clinical
evaluation while others are directed to human or animal sub-
jects involved in a research study. In connection with certain
embodiments, the accuracy of information provided is
improved under a broad range of use scenarios, battery life
can be extended, the size of monitoring devices can be
reduced, and information can be obtained more efficiently.
While the present invention is not necessarily limited to such
applications, various aspects of the invention may be appre-
ciated through a discussion of examples using this context.
[0020] In the following discussion, reference is made to
cited references listed in a numbered order near the end ofthis
document, which are fully incorporated herein by reference.
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 pro-
vide specific information regarding the application of one or
more such embodiments.
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[0021] 1In accordance with other embodiments, an appara-
tus includes two or more electrodes, a digitizing circuit
coupled to digitize ECG signals sensed from a subject (e.g., a
patient) by the electrodes and an audio circuit (e.g., including
amicrophone) that captures and converts sound into electrical
audio signals. The apparatus also includes a processor, an
input circuit and a communication circuit. The processor
operates to process each digitized ECG signal in one or more
of a variety of manners, such as by removing noise, detecting
a QRS complex or arrhythmia in the ECG signal, evaluating
quality of the ECG signal, or simply storing ECG signal. The
processor is also responsive to an input from subject, such as
obtained via the press of a button or a switch, by initiating the
recording of at least one of the ECG signals and the sound in
response to the input. In this context, the subject’s voice can
be recorded in connection with an ECG from the subject,
based on the subject’s input. For instance, when the subject
detects or feels an abnormal condition, he or she can depress
abutton that initiates such a recording. This recording may be
carried out from ongoing sensing, and as such may involve
recording a time window that begins before the input is pro-
vided, and extends after the input (e.g., where the apparatus is
operating in a continuous detection mode and stores informa-
tion for a short time period). The processed digitized ECG
signals and the audio signals can then be communicated via a
communication circuit, such as a wireless circuit, for receipt
by an external device.

[0022] Therecordings can thus be attributed to one another,
permitting a remote medical service provider to evaluate the
ECG signals in connection with the subject’s voice, which
can help to explain a situation relevant to the recording. Such
an approach is useful for evaluating cardiac incidents that the
subject may feel, or to record an ECG in connection with
certain activity (e.g., when a user begins or alters exercise, an
ECG may be recorded in connection with the particular exer-
cise being carried out.). In some embodiments, the apparatus
includes a memory circuit, with the processor being operative
to store data that represents and links each ECG signal with
sound recorded in connection therewith,

[0023] The ECG signals are processed in a variety of man-
ners, to suit particular embodiments. In certain embodiments,
the processor provides an indication that at least one of the
electrodes is disconnected based on a determined quality of
the signal, and enters a low power mode in response to the
disconnection. In some embodiments, the signal quality of
the ECG signal is evaluated by decomposing the digitized
ECG signal into subcomponents, computing a statistical vari-
ance of the subcomponents over a time interval, and assessing
signal quality based upon the statistical variance of the sub-
components. In other embodiments, noise is removed from
the ECG signal by decomposing the signal into subcompo-
nents, identifying a location of the QRS complex of a cardiac
cyclein the ECG signal, identifying a first time window in the
cardiac cycle that includes the QRS complex, and identifying
at least one time window in the cardiac cycle that does not
include the QRS complex. For each of the identified time
windows, target subcomponents are identified as subcompo-
nents that contain more energy that is within a band of fre-
quencies characteristic of a desired ECG signal in the time
window than energy that is outside the band of frequencies
characteristic of the desired ECG signal. A denoised physi-
ological signal is then constructed using two or more of the
identified target subcomponents.
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[0024] Insomeembodiments, the apparatus also includes a
transducer that generates audible sound, and the processor
audibly communicates an indication of the ECG signal. For
instance, where the processor evaluates signal quality of the
digitized ECG signal, the audible communication can be
generated to provide an indication of the quality. Such an
approach may also be used, for example, to alert a subject that
one of the electrodes has disconnected.

[0025] Invarious embodiments, one or more of the circuits
is included within a housing, which can be placed near the
subject’s thorax. In some embodiments, the housing includes
the digitizing circuit, audio circuit, processing circuit and
communication circuit. The housing may be constructed pri-
marily of a non-conductive material and have one or more
conductive pins embedded into the non-conductive material,
for connection to the electrodes. ECG signals can thus be
passed into the housing through the conductive pin(s), which
permits processing of the signals while also ensuring that
fluid or other components do not pass into (or out of) the
housing. In various embodiments, it has been discovered that,
by processing signals as discussed herein (e.g., for noise
removal or quality evaluation involving subcomponents),
such a housing can be made quite small and operated readily
via a relatively small battery, which can permit comfortable
attachment of the housing to a subject or otherwise near a
subject’s thorax (e.g., via a fastener or a lanyard type material
as discussed herein) for long-term use.

[0026] In a more particular embodiment involving a hous-
ing such as above, the apparatus also includes a fastener that
mechanically supports the housing proximate the subject’s
thorax. In some implementations, the fastener includes one or
more of the electrodes and adheres to the subject’s skin. In
some implementations, the housing includes a conductive
snap at an outer surface and the fastener includes a conductive
snap that mates with the conductive snap in the housing. The
snaps provide both mechanical support for the housing and
electrical connection from the first electrode to the digitizing
circuit contained within the housing. In another implementa-
tion, a conductive lead wire extends through the housing and
aconductive snap is connected to the conductive lead wire. In
this implementation, the fastener includes a conductive snap
that mates with the conductive snap connected to the conduc-
tive lead wire, and provides both mechanical support for the
housing and electrical connection from the first electrode to
the digitizing circuit contained within the housing.

[0027] Another embodiment is directed to an apparatus
also having electrodes, a digitizing circuit and an audio circuit
that captures sounds and converts sounds into electrical audio
signals. The apparatus also includes a wireless communica-
tion circuit that wirelessly transmits data to an external
device. An input device senses and converts a tactile input
(e.g., touch) to an input signal, which is used as a cue in
response to which a digitized ECG signal and the subject’s
voice are recorded. Such an input may involve, for example,
auser’s depression of a switch or pressure on two switches on
opposite sides of a housing, the latter of which may serve to
prevent false recordings. A power supply provides power to
the digitizing circuit, the audio circuit, the communication
circuit, the input device, and the processor(s). The apparatus
may further include memory, with the processor operable to
store sets of data in the memory circuit where each set of data
represents and links a recorded ECG signal with sound
recorded in response to the input signal. Recorded voice and
ECG signals are wirelessly transmitted to an external device,
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thereby providing access to ECG signals and the subject’s
voice as recorded in conjunction with each ECG signal
recorded in response to the tactile input.

[0028] One or more of the input device, audio circuit, com-
munication circuit, power supply and processor(s) are within
ahousing. The housing may include non-conductive material
as above, and can be implemented with a conductor passing
through the housing in a manner that mitigates or prevents
liquids or gas from passing into the housing. A mechanical
support structure supports the housing proximate the sub-
ject’s thorax (e.g., an elastic member that encircles at least a
portion the thorax and holds one or more of the electrodes in
contact with the skin, a loop or band that encircles the sub-
ject’s thorax, or a lanyard that encircles the subject’s neck).

[0029] Certain embodiments also employ a transducer as
above, which may be within the housing or as part of a
housing, positioned to deliver audio to the subject. For
instance, where arrhythmia is detected in the digitized ECG
signal, the subject can be notified that an arrhythmia has
occurred and prompted to verbally describe symptoms by
generating sound via the transducer.

[0030] In this embodiment, as with the above discussion,
the processor or processors can be implemented in a variety of
manners, to carry out one or more of a variety of operations
upon the digitized ECG signals. In some implementations,
operations related to storage, noise removal, detection of a
QRS complex or arrhythmia, or evaluating quality via statis-
tical variance are carried out. One or more of these
approaches may involve decomposition into subcomponents
as discussed above. In some implementations involving the
determination of a statistical variance via subcomponents as
above, the disconnection of one or more electrodes is detected
based upon a ratio of the statistical variance of a subset of the
subcomponents to total statistical variance of the subcompo-
nents. The subset, in this context, includes subcomponents
that form between 30-70% of a total statistical variance of a
noise-free reference ECG signal. In certain implementations,
the processor receives and stores operating parameters from
an external device via the wireless communication ¢ircuit,
and processes the digitized ECG signals based on the stored
operating parameters.

[0031] In certain implementations, the ECG signals are
recorded for atime period beginning before the tactile input is
received, and ending after the tactile input is received. In still
other implementations, the power supply includes a battery
that provides power for operating the apparatus, without
replacement or recharging, for at least 30 days of continuous
sensing, digitizing, and processing (e.g., to detect the arrhyth-
mia in the digitized ECG signals). Such a long-term power
approach can be made possible, for example, via the recog-
nition and/or discovery above and implementation of sub-
component analysis.

[0032] The audio signals can be processed in a variety of
manners. In some embodiments, the one or more processors
carry out at least one of’ identifying the presence of a human
voice in the audio signal, saving the audio signal in memory,
converting voice in the audio signal to text, and compressing
the audio signal to reduce data volume, prior to the recorded
voice being transmitted to the external device.

[0033] Various embodiments are directed to methods as
may involve operation of one of more of the above-described
apparatuses, as described herein. Such embodiments may, for
example, involve ECG and audio detection as above, with
related storage and processing, and linking audio with ECG
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signal recordings. The processing may involve decomposi-
tion approaches as characterized, with related communica-
tion to the subject and/or to a remote medical professional.
Housings can be implemented and supported near the sub-
jects” thorax as described, with various fastening/supporting
approaches, as well as approaches to passing signals into the
housing.

[0034] According to another example embodiment, an
apparatus includes two or more ECG sensing electrodes, digi-
tizing and computing circuits, a housing that houses the digi-
tizing and computing circuits, a fastener that mechanically
fastens and electrically couples the housing to one of the
electrodes, and a lead wire that couples the other one(s) of the
electrodes to the digitizing circuit. The electrodes adhere to
remote locations on a patient and sense ECG signals there-
from, and couple the signals to the digitizing circuit via the
fastener or the lead wire(s). The digitizing circuit digitizes the
ECG signals, and the computing circuit processes the digi-
tized ECG signals by one or more of removing noise, detect-
ing an R-R interval, detecting a Q-T interval, and detecting a
QRS complex.

[0035] Another example embodiment is directed to a
patient-worn apparatus for recording an ECG from the
patient. The apparatus includes a first circuit that digitizes an
ECG signal obtained from the patient via at least two ECG
leads, and a computing circuit that is connected to the first
circuit to receive the digitized ECG signal. The computing
circuit decomposes the digitized ECG signal into subcompo-
nents, computes a statistical variance of the subcomponents
over a time interval, and determines if one of the at least two
ECG leads is disconnected from the patient based upon the
statistical variance of the subcomponents. In another embodi-
ment, detection of a disconnected ECG lead is made by com-
puting aratio of the variance of a subset of the subcomponents
to total variance, wherein the subset includes those subcom-
ponents that comprise 30 to 70% of the total variance of a
representative clean ECG.

[0036] Another example embodiment is directed to an
apparatus including a sensing electrode that adheres to and
senses physiological signals from a patient, a denoising com-
ponent and a fastener that fastens the denoising component to
the sensing electrode. The denoising component includes a
housing having a digitizing circuit, a computer circuit and a
battery. The digitizing circuit digitizes the signals received
via the sensing electrode and at least another sensing elec-
trode coupled to the patient, the computing circuit processes
the digitized signals to remove noise therefrom, and the bat-
tery powers the digitizing and computing circuits. The fas-
tener mechanically fastens the housing to the sensing elec-
trode, which supports the weight of the denoising component
via the fastener while the first sensing electrode is adhered to
the patient.

[0037] According to another example embodiment, physi-
ological signals of a subject human or animal are collected,
preprocessed and digitized by a telemetric ambulatory moni-
toring device (TAMD) that is worn by the subject. The digi-
tized signal is denoised using one of several signal processing
algorithms, a feature signal is created from the denoised
signal, physiologic events are detected, and the denoised sig-
nal is compressed to reduce the data volume in order to reduce
the energy required to telemeter the signal. A confidence
signal is computed that provides a metric of the validity of
points comprising the feature signal. An additional confi-
dence signal is computed to evaluate the validity of detected
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events. The monitoring device includes a wireless communi-
cation module to communicate information to and from a data
review system. Further, a process is described for detecting,
classifying, and reporting arrhythmia events that provides for
efficiency and accuracy.

[0038] In one aspect of this invention, a component of
computing the confidence signal is a dynamic signal-to-noise
ratio (ASNR) that is updated frequently, and in the case of a
cardiac signal, it is updated for each cardiac cycle or portion
of the cardiac cycle. Feature points extracted from the
denoised signal are classified as valid or invalid and only valid
features are used to compute a parameter including a math-
ematical combination of valid features. dSNR can also be
used to identify segments of the physiologic signal that con-
tain no useful information.

[0039] In another aspect of this invention, physiologic
events are detected. A confidence signal is computed and used
to classify a detected event as valid, invalid, or uncertain.
Events classified as valid are accepted and included in a report
summarizing arrhythmia events without the need for verifi-
cation by a trained person.

[0040] In another aspect of this invention, parameters
derived from valid feature points of a physiological signal are
computed within the TAMD, thereby reducing the volume of
data that must be transmitted, resulting in a net reduction in
power consumption and hence longer battery life.

[0041] Various example embodiments are implemented as
described in or otherwise in connection with the embodi-
ments in the underlying provisional application to which
benefit is claimed (U.S. Provisional Patent Application Ser.
No. 61/869,250), which is fully incorporated herein by refer-
ence. For instance, various embodiments as characterized in
the Appendices therein may be implemented within a housing
or related component as applicable for detecting cardiac or
other physiological signals as characterized in the following
description and/or in the claims.

[0042] In accordance with a particular embodiment, and
referring to FIG. 1, a system is comprised of an apparatus
5101 that is worn by a human or animal subject and is respon-
sible for measuring, processing and recording the subjects
ECG. This apparatus is also referred to as a “Telemetric
Ambulatory Monitoring Device” (TAMD) or “recording
device”. In some embodiments, the recording device continu-
ously records ECG or records clinically significant arrhyth-
mia events, and saves the recording on a memory element
located within the device. In some embodiments, the device
detects and communicates clinically significant events to a
communications relay device 5102. Relay 5102 may be worn
by the subject or may be placed in a purse or kept nearby.
Communications between the recording device 5101 and
relay device 5102 can occur via a USB communications link
or wireless link. Relay device 5102 receives the recording and
forwards it to data collection and review system (DCRS)
5106. In some embodiments, the relay device includes a
commercially available smart phone running an application
that may perform some processing functions as well as capa-
bility to interrogate and program operating parameters (e.g.
tachyarrhythmia and bradyarrhythmia rate thresholds) in
recording device 5101. In some embodiments relay device
5102 is a cellular relay that receives the signal from recording
device 5101 via a wireless communications link and forwards
the data to DCRS 5106 via a cellular communications net-
work. In some embodiments, DCRS 5106 includes a PC
running an application that receives data from the relay device
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via a telecommunications system, processes the received
data, provides a function for a human being to review the
received and processed data, and creates a report to summa-
rize the subject’s condition in a manner suitable for the
intended research or clinical evaluation. In some applications,
recording device 5101 may communicate directly with
DCRS 5106. This may be useful for providing the patient with
direct access to the information provided by 5101 and 5106
and to eliminate the need for communication relay 5102. In
some embodiments, direct communication to DCRS 5106 is
achieved using a cellular modem. In another embodiment, a
Bluetooth communication circuit located within the housing
of TAMD 5101 may be used when TAMD 5101 and DCRS
5106 are in close proximity.

[0043] In an example embodiment, recording device 5101
is referenced in FIG. 2 as element 51701 and is shown
attached to ECG sensing electrode 51703. ECG sensing elec-
trodes 51705 and 51708 adhere to a patient for sensing ECG
signals therefrom, are electrically and mechanically con-
nected to recording device 51701. In some embodiments,
recording device 51701 has a housing containing digitizing
and computing circuits that process the ECG signals, and a
fastener that fastens the housing to electrode 51703 and pro-
vides an electrical connection therebetween. In other embodi-
ments, 51701 further contains a microphone and circuits to
sense, digitize, and process an audio signal and one or more
switches that can be manually activated by the patient as
directed by a physician when certain symptoms are felt. In
one embodiment, a single switch is located on the housing. In
another embodiment two switches are used, each located on
opposite sides of the housing. In the latter embodiment, both
switches must be pressed simultaneously to achieve activa-
tion. Upon activation of the switches, an ECG is recorded for
apredetermined time span (e.g. 30 seconds prior to activating
the switch and 30 seconds after) and an audio signal is
recorded for 30 seconds following activation of the switch.
The patient can then verbalize the nature of the symptoms
immediately after activation. The audio signal saved in the
memory of 51701 and forwarded to DCRS 5106 can then be
used by the physician to correlate symptoms and rhythm of
the patient. In one embodiment, the recording device 51701
records the ECG sensed between electrodes 51705 and 51703
and between 51703 and 51708. The electrodes are adhered to
the patient using one or more of a variety of approaches, such
as an adhesive applied to the electrode or an integrated adhe-
sive pad. Electrical leads 51706 and 51704 couple the housing
to each remote electrode to which the housing is not fastened.
The digitizing circuit digitizes ECG signals received via the
sensing electrodes, and the computing circuit processes the
digitized ECG signals (e.g., to remove noise, detect an R-R
interval, detect a Q-T interval, determine whether an arrhyth-
mia is present, or evaluate repolarization characteristics).

[0044] In another example embodiment, recording device
2101 referenced in FIG. 6 is attached to ECG skin electrode
2103 by short lead wire 2102 extending from within the
housing of recording device 2101. In one embodiment lead
wire 2102 is 1 to 2 cm long. ECG sensing electrodes 2103,
2105, and 2107 adhere to the patient for sensing ECG signals
therefrom and are electrically connected to recording device
2101. Recording device 2101 has a housing 2109 (shown in
inset) containing digitizing 2110 and computing circuits 2113
that process the ECG signals, a microphone 2111 and cir-
cuitry 2112 to sense, digitize, and process an audio signal, and
a short lead wire 2102 containing a fastener that fastens the
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housing of recording device 2101 to electrode 2103 and pro-
vides an electrical connection therebetween. The housing
2109 also includes an input circuit 2114 for receiving a user
input, and a communication circuit 2115 for communicating
(e.g., wirelessly) recorded ECG and audio data to an external
recipient device, and may include further circuitry and com-
ponents such as a battery or transducer as discussed herein. In
one embodiment housing 2109 includes an accelerometer and
associated circuitry to enable recording of subject movement
activity. In one embodiment, the recording device 2101
records the ECG sensed between electrodes 2105 and 2107
and between 2103 and 2105. In an alternate embodiment,
2101 records a single channel ECG sensed using electrodes
2105 and 2107. The electrodes are adhered to the patient
using one or more of a variety of approaches, such as an
adhesive applied to the electrode or an integrated adhesive
pad. Electrical leads 2106 and 2104 electrically couple the
housing to each remote electrode to which the housing is not
fastened.

[0045] In various embodiments, referring to FIG. 3, a com-
pact arrangement including housing 5301 and electrode fas-
tener 5302 are used to mitigate or eliminate the need to couple
each electrode to remote processing devices, which can be
cumbersome for patient use. Such approaches may, for
example, be facilitated using a signal processing approach as
described and/or referenced in the Appendices noted above,
to facilitate an efficient use of circuitry and/or power that, in
turn, facilitates the implementation of the housing and cir-
cuitry therein in a compact and lightweight component that
can be supported by a single standard ECG electrode. Such an
efficient signal processing approach can further facilitate the
use of low power and, in turn, a lightweight battery to supply
power may also be incorporated into the housing. Accord-
ingly, the housing, circuitry and battery can be completely
supported by the electrode to which it is fastened, while the
electrode is fastened to a patient. For instance, a housing 5301
having an average thickness of less than 12 mm and a volume
of less than 18 cc is implemented in connection with various
embodiments. In some implementations, the housing and
electrode are integrated into a common component, such as
by including the electrode within the housing and employing
the fastener as part of the housing.

[0046] The lead wires are implemented using one or more
approaches, to suit particular applications. In some embodi-
ments, referring to FIG. 2, the flexible insulated lead wires
51704 and 51706 are greater than 10 cm in length, and in other
implementations, the flexible insulated lead wires are greater
than 15 cm in length. The spacing between ECG sensing
electrodes 1s increased to improve the quality of the sensed
ECG signal, for certain implementations. In still other imple-
mentations, the flexible insulated lead wires are less than 3
mm in diameter. In further implementations, the electrical
leads are replaced with a wireless connection to remote elec-
trodes, each of which is powered by an integrated battery for
communicating the wireless signals. Such an approach thus
entails two or more self-contained electrodes, one of which
incorporates wireless receiving circuitry for coupling to
remote electrodes, as well as digitizing and processing cir-
cuitry that process ECG signals obtained from the electrodes
with desirable accuracy.

[0047] The computer circuitry includes one or more of a
variety of types of circuits and/or modules operable to carry
out one or more processing functions. In some embodiments,
the computing circuit processes each digitized ECG signal by
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decomposing the signal into subcomponents, identifying a
location of the QRS complex of a cardiac cycle in the ECG
signal, identifying a first time window in the cardiac cycle that
includes the QRS complex, and identifying at least one time
window in the cardiac cycle that does not include the QRS
complex. For each of the identified time windows, the com-
puting circuit identifies target subcomponents as subcompo-
nents that contain more energy that is within the band of
frequencies characteristic of a desired ECG signal in the time
window than energy that is outside the band of frequencies of
the desired ECG signal. The computing circuit then recon-
structs a denoised signal from the received ECG signal, using
at least two of the identified target subcomponents. In some
embodiments, the desired ECG signal is the signal present
when noise sources are absent, such as when the patient is
still, ECG sensing electrodes are in good condition and
secured to well-prepared skin, and the area surrounding the
patient is void of electromagnetic interference.

[0048] In some embodiments, processing includes detec-
tion of QRS complexes and using R-R intervals to determine
if a tachyarrhythmia, bradyarrhythmia, pause, or atrial fibril-
lation (AF) event has occurred. Arrhythmias are detected
based upon selection of criteria as one of a menu of criteria.
For example, tachyarrhythmia may be defined as 6 consecu-
tive interbeat intervals exceeding a selected rate threshold.
Bradyarrhythmia may be defined as 3 consecutive interbeat
intervals below a selected rate threshold. Pause may be
defined as no beat detected for a period of more than 3 sec-
onds. An AF event may be detected when the degree of
variability in R-R intervals exceeding a threshold for more
than 60 seconds. When an arrhythmic event is detected, the
recording device captures an ECG segment and saves in
memory. This segment may include a time period prior to and
after occurrence of the arrhythmia, 30 seconds, for example.
This is referred to as an autotrigger capture of an event.
[0049] In some embodiments the variability of R-R inter-
vals is evaluated to determine if AF is present. In other
embodiments, the atrial electrical activity is evaluated. In yet
other embodiments, a combination of R-R interval character-
istics and atrial electrical activity is used to determine is AF is
present. If AF persists for more than a predetermined time, an
AF event is detected that triggers recording of an ECG strip.
Various embodiments are directed to detecting AF using one
or more of the following approaches:

[0050] Characterization of density histogram of RR
intervals or successive RR interval differences using
nonlinear statistics such as Kolmogorov-Smirnov
(Tateno, Glass)

[0051] Computing variance, root mean square of RR
intervals or successive RR interval differences

[0052] Evaluating R-R intervals forasegmentofan ECG
recording using Lorenz plots (Medtronic).

[0053] Evaluating coherence of two adjacent segments
of ECG recording (Chon).

[0054] Evaluating mean absolute difference of consecu-

tive R-R intervals in an ECG segment (Telectronics,
Greenhut)

[0055] Computing the ratio of consecutive R-R intervals
and comparing moving averages of the ratios to a thresh-
old (Lifewatch, Korzinov)

[0056] Computing spectral entropy of atrial cardiac

activity from an ECG and comparing to a predetermined
threshold (GE, Taha)
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[0057] In an alternate embodiment, multiscale entropy
measurements of R-R interval dynamics is quantified for an
ECG strip as described in Appendix B of the provisional
application referenced above, which is fully incorporated
herein by reference. In an example embodiment, entropy-
based analysis is used to quantify complexity or irregularity
of interval dynamics. For general information regarding
entropy-based analysis, and for specific information regard-
ing entropy-based analyses that may be implemented in
accordance with one or more example embodiments, refer-
ence may be made to the Multiscale Entropy (MSE)
approaches as described in M. Costa, A. L. Goldberger, and
C.-K. Peng, “Multiscale Entropy Analysis of Complex Physi-
ologic Time Series,” Phys. Rev. Lett. 89, 6, (2002), which is
fully incorporated herein by reference.

[0058] Referring to FIGS. 4A and 4B, various example
embodiments involving beat-to-beat intervals are shown with
respect to plots that are implemented, for example, in com-
puting a metric indicative of the presence of AF (e.g., as may
be implemented with the system shown in FIG. 1). In FIG.
4A, plots 401, 402, and 403 illustrate beat-to-beat R-R inter-
val dynamics with different characteristics: plot 401 shows an
example of high variability and high complexity (normal
healthy heart); plot 402 shows an example of low variability
and low complexity (diseased heart with heart failure); and
plot 403 shows and example of high variability and low
complexity (diseased heart with atrial fibrillation). Plots 401
and 403 in FIG. 4A are both characterized by high variability.
However, plot 401 corresponds to normal dynamics of a
healthy heart, and plot 403 illustrates R-R interval dynamics
of a heart in atrial fibrillation. These two plots demonstrate
that both the healthy and diseased heart can both be charac-
terized by high R-R interval variability, but the presence of AF
can be discriminated by assessing complexity of R-R interval
dynamics.

[0059] Complexity can be quantified using tools, such as
multiscale entropy (MSE), that measure system entropy at
various lags. In FIG. 4B, MSE is shown for the corresponding
plots 404, 405, and 406, with lags ranging from 1 to 20. In
FIG. 4B, plot 404 shows MSE for plot 401 of FIG. 4A, plot
405 shows MSE for plot 402, and plot 406 shows MSE for
plot403. In some embodiments involving these examples, the
MSE trend is approximated by a linear equation for the first
few lags, and the offset and slope of the linear equation can be
used to quantify the complexity of interval dynamics and
detect AF. In an example illustrated in plot 406, the irregular
RR interval dynamics with low complexity indicative of atrial
fibrillation is characterized by high offset and large negative
slope of the linear equation approximating multiscale
entropy. In some embodiments, the MSE trend can be used to
discriminate between bigeminy or trigeminy dynamics and
AF. With many existing algorithms, bigeminy or trigeminy
often trigger a false positive detection of AF. In an embodi-
ment where the first few lags of the MSE trend is approxi-
mated by a linear equation, bigeminy and trigeminy are char-
acterized by an offset and slope that is higher than is typical of
AF.

[0060] Inan example embodiment, and referring to FIG. 5,
multiscale entropy (MSE) is computed and analyzed to detect
atrial fibrillation. One or more ECG signals are input at 501.
A time series X(1) of R-R intervals is derived from the cardiac
signals in 502. Time series X (i) may include between 40 and
500 beats, although fewer or more beats may be used.
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[0061] Time series X(i) is processed to compute sample
entropy SE(1) in step 503. Time series X(i) is further pro-
cessed to compute sample entropy at multiple lags. For
example, in 504 X(1) is low pass filtered (LPF), decimated to
remove every other point, and sample entropy SE(2) is com-
puted for the resulting time series Y1(i) in step 505. In one
embodiment, the frequency cutoff of the LPF is 0.5/(level of
decimation). Steps 506 through 513 mirror steps 504 and 505,
and in which the low-pass filter cutoff and the level of deci-
mation are set, for example, with the LPF cutoff in 504 being
Y4 and the level of decimation being 2. The level of decima-
tion corresponds to alag at which dynamics are evaluated and
is also referred to as the scale of the entropy estimate. In 506,
the LPF cutoffis ¥s and the level of decimation is 3 (2 of every
3 points is removed). In 508, the LPF cutoff'is %4 and the level
of decimation is 4 (3 of every 4 points is removed). In one
embodiment the LPF is an [IR filter such as Butterworth filter.
In another embodiment the LPF is an FIR filter such as mov-
ing average filter. The number of scales (m+1) as discussed
above may be implemented to suit various applications. In
one embodiment, the number of scales (m+1) is 10. The
resulting MSE trend of entropy values, SE(1), SE(2), SE(3),
... SE(m+1) is analyzed to calculate maxima, slope, and
offset. One or more of maxima, slope, and offset are com-
pared to those characterizing the presence of AF. In one
embodiment, a method used for compute sample entropy is
the same for all scales and may be implemented in accordance
with the method described in J. S. Richman and J. R. Moor-
man, “Physiological time-series analysis using approximate
entropy and sample entropy,” Am. J. Physiol. 278, H2039
(2000), which is fully incorporated by reference.

[0062] In some embodiments, the recording device
includes both autotrigger and patient activated recording of
an event. Recording of a patient activated event is triggered
manually by the patient. In one embodiment, the patient trig-
gers an event by squeezing the recording device between
thumb and index fingers. Squeezing the recording device
activates two sensors located on the surface of or inside the
housing, one on each side of the recording device. Compared
to triggers that require that only a single button be pressed to
activate an event, squeezing reduces the incidence of false
triggers as accidental activation of both sensors is less likely
than for a single sensor. In various embodiments useful sen-
sors include those that sense one or more of pressure, stress,
and strain. In one embodiment, a first stationary conductive
element and a second moveable conductive element are
placed in proximity. The second conductive element has
spring-like properties, such as beryllium copper, that allow it
to deflect and make contact with the first element when force
is applied to the second element. For patient activated trig-
gers, the recording device may capture 5 minutes prior to and
2 minutes after triggering. Capturing additional time prior to
activation is done in recognition of the fact that if a patient
faints unexpectedly, a few minutes may need to lapse from the
time of fainting until the patient regains sufficient mental
faculties to activate the recording device. In another embodi-
ment, a patient activated trigger captures an ECG signal 30
seconds prior to and 30 seconds after triggering.

[0063] In connection with various embodiments, an appa-
ratus includes ECG sensing components together with audio
components that sense audio from a patient. Such an
approach may, for example, be implemented in a device pack-
age small enough to be coupled to a patient-worn electrode
and supported by adhesion of the electrode to the patient. In
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connection with these embodiments, it has been recognized/
discovered that, by detecting ECG signal events with high
certainty, such a package can be implemented on small scale
with low power consumption in regard to collection, process-
ing, and transmission of data.

[0064] In a more particular ECG and audio-sensing appli-
cation, a first ECG sensing electrode adheres to a patient and
senses, with a second ECG sensing electrode, at least one
ECG signal from the patient. A microphone senses audio
(e.g., the patient’s voice), and digitizing circuits receive and
digitize the at least one sensed ECG signal and the sensed
audio. One or more computing circuits process the digitized
ECG signal by at least one of removing noise, detecting a
QRS complex, assessing signal quality, and detecting
arrhythmias, and process the digitized audio signal. In one
embodiment the audio signal is processed by at least one of
identifying the presence of a human voice, compressing the
voice signal, and converting voice to text. In one embodiment
audio will be captured for 30 seconds, in addition to recording
ECG, upon patient event activation. The amplified output of a
water-tight microphone (e.g., PUI Audio PN POW-1644-B-
R) will be digitized at 8 bit resolution at an 8 kHz rate and
processed by a microprocessor located with TAMD 5101. In
one embodiment, recording of audio only upon identifying
the presence of a human voice (i.e. voice activated recording)
and compression will be accomplished with OPUS, an open-
source audio and speech codec standardized by Internet Engi-
neering Task Force in 2012 [K. Vos, et. al, Voice coding with
Opus. 135th AES Convention 2013 Oct. 17-20 New York,
USA.], which is fully incorporated herein by reference.

[0065] A communication circuit communicates the pro-
cessed digitized ECG signals from the apparatus to a device
external to the apparatus. In some embodiments, it can be
useful to fasten TAMD 5101 proximal to the thorax in order to
render it convenient for the patient to activate a symptomatic
event recording. Such an embodiment may also be useful
when recording the patient’s voice, as a location proximal to
the thorax is close to the patients” mouth and may improve the
quality of the audio signal thereby recorded relative to placing
TAMD 5101 at other locations on the body. In one embodi-
ment, a fastener mechanically fastens the housing of 5101
containing the microphone, digitizing circuits, computing
circuits and communication circuit to the first ECG sensing
electrode, and electrically couples the first ECG sensing elec-
trode to the digitizing circuit. In an alternative embodiment,
the fastener includes a strap or band surrounding the thorax of
the patient. The strap or band includes an elastic material to
maintain a relatively fixed position on the thorax of the
patient. In an alternate embodiment, the fastener includes a
lanyard looped around the neck of the patient to support
TAMD 5101 proximal to the thorax. In yet another embodi-
ment, the strap or band includes an elastic material and is used
both as a fastener for TAMD 5101 and for holding electrodes
against the surface of the skin. In some embodiments the
electrodes held in place by the strap or band are dry electrodes
(i.e. electrodes that do not incorporate a gel material in con-
tact with the skin) such as those available from Orbital
Research (Cleveland, Ohio).

[0066] Various embodiments, such as those described
above in connection with the sensing of audio such as a
patient’s voice, may be implemented in connection with
embodiments shown in and described in connection with
embodiments in Appendices A, B, C and D of the above-
referenced provisional application. Appendix A generally
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corresponds to U.S. patent application Ser. No. 13/931,228.
Appendix B generally corresponds to U.S. patent application
Ser. No. 13/668.,898. Appendix C includes embodiments
directed to sensing and accurately reporting conditions in a
research-type environment, as may be implemented in accor-
dance with one or more approaches discussed in the other
appendices, text, figures and claims. Appendix D generally
corresponds to PCT Patent Application No. PCT/US2013/
024770. Respective embodiments as discussed herein and in
the Appendices may employ apparatuses, methods and gen-
eral approaches employed in other embodiments described in
these Appendices, such as for processing physiological sig-
nals. All of these documents and the Appendices, the patent
documents to which they pertain and references cited therein
are fully incorporated herein by reference.

[0067] Referring to FIG. 3, in some embodiments housing
5301 accommodates a microphone, at location 5308 for
example, in a manner that can be used to record the subject’s
voice for the purpose of keeping an audio diary of patient
symptoms, observations, and activities. Audio recording is
implemented with various embodiments described herein,
such as by implementing a small recording device located on
the upper chest, fixed in position by an ECG sensing elec-
trode. Locating the recording device close to the patient’s
mouth provides the audio recording having higher quality
than, for example, a recording device located lower on the
body. The microphone is electrically connected to amplifica-
tion, filtering, and digitization electronics contained within
the housing and the digitized audio signal is saved in flash
memory. In some embodiments, the audio signal may be
compressed using analog or digital techniques well known in
the art to save memory and reduce the need for bandwidth
when communicating the voice information from the record-
ing device. In some embodiments, speech recognition may be
applied to convert the voice signal to text as a means of
reducing the need for information storage and transmission.
In some embodiments, audio recording is initiated upon trig-
gering of a patient activated event. In this scenario, the audio
recording may be active for a few minutes (e.g. 2 to S minutes)
to allow the patient time to verbalize the symptoms associated
with the event. In other embodiments, the audio recording
circuitry may remain active for several minutes following
triggering of the event, but audio will only be recorded when
the sound level exceeds a predetermined threshold (e.g. as in
voice activated recording) or when computer processing rec-
ognizes that a human voice is speaking. This may be useful to
conserve memory and reduce overall current consumption of
the recording device.

[0068] Inanother embodiment, the audio recording may be
activated upon the automatic detection of certain arrhythmic
events having characteristics matching an “audio recording”
criteria. The audio recording criteria may be different than the
criteria used for normal event detection and recording. In one
embodiment, when the recording device detects an event
matching the audio recording criteria, it communicates a mes-
sage to the relay device indicating that an event matching the
audio recording criteria has occurred. Upon receipt of the
message the relay device notifies the patient through an
audible alert generated by the recording device or via the
relay device. In one embodiment, the alert generated by the
relay device is a ring tone. Upon responding to the ring tone,
the patient can then verbalize or text the nature of any symp-
toms they are experiencing. This feature may be useful if a
patient is forgetful about marking symptomatic events and
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documenting the nature of the symptoms experienced during
the event. In addition to providing physicians with additional
information that allows them to better understand symptom-
rhythm correlation in the patient, this feature may also be
useful for providing biofeedback to patients to teach them to
be more perceptive of their rhythm status of their heart.

[0069] In some embodiments, detecting certain rhythm
characteristics could similarly be used to trigger an audible
ring or tone in the relay device or the recording device to
notify the patient that certain arrhythmias are occurring. Such
notification could be useful, for example, if a patient experi-
enced a paroxysmal AF event of longer than a specified dura-
tion. When such an event occurred, the patient could take a
pill to chemically arrest the AF or take a pill to initiate anti-
coagulation to avoid stroke. Early notification, as provided by
direct notification of the patient as a result of this feature,
could facilitate improved outcomes in pill-in-a-pocket
approach to arrhythmia management as a result of earlier
treatment. The conditions necessary to trigger notification of
the patient may be different than the conditions necessary to
trigger recording of an ECG strip and may often require the
occurrence of an arrhythmia of greater severity.

[0070] In some embodiments, the recording device is
designed to allow the device to continue operating during and
following exposure to water. This can be useful to avoid
damage to the device if accidently placed in a washing
machine, dropped in water, or if worn while swimming, bath-
ing, or showering. In one embodiment, the recording device
includes design features that, when combined, keep the
device sealed against fluid ingress. Referring again to FIG. 3,
these design features include the following aspects: a) Hous-
ing 5301 fabricated of a water-proof material such as ABS
plastic or HDPE. Joints are sealed, for example, with an
adhesive or with ultrasonic welding to create a water-tight
seal. b) Battery compartment 5306 and 5307 is round and
accommodates the use of a coin cell such as the Panasonic
CR2450. The battery compartment is accessed via a mating
cap and is sealed with a rubber member located on the inside
surface of the cap or with an O-ring to create a water-tight
seal. In one embodiment, the mating cap is threaded. In
another embodiment, the mating cap employs a snap mecha-
nism to secure it to the housing. ¢) Access to the USB port is
provided via 5 pins 5304 that extend through and are embed-
ded in the side wall of the housing in a manner that creates a
water-tight seal. The outside surface of these pins, reference
5305, is approximately flush with the surface of the housing.
In one embodiment, a mating carriage contains spring-loaded
conductors that make mechanical and electrical contact with
these pins from the outside of the housing to facilitate USB
port data transfer. d) Connection to the sensing lead wires is
made via pins 5309 that extend through and are embedded in
the side wall of the housing in a manner to create a water-tight
seal. The pins extend into a compartment located on the
periphery of the housing. A mating female connecting ele-
ment located on the end of the lead wire is inserted on each
pin. In one embodiment, once the lead wires are attached to
the pins, a hinged element is closed and secure with a fastener
element. The hinged element contains one or more features
that prevent the connector from pulling off the pin. In an
alternate embodiment, pins 5309 are 1.5 mm diameter and
protrude into a molded extension of the housing that would
serve as a mating connector for a standard DIN to snap ECG
lead wire compliance with the DIN 42-802 standard.
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[0071] In some embodiments, the recording device
includes a microphone or accelerometer coupled to the skin
and is configured and arranged to detect heart sounds for the
purpose of assessing valve function, for assessing valve clo-
sure for diagnostic purposes, or for evaluating cardiac risk
using an electromechanical window as described in Appendix
B of the underlying provisional application. In one embodi-
ment, the microphone is incorporated into the ECG electrode
used to mechanically secure the recording device and is incor-
porated in a manner that facilitates contact with the skin. In
this embodiment, electrical contact with the recording device
circuitry can be made through a connector element located in
the back side of the device housing. In other embodiments,
the microphone is located at the end of a lead wire that
connects to the housing in a manner similar to the ECG lead
wires. To facilitate close contact with the skin, the micro-
phone may be embedded in an adhesive-backed patch that can
be adhered to the skin in a location where heart sounds can be
sensed with sufficient quality to reliably detect cardiac valve
activity. In various embodiments a microphone or accelerom-
eter may be incorporated into an element for sensing vibra-
tions emanating from inside the body in a manner described in
Appendix B of the underlying provisional application.
[0072] Insome embodiments, the approach shown in FIG.
18 of Appendix A of the underlying provisional application is
implemented as follows. In step 1801 the ECG signal is
evaluated for a segment of time (the sensing time interval) to
determine if a signal is present and hence whether the leads
are connected to a patient. In one embodiment of step 1801,
MDSP techniques as described and/or incorporated herein
are used to identify whether an ECG is present or whether it
is absent or corrupt from a loose or disconnected lead. This
involves decomposing the input ECG signal into subcompo-
nents and computing statistical variance of subcomponents
for the duration of the sensing time interval. In one embodi-
ment each subcomponent center frequency corresponds to a
particular frequency band of the input signal. The distribution
of the variance of subcomponents (e.g., the variance of indi-
vidual subcomponents over the sensing time interval)
approximates the power spectral density function of the input
signal. The variance of the subcomponents is compared to a
threshold and if it exceeds the threshold, an ECG signal is
present and the lead is connected to the patient.

[0073] In an alternate embodiment, a determination of the
quality of signal is made based upon a ratio of the variance of
a subset of the subcomponents to total statistical variance of
the segment. A subset of subcomponents is chosen so that the
subcomponents in the subset comprise a substantial portion
of the total energy of a relatively noise-free representative
ECG. In one embodiment, the portion in the subset is between
30 and 90%. In a related embodiment, the ratio of variance of
each individual subcomponent in the subset to total variance
is computed.

[0074] Insomeembodiment, the quality of the signal canbe
assessed evaluating the distribution of the ratios. In other
embodiments, the quality of the signal can be assessed by
evaluating the relative variance of individual subcomponents.
[0075] In other embodiments, the approaches shown in
FIGS. 19 and 20 in Appendix A of the underlying provisional
application are implemented for applying a distribution of
subcomponent variance for detecting when an ECG signal is
present (FIG. 19) and when the sensing electrodes are not
connected (FIG. 20). For example, such approaches may be
implemented with the above-discussed embodiments in
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FIGS. 1-6. Approaches for evaluating the distribution of sub-
component variance include identifying which subcompo-
nent has the highest variance, and comparing the profile of the
distribution of subcomponent variance to a profile of a known
condition of the sensing leads. This technique can be applied
to the signals from individual leads to determine if a single
lead is disconnected, and is an alternative to using the tradi-
tional impedance measurement approach. The approach
described here for step 1801 can be useful in that it can be
implemented with very little power and uses fewer hardware
components than traditional methods to sense lead off and
hence can result in a smaller and less expensive device.

[0076] In another embodiment, the determination that a
good quality signal is present is based upon computing the
power spectrum of the recording in the segment using known
techniques such as a Fourier transform. In one embodiment,
the computed power spectrum is compared to a reference
power spectrum through pattern matching or template match-
ing. The template is formed from a reference power spectrum
computed in advance or from newly acquired data from one or
more representative live animals of the species and saved in
memory. If the power spectrum of the segment matches the
template constructed from the reference spectrum, the signal
quality is deemed to be good.

[0077] In another embodiment, the computed power spec-
trum is evaluated by computing a ratio of power in a chosen
range of frequencies that comprise a significant portion of the
power ina representative noise-free ECG signal of the species
to total power in the segment. In some embodiments, a sig-
nificant portion of the power is considered to be more than
50% of the power in a relatively noise-free recording of the
signal. In other embodiments, the energy in the chosen range
of frequencies comprises 30 to 90% of the energy in a rela-
tively noise-free representative ECG signal. For example,
about 50% of the power in a relatively noise-free human ECG
is in a frequency range from about 10 to 30 Hz. If the power
spectrum of a human ECG is computed for a 60 second
segment of a recording and the ratio of the power from 10 to
30 Hz range over the total variance (power) of the segment is
computed, the ratio would normally be about 0.5. If the signal
quality is poor, the ratio would be less than this.

[0078] 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 various
embodiments without strictly following the exemplary
embodiments and applications illustrated and described
herein. For example, different types of signals can be cap-
tured, different types of electrodes and fasteners can be used,
and a different arrangement of circuitry (e.g., fewer or more
circuits) may be implemented within a housing as discussed.
In addition, the various embodiments described herein may
be combined in certain embodiments, and various aspects of
individual embodiments may be implemented as separate
embodiments. Such modifications do not depart from the true
spirit and scope of various aspects of the invention, including
aspects set forth in the claims.

What is claimed is:

1. An apparatus comprising:

first and second electrodes configured and arranged to
sense ECG signals from a subject;

a digitizing circuit configured and arranged to receive and
digitize the ECG signals sensed by the electrodes;
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an audio circuit configured and arranged to capture sounds
from the subject and to convert the sound into electrical
audio signals;
aprocessing circuit configured and arranged with the elec-
trodes and digitizing circuit to digitize the ECG signals
and to process each digitized ECG signal by at least one
of: removing noise from the digitized ECG signal, stor-
ing the digitized ECG signal in a memory circuit, detect-
ing a QRS complex in the digitized ECG signal, evalu-
ating quality of the digitized ECG signal, and detecting
arrhythmia in the digitized ECG signal,
an input circuit configured and arranged to receive an input
from the subject, the processing circuit and audio circuit
being respectively configured and arranged with the
input circuit to initiate recording of at least one of the
ECG signals and the sound in response to the input; and

a communication circuit configured and arranged to com-
municate the processed digitized ECG signals and the
audio signals for receipt by an external device.

2. The apparatus of claim 1, further including the memory
circuit, wherein the processing circuit is configured and
arranged to

store, in the memory circuit, data that represents and links

the at least one of the ECG signals and the sound
recorded in response to the input, thereby linking each
captured ECG signal with sound recorded in connection
with the captured ECG signal, and

communicate the stored data that represents and links ECG

signals with recorded sound, via the communication
circuit.

3. The apparatus of claim 1, further including a transducer
configured and arranged to generate audible sound, wherein
the at least one processor is configured and arranged to evalu-
ate signal quality of the digitized ECG signal and to audibly
communicate an indication of the evaluated quality of the
signal via the transducer.

4. The apparatus of claim 1, wherein the at least one pro-
cessor is configured and arranged to evaluate the signal qual-
ity of the digitized ECG signal by:

decomposing the digitized ECG signal into subcompo-

nents,

computing a statistical variance of the subcomponents over

a time interval, and

assessing signal quality based upon the statistical variance

of the subcomponents.

5. The apparatus of claim 1, wherein the at least one pro-
cessor is configured and arranged to remove noise from the
digitized ECG signal by

decomposing the signal into subcomponents;

identifying a location of the QRS complex of a cardiac

cycle in the ECG signal;

identifying a first time window in the cardiac cycle that

includes the QRS complex;

identifying at least one time window in the cardiac cycle

that does not include the QRS complex;

for each of the identified time windows, identifying target

subcomponents as subcomponents that contain more
energy that is within a band of frequencies characteristic
of a desired ECG signal in the time window than energy
that is outside the band of frequencies characteristic of
the desired ECG signal; and

reconstructing a denoised physiological signal using at

least two of the identified target subcomponents.
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6. The apparatus of claim 1, wherein the audio circuit
includes a microphone and wherein the input circuit includes
at least one manual switch configured and arranged to provide
the input in response to the subject manually activating the at
least one switch.

7. The apparatus of claim 1 further including a housing that
includes the digitizing circuit, audio circuit, processing cir-
cuit and communication circuit, the housing being con-
structed primarily of a non-conductive material and having at
least one conductive pin embedded into the non-conductive
material and configured and arranged to electrically conduct
the sensed ECG signals from outside the housing to the digi-
tizing circuit within the housing, the at least one conductive
pin being sealed within and configured and arranged with the
non-conductive exterior to prevent penetration of fluid into
the housing.

8. The apparatus of claim 7, further including a fastener
configured and arranged to mechanically support the housing
proximate the subject’s thorax.

9. The apparatus of claim 8, wherein

the fastener includes the first electrode and is configured

and arranged to adhere to the subject’s skin,

the housing includes a conductive snap at an outer surface

thereof; and
the fastener includes a conductive snap that is configured
and arranged to mate with the conductive snap in the
housing, and to provide both mechanical support for the
housing and electrical connection from the first elec-
trode to the digitizing circuit contained within the hous-
ing.
10. The apparatus of claim 8,
wherein the fastener includes the first electrode and is
configured and arranged to adhere to the subject’s skin,

further including a conductive lead wire that extends
through the housing, and a conductive snap connected to
the conductive lead wire; and

wherein the fastener includes a conductive snap that is

configured and arranged to

mate with the conductive snap connected to the conduc-
tive lead wire, and

provide both mechanical support for the housing and
electrical connection from the first electrode to the
digitizing circuit contained within the housing.

11. The apparatus of claim 1, wherein the processing cit-
cuit is configured and arranged to evaluate the quality of the
digitized ECG signal by providing an indication that at least
one of the first and second electrodes is disconnected from the
subject, and by placing the apparatus in a low power mode in
response thereto.

12. An apparatus comprising:

first and second electrodes configured and arranged to

sense ECG signals from a subject;

adigitizing circuit configured and arranged to digitize each

sensed ECG signal;

an audio circuit configured and arranged to capture sounds

from the subject and to convert the sounds into electrical
audio signals;

a wireless communication circuit configured and arranged

to wirelessly transmit data to an external device;

an input device configured and arranged to receive a tactile

input from the subject and to convert the tactile input to
an input signal,
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at least one processor configured and arranged to:

in response to each input signal, record a digitized ECG
signal sensed from the subject via the electrodes, and
record the subject’s voice via the audio circuit,

process the digitized ECG signal by at least one of:
removing noise from the digitized ECG signal, stor-
ing the digitized ECG signal in a memory circuit,
detecting a QRS complex in the digitized ECG signal,
evaluating quality of the digitized ECG signal, and
detecting arrhythmia in the digitized ECG signal,

wirelessly transmit the recorded voice and digitized
ECG signal to the external device via the wireless
communication circuit, thereby providing access to
ECG signals and the subject’s voice as recorded in
conjunction with each ECG signal recorded in
response to tactile input from the subject;

a power supply configured and arranged to provide power
to the digitizing circuit, the audio circuit, the communi-
cation circuit, the input device, and the at least one
processor;

a housing that houses at least the input device, audio cir-
cuit, communication circuit, power supply and the at
least one processor; and

amechanical support structure configured and arranged to
support the housing proximate the subject’s thorax.

13. The apparatus of claim 12 wherein

the housing is constructed primarily of a non-conductive
material,

at least one conductive pin is embedded into the non-
conductive material and configured and arranged to
electrically conduct a sensed ECG signal from the elec-
trodes outside the housing to the digitizing circuit, and

the at least one conductive pin is sealed within and config-
ured with the non-conductive material to prevent pen-
etration of fluid into the housing,

14. The apparatus of claim 12, further including a trans-
ducer configured and arranged to generate audible sound,
wherein the at least one processor is configured and arranged
to evaluate signal quality of the digitized ECG signal and to
audibly communicate an indication of the evaluated quality of
the signal via the transducer.

15. The apparatus of claim 14, wherein the at least one
processor is configured and arranged to evaluate the signal
quality of the digitized ECG signal by:

decomposing the digitized ECG signal into subcompo-
nents,

computing a statistical variance of the subcomponents over
a time interval, and

assessing signal quality based upon the statistical variance
of the subcomponents.

16. The apparatus of claim 12, wherein the at least one
processor is configured and arranged to evaluate the signal
quality of the digitized ECG signal by:

decomposing the digitized ECG signal into subcompo-
nents,

computing a statistical variance of the subcomponents over
a time interval, and

assessing signal quality based upon the statistical variance
of the subcomponents.

17. The apparatus of claim 16, wherein the at least one
processor is configured and arranged to determine whether
one of the at first and second electrodes is disconnected from
the subject based upon a ratio of the statistical variance of a
subset of the subcomponents to total statistical variance of the
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subcomponents, the subset including subcomponents that
form between 30-70% of the total statistical variance of a
noise-free reference ECG signal.

18. The apparatus of claim 12, wherein the at least one
processor is configured and arranged to receive and store
operating parameters from an external device via the wireless
communication circuit, and to process the digitized ECG
signal based on the stored operating parameters.

19. The apparatus of claim 12, further including a memory
circuit in the housing, the at least one processor being con-
figured and arranged to store sets of data in the memory
circuit, each set of data representing and linking a recorded
ECG signal with sound recorded in response to the input
signal, wherein the at least one processor is configured and
arranged to transmit the sets of data to the external device via
the wireless communication circuit.

20. The apparatus of claim 12, wherein the digitizing cir-
cuit is configured and arranged to digitize the sensed ECG
signal by actively digitizing sensed ECG signals over a period
of time, and the at least one processor is configured and
arranged with the input device to record the digitized ECG
signal by, in response to receiving the tactile input, record
ECG signals sensed for a time period beginning before the
tactile input is received, and ending after the tactile input is
received.

21. The apparatus of claim 12, wherein the at least one
processor is configured and arranged to detect arrhythmia in
each digitized ECG signal, and wherein the power supply
includes a battery configured and arranged to provide power
for operating the apparatus, without replacement or recharg-
ing, for at least 30 days of continuous sensing, digitizing, and
processing to detect the arrhythmia in the digitized ECG
signals.

22. The apparatus of claim 12, wherein the mechanical
support structure includes an elastic member that encircles at
least a portion the thorax and is configured and arranged to
hold at least one of the first and second electrodes in contact
with the skin.

23. The apparatus of claim 12, wherein the mechanical
support structure includes one of a loop or band configured
and arranged to encircle the subject’s thorax, or a lanyard
configured and arranged to encircle the subject’s neck.

24. The apparatus of claim 12, further including a trans-
ducer configured and arranged to generate audible sound,
wherein the at least one processor is configured and arranged
to process the digitized ECG signal by detecting the arrhyth-
mia in the digitized ECG signal, and to notify the subject that
an arrhythmia has occurred and to prompt the subject to
verbally describe symptoms by generating sound via the
transducer.

25. The apparatus of claim 12, wherein the at least one
processor is configured and arranged to process each electri-
cal audio signal by at least one of: identifying the presence of
a human voice in the audio signal, saving the audio signal in
memory, converting voice in the audio signal to text, and
compressing the audio signal to reduce data volume, prior to
the recorded voice being transmitted to the external device.

26. A method comprising:

sensing ECG signals from a subject via first and second

electrodes;

receiving and digitizing the ECG signals sensed by the

electrodes via a digitizing circuit;

using an audio circuit, capturing sounds from the subject

and converting the sound into electrical audio signals;
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in a processing circuit operable with the electrodes and
digitizing circuit, digitizing the ECG signals and pro-
cessing each digitized ECG signal by at least one of:
removing noise from the digitized ECG signal, storing
the digitized ECG signal in a memory circuit, detecting
a QRS complex in the digitized ECG signal, evaluating
quality of the digitized ECG signal, and detecting
arrhythmia in the digitized ECG signal;

in response to receiving an input from the subject via an

input circuit, recording at least one of the ECG signals
and the sound via the processing circuit and the audio
circuit; and

communicating each processed digitized ECG signal and a

corresponding one of the audio signals, via a communi-
cation circuit, for receipt by an external device.

27. The method of claim 26, wherein

processing each digitized ECG signal includes storing data

that represents and links the at least one of the ECG
signals and the sound recorded in response to the input,
thereby linking each captured ECG signal with sound
recorded in connection with the captured ECG signal,
and

communicating the processed digitized ECG signals

includes communicating the stored data that represents
and links ECG signals with recorded sound.

28. The method of claim 26, wherein processing each
digitized ECG signal includes evaluating signal quality of the
digitized ECG signal, further including audibly communicat-
ing an indication of the evaluated quality of the signal using a
transducer.

29. The method of claim 26, wherein processing each
digitized ECG signal includes evaluating the signal quality of
the digitized ECG signal by:

decomposing the digitized ECG signal into subcompo-

nents,

computing a statistical variance of the subcomponents over

a time interval, and

assessing signal quality based upon the statistical variance

of the subcomponents.

30. The method of claim 26, wherein processing each
digitized ECG signal includes removing noise from the digi-
tized ECG signal by

12
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decomposing the signal into subcomponents;

identifying a location of the QRS complex of a cardiac

cycle in the ECG signal;

identifying a first time window in the cardiac cycle that

includes the QRS complex;

identifying at least one time window in the cardiac cycle

that does not include the QRS complex;

for each of the identified time windows, identifying target

subcomponents as subcomponents that contain more
energy that is within a band of frequencies characteristic
of a desired ECG signal in the time window than energy
that is outside the band of frequencies characteristic of
the desired ECG signal; and

reconstructing a denoised physiological signal using at

least two of the identified target subcomponents.

31. The method of claim 26,

wherein the steps of receiving and digitizing, using an

audio circuit, digitizing the ECG signals and processing
each digitized ECG signal, recording at least one of the
ECG signal and the sound, and communicating the pro-
cessed digitized ECG signals and the audio signals are
carried out within a housing constructed primarily of a
non-conductive material, and

further including supporting the housing near the subject’s

thorax.

32. The method of claim 31, wherein supporting the hous-
ing near the subject’s thorax includes snapping the housing to
a fastener adhered to the subject’s skin and using the fastener
to provide both mechanical support for the housing and elec-
trical connection from the first electrode to the digitizing
circuit contained within the housing.

33. The method of claim 31, wherein the housing has at
least one conductive pin embedded into the non-conductive
material, further including using the at least one conductive
pin to couple the digitizing circuit to the first and second
electrodes.

34. The method of claim 26, wherein processing each
digitized ECG signal includes evaluating the quality of the
digitized ECG signal by providing an indication that at least
one of the first and second electrodes is disconnected from the
subject, and by processing circuit in a low power mode in
response thereto.
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