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Figure 10 - Signal flow - EEG
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Figure 12 – System for Reporting Arrhythmia Information
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Figure 13 - Decision Flow for Detecting, Classifying, and Reporting Arrythmia Events
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(U.S. Pat. No. 8,632,465), entitled “Physiological Signal
Denoising,” and filed on Nov. 3, 2010, to which priority is
claimed under 35 U.S.C. §120 for common subject matter;
Ser. No. 12/938,995 (U.S. Pat. No. 8,632,465) claims benefit
under 35 U.S.C. §119 to U.S. Provisional Patent Application
Ser. No. 61/257,718 filed on Nov. 3, 2009, and to Ser. No.

61/366,052 filed on Jul. 20, 2010; this patent document is also
a continuation-in-part of PCT/US2013/024770 filed on Feb.
5, 2013; this patent document is also a continuation-in-part of
PCT/US2011/052371 filed on Sep. 20, 2011; all of these
patent documents, the references cited therein and any appli
cations to which priority is claimed therein are fully incorpo
rated herein by reference.
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time interval, and determines if one of the at least two ECG
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FIELD OF INVENTION

The present invention relates to monitoring of physiologi
cal signals, and more particularly, a system for monitoring
ambulatory animals and human beings.
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BACKGROUND
35

Implantable and external wireless devices have been used
to monitor physiologic signals in humans and animals for
clinical care and in research studies. For example, wireless
devices that measure electrocardiogram and blood pressure
are routinely used to assess cardiovascular function in animal
research models. Wireless ECG monitoring devices are also
routinely used to monitor subjects in human clinical studies
and for diagnosis of arrhythmias. Information extracted from
the measured signal can be used to assess the physiological
status and/or health of a monitored subject as well as the
safety and clinical utility of experimental therapies such as
pharmaceuticals.
Research study protocols and clinical care regimens using
conventional systems may require that the waveform becom
municated from the subject to a data collection system and
archived for post hoc evaluation if a researcher or clinician
has concern that information may not have been extracted
properly. However, communicating the waveform may
require significant power and processing resources. Ensuring
the accuracy and reliability of information provided by these
systems can be challenging. In addition, the size, power
required and other characteristics of such systems have also
been challenging to their implementation.
SUMMARY

Various aspects of the present invention are directed to
devices, methods and systems involving physiological moni
toring and signal processing, in a manner that addresses chal
lenges and limitations including those discussed above.
According to an example embodiment, an apparatus
includes two or more ECG sensing electrodes, digitizing and

2
computing circuits, a housing that houses the digitizing 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 loca
tions on a patient and sense ECG signals therefrom, 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 digitized
ECG signals by one or more of removing noise, detecting an
R-R interval, detecting a Q-T interval, and detecting a QRS
complex.
Anotherexample embodiment is directed to a patient-worn
apparatus for recording an ECG from the patient. The appa
ratus 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 subcomponents,
computes a statistical variance of the subcomponents over a
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leads is disconnected from the patient based upon the statis
tical variance of the subcomponents.
Another example embodiment is directed to an apparatus
including a sensing electrode that adheres to and senses
physiological signals from a patient, a denoising component
and a fastener that fastens the denoising component to the
sensing electrode. The denoising component includes a hous
ing having a digitizing circuit, a computer circuit and a bat
tery. The digitizing circuit digitizes the signals received via
the sensing electrode and at least another sensing electrode
coupled to the patient, the computing circuit processes the
digitized signals to remove noise therefrom, and the battery
powers the digitizing and computing circuits. The fastener
mechanically fastens the housing to the sensing electrode,
which supports the weight of the denoising component via the
fastener while the first sensing electrode is adhered to the
patient.
In other embodiments, a parameter value is computed for a
segment of a cardiac-related signal. Cardiac cycles within the
segment are identified, and at least one feature point is iden
tified within said cardiac cycles. For each of the identified
feature points, a signal-to-noise ratio (SNR) representative of
the ratio of signal energy to noise energy is computed for a
cardiac cycle subsegment containing the identified feature
point. A validity characteristic of the feature point is deter
mined as a function of said signal-to-noise ratio. Feature
points contained within said segment are combined based
upon the determined validity characteristics of the feature
points, with the combined feature points used to compute/
form a parameter value.
According to another example embodiment, physiological
signals of a subject human or animal are collected, prepro
cessed and digitized by a telemetric ambulatory monitoring
device (TAMD) that is worn by the subject. The digitized
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
events. The monitoring device includes a wireless communi
cation module to communicate information to and from a data
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review system. Further, a process is described for detecting,
classifying, and reporting arrhythmia events that provides for
efficiency and accuracy.
In one aspect of this invention, a component of computing
the confidence signal is a dynamic signal-to-noise ratio
(dSNR) 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 mathematical

4
FIG. 7 shows an example data flow block diagram for
processing of ECG, blood flow, and blood pressure signals, in
connection with another example embodiment of the present
invention;
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combination of valid features. dSNR can also be used to

identify segments of the physiologic signal that contain no
useful information.

In another aspect of this invention, physiologic events are
detected. A confidence signal is computed and used to clas
sify a detected event as valid, invalid, or uncertain. Events
classified as valid are accepted and included in a report sum
marizing arrhythmia events without the need for verification
by a trained person.
In another aspect of this invention, parameters derived
from valid feature points of a physiological signal are com
puted 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.
In anotheraspect of this invention, a peripheral nerve activ
ity signal is denoised, a signal indicative of nerve activity is
computed, and a signal indicative of recruitment of nerve
fibers by a neural stimulation therapy is computed.
In another aspect of this invention, a data collection and
review system (DCRS) is in communication with the TAMD,
whereby the DCRS facilitates review of the signals and data
received from the TAMD, performs certain statistical analysis
and reporting, and manages acquired data.
The above 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.
BRIEF DESCRIPTION OF THE DRAWINGS
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FIG. 16 shows an apparatus for recording ECG signals, in
accordance with another example embodiment;
FIG. 17 shows another apparatus for recording ECG sig
mals, in accordance with another example embodiment;
FIG. 18 shows a block diagram for a method of recording
ECG signals, in accordance with another example embodi
ment;

40

embodiments of the invention in connection with the accom
45

FIG. 19 shows a plot of subcomponent variance as imple
mented with one or more example embodiments;
FIG. 20 shows another plot of subcomponent variance as
implemented with one or more example embodiments; and
FIG. 21 shows another apparatus including a housing with
an integrated snap as discussed herein, in accordance with
another example embodiment.
While the invention is amenable to various modifications

and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in
detail. It should be understood, however, that the intention is
50

not to limit the invention to the particular embodiments
described. On the contrary, the intention is to cover all modi
fications, equivalents, and alternatives falling within the
scope of the invention including aspects defined in the claims.

55

DETAILED DESCRIPTION

invention;

FIG. 4 shows high-level signal processing flow including
stage 1, 2, and 3 signal processing partitions, according to
another example embodiment of the present invention;
FIG. 5 shows a process for identification and validity evalu
ation of feature points and events, according to another
example embodiment of the present invention;
FIG. 6 shows an example data flow block diagram for
computing parameters from feature points, according to
another example embodiment of the present invention;

FIG. 12 shows a block diagram of a system for reporting
arrhythmia information, according to another example
embodiment of the present invention;
FIG. 13 shows a block diagram for a process and decision
flow in a system for detecting, classifying, and reporting
arrhythmia events, according to another example embodi
ment of the present invention;
FIG. 14 shows an example data flow block diagram for
compressing pseudoperiodic physiological signals according
to another example embodiment of the present invention;
FIG. 15 shows an example pie chart graphic for display of
arrhythmia event information by the data review system, con
sistent with another example embodiment of the present
invention;

The invention may be more completely understood in con
sideration of the following detailed description of various
panying drawings, in which:
FIG. 1 provides a block diagram of a physiologic monitor
ing system showing a Telemetric Ambulatory Monitoring
Device (TAMD), Data Collection and Review System
(DCRS), Remote Communicator, and Slave Computing
Device, consistent with one or more example embodiments of
the present invention;
FIG. 2 shows a block diagram of a TAMD, indicating the
various sensors, data flow, control, communications, signal
processing, and data storage functions, consistent with
another example embodiment of the present invention;
FIG. 3 shows an example block diagram of the DCRS, in
connection with another example embodiment of the present

FIG. 8 shows an example process flow diagram for detec
tion and classification of events, according to another
example embodiment of the present invention;
FIG. 9 shows a respiratory sensor for attachment to the
respiratory diaphragm, in connection with another example
embodiment of the present invention;
FIG. 10 shows an example data flow block diagram for
processing of EEG signals, in connection with another
example embodiment of the present invention;
FIG. 11 shows an example data flow block diagram for
processing of a peripheral nerve activity (PNA) signal,
according to another example embodiment of the present
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Aspects of the present invention relate to a system for
wireless monitoring, analysis, evaluation, and/or archival of
physiological signals and data from ambulatory animal or
human subjects. Various embodiments are directed to moni
toring subjects that are part of a research study involving one
or more subjects that are within telemetry reception range of
each other. In connection with certain embodiments, the

65

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
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necessarily limited to such applications, various aspects of
the invention may be appreciated through a discussion of
examples using this context.
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 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

10

more such embodiments.

In accordance with a particular embodiment, an apparatus
includes two or more ECG sensing electrodes that adhere to a
patient for sensing ECG signals therefrom, a housing having
digitizing and computing circuits that process the ECG sig
mals, and a fastener that fastens the housing to one of the
electrodes and provides an electrical connection therebe
tween. 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. One or more
electrical leads couple the housing to each remote electrode to
which the housing is not fastened. The digitizing circuit digi
tizes 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,
or detect a QRS complex).
In various embodiments, a compact arrangement including
the housing and the electrode fastened thereto 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 refer
enced herein (e.g., denoising) that facilitate an efficient use of
circuitry and/or power that, in turn, facilitates the implemen
tation of the housing and circuitry therein in a compact and
lightweight component that can be supported by a single
electrode. Such an efficient signal processing approach can
further facilitate the use of low power and, in turn, lightweight
battery supplies which may also be incorporated into the
housing. Accordingly, the housing, circuitry and battery can
be completely supported by the electrode to which it is fas
tened, while the electrode is fastened to a patient. For
instance, a housing 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 implementa
tions, 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.
The lead wires are implemented using one or more
approaches, to suit particular applications. In some embodi
ments, the flexible insulating lead wires are greater than 10
cm in length, and in other implementations, the flexible insu
lating lead wires are greater than 15 cm in length. In still other
implementations, the flexible insulating lead wires are less
than 3 mm in diameter. In further implementations, the elec
trical leads are replaced with a wireless connection to remote
electrodes, each of which is powered by an integrated battery
for communicating the wireless signals. Such an approach
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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
circuitry that process ECG signals obtained from the elec
trodes with desirable accuracy.
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 com
puting circuit processes each digitized ECG signal by decom
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6
posing 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
ments 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 offrequencies 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.
These approaches may, for example, facilitate the process
ing of the ECG signals in the housing relatively low power.
Such an approach can be used to process digitized ECG
signals by reducing in-band noise as measured by the ANSI/
AAMI EC57:1998 standard by at least 20 dB with a Quality
of Signal Reconstruction (QSR) of:-95%. Moreover, such an
approach can be implemented by sampling each ECG signal
at 300 Hz or less, and using the computing circuit to reduce
thein-band noise, using an average power consumption that is
less than 500 micro-Watts per ECG signal. For further infor
mation regarding these methods for denoising subcompo
ments and their implementation, reference may be made to
U.S. patent application Ser. No. 12/938,995 and to PCT
Patent Application No. PCT/US2013/024770, which arefully
incorporated herein by reference.
The battery as discussed above is implemented using one
or more of a variety of approaches. In some embodiments, the
battery is a coin cell battery that is included within the hous
ing and powers the digitizing and computing circuits. In some
implementations, the housing has a battery compartment that
holds the coin cell battery and couples the power therefrom,
with the battery compartment having a threaded cap that
secures the coin cell battery therein.
In some embodiments, the apparatus above includes one or
more amplifier circuits (e.g., as part of the digitizing circuit),
that amplifies the sensed ECG signals to provide amplified
ECG signals for digitizing. In certain embodiments, the
amplifieris a circuit that provides a buffering function and has
again of one. In other embodiments, the amplifier circuit is a
filter that removes frequencies outside the bandwidth of the
ECG signal.
In accordance with various example embodiments, a sys
tem computes a parameter value for a segment of a cardiac
related signal, using a computer circuit that carries out func
tions as follows(e.g., software-based modules). The cardiac
related signal may include, for example, one of an ECG
signal, a blood pressure signal, a photoplethysmography sig
nal, a blood oxygen saturation signal and a blood flow signal.
In the context of this disclosure, a cardiac-related signal gen
erally refers to any signal that includes an information com
ponent that is modulated by or correlates with the cardiac
cycle.
The following discussion characterizes example embodi
ments as may be carried out with a computer circuit, such as
that described above, with the understanding that various
aspects may be implemented in separate, communicatively
coupled computer circuits (e.g., computers communicating
over a network). The example embodiments may also be
implemented in connection with a computer-readable
medium having instructions that, when executed by a proces
sor (e.g., computer circuit) cause the processor to carry out
the described functions. Correspondingly, the various
approaches may also be implemented as part of a method in
accordance with one or more example embodiments.
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In a particular embodiment, a computer circuit identifies
cardiac cycles within a segment of a physiologic signal, and at
least one feature point within the cardiac cycles. For each of
the identified feature points, the computer circuit computes a
signal-to-noise ratio (SNR) representative of the ratio of sig
nal energy to noise energy for a cardiac cycle subsegment
containing the identified feature point, and determines a
validity characteristic of the feature point based on the signal
to-noise ratio computed for the subsegment. In some imple
mentations, the SNR values corresponding to multiple car
diac cycles in the cardiac-related signal are combined. The
computer circuit further computes a parameter value by com
bining feature points contained within said segment based
upon the determined validity characteristics of the feature
points. This parameter value may, for example, pertain to a
cardiac-related signal representative of valid feature points as
corresponding to the determined validity characteristic.
The computer circuit computes the SNR representative of
the ratio of signal energy to noise energy for a cardiac cycle
subsegment containing the identified feature point in various
manners, depending upon the implementation. In one imple
mentation, the computer circuit computes a SNR for a cardiac
cycle subsegment consisting of a point in the cardiac cycle at
which the identified feature point occurs. In another imple
mentation, the computer circuit computes a SNR for a cardiac
cycle subsegment consisting of about 10% of the cardiac
cycle. The computer circuit computes the SNR for a cardiac
cycle subsegment consisting of a portion of the cardiac cycle
excluding approximately the QRS complex, in another imple
mentation.

In a more particular implementation, the computer circuit
computes the SNR by decomposing the physiological signal
from a first domain into subcomponents in a second domain.
Subcomponents that are primarily associated with noise and
those that are primarily associated with a desired signal are
respectively identified. A ratio of energy contained in sub
components primarily associated with the desired signal to
subcomponents primarily associated with noise is computed
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and used to characterize the SNR.

In another more particular implementation, the cardiac
related signal is a digitized signal having a multitude of
sample points, and the computer circuit computes the SNR by
defining the subsegment as a subsegment of the digitized
signal including at least two sample points consecutively
before the identified feature point, and two sample points
consecutively after the identified feature point. The SNR val
ues for each sample point in the subsegment are combined to
compute the SNR for the subsegment.
The computer circuit identifies feature points in a variety of
manners. In one implementation, the computer circuit iden
tifies feature points by decomposing the physiological signal
from a first domain into subcomponents in a second domain
and identifying subcomponents of the physiological signal
associated with a signal wave containing a feature point. The
identified subcomponents are used to construct an emphasis
signal, and the emphasis signal is evaluated to identify at least
one of a peak, valley, and inflection point as corresponding to
a feature point. Other signal characteristics may also be used
to identify feature points, as may be applicable to a particular
type of signal being processed (e.g., a period of time with no
change, or a range covering particular events).
In some embodiments, the computer circuit compresses
the cardiac-related signal. In one implementation, the car
diac-related signal is compressed by removing noise from the
signal and identifying uninterpretable segments of the signal.
For example, in-band noise may be removed using at least one
of adaptive filtering, linear filtering, nonlinear filtering, and

8
multidomain filtering. Segments may be identified as unin
terpretable by identifying segments exhibiting a signal to
noise ratio (SNR) that is less than a predefined threshold.
A predetermined data value and cycle length is assigned to
the uninterpretable segments, and a two-dimensional image
of cardiac cycles sorted by the cycle length is created. The two
dimensional image is then compressed (e.g., and communi
cated for use in evaluating a subject). In a more particular
implementation, the two dimensional image is compressed
by executing an encoding algorithm including an algorithm
based upon one of embedded zerotree wavelet, set partition
ing in hierarchical trees (SPIHT), modified SPIHT, and
embedded block coding with optimal truncation encoding.
Another example embodiment is directed to a system for
evaluating a physiological signal including a computer circuit
configured to automatically classify segments in the physi
ological signal as uninterpretable, which can be used to
reduce (or significantly reduce) a remaining amount of data to
be evaluated. A signal to noise ratio (SNR) is calculated as the
ratio of energy corresponding to an expected signal to energy
corresponding to noise, for a plurality of sample points in a
segment of said physiological signal. The SNR is compared to
a predefined threshold (e.g., selected based upon a type of a
physiological signal) below which said segment is uninter
pretable, and the segment is classified as uninterpretable if the
SNR is less than the threshold. A plurality of such segments
can be processed, with an output generated to include those
segments not determined to be uninterpretable.
In a more particular embodiment, the computer circuit
computes the SNR by decomposing the physiological signal
from a first domain into subcomponents in a second domain,
and identifying subcomponents that are primarily associated
with noise and those that are primarily associated with a
desired signal. The ratio of energy contained in subcompo
ments primarily associated with the desired signal as relative
to subcomponents primarily associated with noise is used as
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In another more particular embodiment, the computer cir
cuit sets an alarm indicating poor signal quality, which can be
used to determine an error or malfunction. In various imple
mentations, the computer circuit sets the alarm in response to
the duration of an uninterpretable segment exceeding a pre
determined time period, and/or a proportion of uninterpret
able segments in a physiological signal exceeding a threshold
for a predetermined time period.
Another example embodiment is directed to a system for
detecting a cardiac arrhythmia event spanning two or more
cardiac cycles in a cardiac signal. A computer circuit identi
fies cardiac cycles in the signal, computes a feature signal
comprised of valid R-wave feature points, and detects a car
diac event by evaluating a characteristic of said feature signal.
A signal-to-noise ratio (SNR) is computed as a ratio of signal
energy to noise energy for substantially the full duration of
each cardiac cycle contained in said detected event. A confi
dence value is computed as a function of the SNR, and the
detected cardiac event is classified as valid in response to said
confidence signal exceeding a predetermined first threshold.
Such confidence values may, for example, make up part of a
confidence signal that includes one or more such values. In
addition, the confidence value may be computed based upon
the SNR, morphology of the signal and a pattern of feature
points in the signal.
In a more particular embodiment, the computer circuit
compares the confidence value to a second threshold less than
the first threshold, and classifies the detected event as uncer
tain if the confidence value is less than the first threshold and
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greater than the second threshold. The detected event is fur
ther classified as invalidifthe confidence value is less than the
second threshold.

Another example embodiment is directed to a method for
reporting arrhythmia information of a subject. The method
may be carried out, for example, in a computer-based circuit
(e.g., executing instructions to carry out the method), or as
part of the execution of instructions on a computer-readable
medium. R-wave feature points of a conditioned, digitized
and denoised ECG are detected and a signal-to-noise ratio
(SNR) is computed for each feature point. Valid R-wave
feature points are identified based upon the signal to noise
ratio. Arrhythmic events are detected by evaluating charac
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shared circuit or include one or more different circuits.

teristics of consecutive ones of the identified valid R-wave

feature points, and a confidence signal is computed for each
event-based upon the computed SNR. Each event is classified
as one of valid, invalid, or uncertain based upon said confi
dence signal. Event data indicative of valid and uncertain
events is generated and output to facilitate both the review of
the uncertain events for determining the presence of a valid
arrhythmia event and the reporting of valid arrhythmia events.
In some implementations, the ECG is denoised by decom
posing the ECG from a first domain into subcomponents in a
second domain. Subcomponents associated with noise are
identified based upon the spatial distribution of the subcom
ponents, and a denoised ECG is constructed from subcompo
ments that are not identified as being associated with noise.
The signal-to-noise ratio may be computed using one or
more approaches as discussed herein. In one implementation,
the ECG recording is decomposed from a first domain into
subcomponents in a second domain, and target subcompo
ments associated with noise are identified based upon the
spatial distribution of the subcomponents. The signal to noise
ratio is computed as the ratio of energy not contained in said
target subcomponents to energy contained in said target sub
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cuit that decomposes the ECG-based signal into subcompo
ments using a transform, a circuit that identifies
subcomponents containing noise energy and subcomponents
containing signal energy. Another circuit removes subcom
ponents identified as containing noise energy and reconstruct
a denoised ECG signal by performing an inverse transform on
the subcomponents that are not removed, the denoised ECG
signal having SNR, of at least 20 dB and quality of signal
reconstruction (QSR)-95% (e.g., as exemplified further
below). These circuits may, for example, be a common,
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Another example embodiment is directed to an article of
manufacture that includes a processor-readable storage
medium configured with configuration data that when
executed by a processor, cause the processor to perform the
following steps. Cardiac cycles within a segment of a cardiac
related signal are identified, by at least one feature point
within the cardiac cycles. For each of the identified feature
points, a signal-to-noise ratio (SNR) representative of the
ratio of signal energy to noise energy is computed for a
cardiac cycle subsegment containing the identified feature
point. A validity characteristic of the feature point is deter
mined as a function of said signal-to-noise ratio. A parameter
value is computed by combining feature points contained
within the segment based upon the determined validity char
acteristics of the feature points.
According to another example embodiment, and referring
to FIG. 1, physiological signals from one or more subjects are
monitored using a system that includes one or more telemet
ric ambulatory monitoring devices (TAMD) 101 (examples
shown as 101A-D), also referred to as subject devices, asso
ciated with each monitored subject and at least one data
collection and review system (DCRS) 106. DCRS 106
includes at least one wireless communication module 102

35

(examples 102A-102B shown) that provides bidirectional

components.

communications between the TAMD 101 and a DCRS 106.

The arrhythmic events may be detected in a variety of
manners. In one example, an arrhythmic event is detected by
identifying a pattern of feature points characteristic of an
arrhythmia. An arrhythmic event may also be detected by
identifying a change in ECG morphology characteristic of an
arrhythmia.
The confidence signal may be computed in various man
ners as well. In one implementation, the morphology of the
signal including the event is evaluated to determine if the
morphology is consistent with the presence of an arrhythmia.
The confidence signal is computed based upon the deter
mined consistency and the computed SNR.
The event data may be output for a variety of applications
and processed accordingly. In one embodiment, the event
data is received at a remote monitoring facility, arrhythmia
events classified as valid are automatically reported, and
arrhythmia events classified as uncertain are further evalu
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The physiologic monitoring system of FIG. 1 also includes
communication link 104 to pass information between DCRS
106 and remote communicator 105 and slave computing
device 107. DCRS 106 includes a review function/system
103, via which trained persons can review information
received from TAMD 101, and a reporting function 108 that
generates reports summarizing information gathered from
monitored subjects. The reports can be configured with suf
ficient information for use by decision makers such as phy
sicians or researchers as an aid in making choices regarding
therapies and the safety and efficacy of experimental devices
and drugs.
In one embodiment, referring to FIGS. 1 and 2, TAMD 101
performs: a) sensing of one or more physiological signals via
sensors 201 (with examples shown as 201A-201G), b) con
ditioning and digitizing of the sensor output via circuits 202
(examples shown as 202A-202G), c) processing of digitized
signals using computerized circuitry 203 (examples shown as
203A-203G) including a microprocessor, a state-machine, or
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and reduce data volume for transmission, d) storing of data in
a memory element 205 for later transmission to the DCRS, e)
detection of alarm conditions using computerized circuitry
203, and f) communication of data and control commands to
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ated. For instance, the uncertain events can be reviewed to

confirm or deny the presence of an arrhythmia. The events
classified as uncertain for which the presence of an arrhyth
mia is confirmed are also reported.
Another example embodiment is directed to a system for
denoising an ECG-based signal having a signal-to-noise ratio
(SNR?) of about 5 dB (e.g., between 3-7 dB) and that exhibits
noise characteristics corresponding to (e.g., falling within a
common range of) a single channel digitized noise-free
human ECG, signal contaminated with additive white noise

a combination thereof to remove noise, extract information

and from the TAMD via wireless communication module

that is band-limited to between about 0.5 Hz-100 Hz. In this

context, the SNR, is a signal-to-noise ratio computed using
the NST procedure described in PhysioMet [17] and in ANSI/
AAMI EC57:1998 standard [18]. The system includes a cir
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207. Data bus 204 is used to communicate data and signals
between various system elements of TAMD 101. Computer
ized controller 206 is a microprocessor, microcontroller, or
state machine that provides control of data sampling, data
processing, wireless communications, and other functions
necessary to control operation of the TAMD. In some
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degree of data volume reduction can be achieved and hence
the power required by wireless communication module 207 is

13
Physiological signals may also contain events, and identi
fying the onset and offset of the event, or simply the fact that
an event occurred, can be useful. For example, when moni
toring the ECG of a subject it may be useful to know that an
arrhythmic event such as ventricular tachycardia or atrial

reduced. However, in some embodiments, the TAMD 101

fibrillation has occurred; various embodiments are directed to

detecting such events based upon a degree of validity of the
signals. In additional embodiments, feature points are com
bined from multiple signals to compute features and param
eters. For example, QA interval is often used as a surrogate for
cardiac contractility, employs both a pressure and ECG signal
from a subject, and is computed as the time difference
between Q-wave onset and the upstroke of an arterial pressure
wave. QA interval feature points are computed for a cardiac
cycle, can be used to create a feature signal, and can be
averaged over a predetermined period of time to create a QA

10

DCRS 106 and is communicated from the DCRS to TAMD

15

parameter.

In various embodiments, the digitized signals from the
sensors are processed by computerized signal processing cir
cuitry 203 to remove noise (e.g., denoising), detect the pres
ence of predetermined conditions and performance anoma
lies, reduce the volume of data through data compression,
compute a dynamic signal-to-noise ratio as a metric of signal
quality, extract information, detect feature points, compute
parameters, detect physiological events, and determine the
validity and accuracy of extracted information such as feature
points and parameters, or the validity of detected physiologi
cal event. The extent of signal processing functions per
formed by the complete system and by each component
within the system varies according to a number of factors
including the nature of the signal to be processed and the
intended application, features, and performance objectives of
the system. In some embodiments, all signal processing func
tions are performed within TAMD 101. In other embodi
ments, a subset of these functions is performed in TAMD 101,
and remaining functions are performed in DCRS 106. For
example, in some embodiments denoising, identification of
feature points, computation of the dynamic signal-to-noise
ratio (dSNR), and determination of the validity of feature
points within TAMD 101 are carried out. In these embodi
ments, event detection, and parameter computation are per
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101 and DCRS 106, and wireless communication modules
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TAMD 101, which reconfigures its operating modes and
capabilities based upon the code. In an alternative embodi
ment, the embedded code necessary to reconfigure operating
modes and capabilities is stored in memory located within
TAMD 101.

40

As referenced above and otherwise used herein, the term
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In connection with these and other embodiments as discussed

herein, the various stages may be implemented with a specific
circuit, such as a processor, a computer program to carry out
some or all stages, or a combination of circuits, circuits and
computers, or related arrangements.
In one embodiment, TAMD 101 performs stage 1, stage 2,
and stage 3 functions. In connection with various example
embodiments, it has been discovered that, by computing all 3
stages of signal processing within the TAMD (e.g., with SNR
used to automatically determine the validity of points), a high

101 via modules 102 and 207. The configuration is imple
mented within TAMD 101 via computerized controller 206.
For example, the user may enter information as to which
features to extract from a denoised signal, which type of
events to capture, how often to compute parameters, or how
long the interval should be for combining features to compute
a parameter. Configuration information may also be used to
optimize performance of the signal processing algorithms
performed by computerized signal processing circuitry 203,
such as the range of heart rates, species selection, or other
information that is specific to a particular subject and may
require a different characteristic of the algorithm to optimize
performance. Communication modules 102 and 207 may also
be used to communicate commands instructing TAMD 101 to
transmit a real-time denoised signal, communicate device
status, or communicate signals, events, parameters, features,
and alarms stored in TAMD memory element 205. In certain
embodiments user inputs are used to configure the partition
ing of certain signal processing functions between TAMD
102 and 207 are used to download embedded code into

formed within DCRS 106.

dynamic signal-to-noise ratio generally refers to a signal to
noise ratio of at least one point. Accordingly, such a ratio may
apply to a signal to noise ratio (SNR) as discussed herein, or
to the combined SNR of several points (e.g., corresponding to
an ECG).
In various example embodiments, and referring to FIG. 4,
certain signal processing functions can be partitioned into
three stages; stage 1, stage 2, and stage 3. Stage 1 (process
401) includes denoising, identifying features (feature points),
and computing a dynamic signal-to-noise ratio (dSNR).
Stage 2 (process 402) includes determining the validity of
feature points. Stage 3(process 403) includes event detection,
determining the validity of a detected event, computing
parameters, and detecting alarm and notification conditions.

performs less than all functions (e.g., TAMD performs stage
1 functions with DCRS 106 computing stage 2 and stage 3
functions). In some embodiments, to conserve power TAMD
101 can be configured by the user to perform only those
functions required by the application, with the remaining
functions being implemented in DCRS 106. The desired con
figuration is selected with user interface software 305 in
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Although the system provides for transmission of the sig
nal waveform, some embodiments are directed to only com
municating information extracted from the signal rather than
transmitting the signal waveform. This can result in a sub
stantial reduction in power consumption within TAMD 101.
Although extracting information requires power, a net reduc
tion in power to operate TAMD 101 can be achieved using
efficient signal processing algorithms that require much less
power to compute parameters than is required to transmit a
continuous signal waveform. These embodiments can be use
ful to extend battery life and reduce the size of the TAMD.
Computing a Denoised Signal
Various embodiments are directed to reducing noise in a
physiologic signal and improving the signal-to-noise ratio to
improving the accuracy of aspects of physiologic signal pro
cessing including feature point detection, event detection,
parameter computation, and data compression. Denoising in
the context of various embodiments involves removing at
least some of the noise that is within the bandwidth (e.g.,
in-band) of the signal. However, various embodiments may
be implemented in connection with denoising that involves
the use of other filtering techniques that remove noise that is
outside the signal bandwidth, such as band pass filtering.
Various embodiments involving denoising may be applied
with the specific aspects of an embodiment specific to the
characteristics of a particular signal. In one embodiment,
denoising of signals such as ECG, respiration, pulse oxim
etry, blood pressure, EEG, EMG and flow is accomplished
using adaptive filtering [1], Kalman filtering [2], or wavelet
thresholding [3]. In another embodiment, a signal processing
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approach using multiple domains is used as described in
connection with one or more example embodiments in U.S.
patent application Ser. No. 12/938,995, entitled “Physiologi
cal Signal Denoising,” which is fully incorporated herein by
reference. For example, one or more embodiments as
described in the 12/938,995 application referred to as involv
ing MultiDomain Signal Processing (MDSP) may be imple
mented in connection with one or more embodiments as

described herein. In some embodiments of denoising of PNA
signals, high pass filtering, wavelet thresholding and MDSP
may be used as described in detail later in this document.
Embodiments of MDSP involving denoising may also be
referred to as MultiDomain Filtering (MDF) as discussed in
the U.S. patent application Ser. No. 12/938,995.
In an example embodiment, a signal in a first domain is
decomposed into subcomponents in a second domain of
higher dimension than the first domain. The decomposition
may be performed in a manner consistent with one or more
example embodiments as described in U.S. patent application
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Ser. No. 12/938,995, referenced above. In some embodi

ments, decomposition is accomplished using a discrete
cosine transform [4], Fourier transform [5]. Gabor transform
[6] or Karhunen-Loeve transform [7,8]. In another embodi
ment, decomposition is accomplished using a wavelet-related
transform and the decomposition levels correspond to wave

25

let scales.

In the second domain the subcomponents associated with
noise and signal are identified and separated. This is accom
plished by using one or more of principal component analysis
(PCA), independent component analysis (PCA), periodic
component analysis (TCA) and spatially selective filtering
(SSF). PCA and ICA are applicable to multi-lead signals such
as ECG, while TCA and SSF can be applied to either multi
lead or single lead signals.
The PCA technique [9,10] uses subcomponent covariance
information to orthogonalize subcomponents. The orthogo
malized subcomponents with low signal power are often asso
ciated with noise and can be removed to achieve denoising.
PCA can be used as a preliminary step prior to applying an
ICA technique. The ICA technique [11] further separates
signal sources as a solution of an optimization problem that
maximizes independence between them. The TCA technique
computes and jointly diagonalizes covariance and autocorre
lation matrices of subcomponents to separate them based on
their periodicity or quasi-periodicity [12, 13]. The autocorre
lation matrix is calculated as an average of autocorrelation
matrices computed over time lags corresponding to cardiac
cycle lengths. In another embodiment a quasi-periodic signal
is phase-wrapped by mapping the cardiac cycle length to a
linear phase (p(t) assigned to each sample. Then the autocor
relation matrix can be calculated in the polar coordinates in
which cardiac cycles are phase aligned. The TCA technique
extracts most quasi-periodic subcomponents corresponding
to physiologic signals and, since noise is not generally peri

30

used to remove this noise.

above.

By zeroing out the subcomponents or time segments within
subcomponents associated with noise, and reconstructing the
subcomponents associated with the physiological signal, the
in-band noise level in the signal is substantially reduced, or
“denoised,” to create a denoised signal.
Denoising Approach/Performance Evaluation
To quantify performance of a physiological signal denois
ing technique, a Quality of Signal Reconstruction (QSR) and
SNR improvement can be computed. The following charac
terizes an example embodiment specific to ECG, although
this same technique can be applied to any signal. In this
technique, quantifying SNR improvement and QSR is done
under controlled conditions whereby a noise-free ECG
(ECG cºal,) is purposely contaminated with band-limited (0.5
to 100 Hz) additive white noise to create a noisy input signal

ECGN...The
denoised version output is referred to ECG,
To quantify morphology preservation, QSR is computed as
35

a point-by-point comparison of the denoised signal ECG,92,
to the original noise-free signal ECG cºal, prior to imputing
noise using the formula:

40
W

2. (Eccº
45

50

55

odic, it is left behind.

SSF techniques [14, 15, 16] are used to detect signal
related features and pass them across the subcomponents
while blocking features inherent to noise. The technique
relies on the differences of noise and signal distributions
across decomposition levels. In one embodiment, spatially
selective filtering is facilitated by a decomposition whereby
signal energy is concentrated in a small number of large
subcomponent coefficients while noise is spread out across
many decomposition levels and is represented by small coef
ficients. Techniques similar to wavelet thresholding can be

16
In another embodiment, spatially selective filtering is used
to exploit the fact that most noise subcomponents are con
fined to decomposition levels that represent high frequencies.
In this embodiment the locations of signal features are iden
tified by examining subcomponents corresponding to lower
frequency. For example, a QRS wave location can be identi
fied as high amplitude changes in peaks and valleys that occur
simultaneously across multiple decomposition levels associ
ated with lower frequencies. The subcomponents associated
with high frequency are then passed if they are around iden
tified peaks and valleys, otherwise they are zeroed. For further
information regarding these methods for denoising subcom
ponents and their implementation, reference may be made to
U.S. patent application Ser. No. 12/938,995, referenced

60

65

The SNR of input signal ECGN, and output signal

ECGP., are each computed using the NST procedure
described in PhysioMet [17] and in ANSI/AAMI EC57:1998
standard [18]. SNR computed using this ANSI/AAMI stan
dard is referred to as SNR 1.
Various embodiments are directed to processing ECG or
other signals exhibiting noise characteristics corresponding
to (e.g., within the indicated ranges) a purposely contami
nated signal as discussed above. The signals are denoised to
achieve a resulting SNR and QSR as discussed above, using a
clean ECG signal as a reference (e.g., with an actual denoised
signal used in the above equation in place of ECG,2,...).
Computing Dynamic Signal-to-Noise Ratio
Computing dSNR, the energy level of signal relative to
noise, is used in various embodiments for evaluating the
validity and accuracy of information derived from a signal or
segment of a signal as well for determining if useful informa
tion can be extracted from a segment of a signal. In some
embodiments, dSNR is used directly to assess the validity or
accuracy of information derived from a physiologic signal
such as feature points (e.g., systolic blood pressure, QRS
peak, T-wave offset) or events (e.g., onset and offset of ven
tricular tachycardia) of a cardiac signal. In yet other embodi
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ments, dSNR is computed on an ongoing basis to determine
the quality of a physiological signal. If the dSNR is too low,
the signal is considered uninterpretable (e.g., based upon a

18
In some embodiments, the factors considered and the

methods used for computing dOS vary with the application.
For example, when dCS is used to evaluate the accuracy and
validity of a feature point, dSNR and the result of a signal
likelihood that no useful information can be extracted, even
with review by a trained person). In other embodiments, if 5 morphology evaluation can be used to compute a dynamic
dSNR remains very low for more than a predetermined period confidence signal for a feature point (dGSA). For example,
of time, an alarm is activated indicating that a malfunction detection of T-wave offset may be meaningless during ven
such as a sensor failure or sensor lead disconnect may have tricular tachycardia (VT) and ventricular fibrillation (VF). If
occurred.

In one embodiment, dSNR is computed as the ratio of the
energies in signal and noise subcomponents computed as a
byproduct of an MDSP-type denoising process as described
in U.S. patent application Ser. No. 12/938,995. The MDSP
approach is used to identify subcomponents as either noise
related or signal related. The power contained in noise related
subcomponents is computed independent of the power in
signal-related subcomponents. The relative power of the
noise and signal components is computed to estimate
dynamic signal-to-noise ratio (dSNR). This technique allows
dSNR to be updated on a sample-by-sample basis. In one
embodiment, dSNR is updated for each cardiac cycle. Alter
native implementations may update dSNR more or less often.
In one implementation, a value of dSNR is computed for a
window of two to ten cardiac cycles and this value is used in
calculating a validity metric for all cardiac cycles within the
window. In other implementations, dSNR is computed for a
portion or segment of a cardiac cycle containing a feature
point and is used to determine the validity of the feature point
contained within the segment.
In other embodiments, dSNR is evaluated by computing a
spectral distribution of the denoised signal. For example, in
an ECG signal, amplitude of spectral distribution is evaluated
to determine the relative power in the spectrum that occurs
within and outside of the normal range of the QRS complex,
T-wave, and P-wave. In other embodiments, the signal energy
relative to noise energy is determined by computing the den
sity of zero crossings using multiple adaptive thresholds,
adaptive thresholds varying as a function of the peak signal
measured. In some embodiments, this approach is applied to
a region within a cardiac cycle of an ECG, such as between

VT is detected, the value ofdcS, relating to the T-wave offset
10

dCS, value depends upon type of signal, feature, or event as
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well as the criticality and implications of making an error in
the specific application. Some types of feature points require
a higher dSNR than others in order to achieve a given level of
confidence in the accuracy of the derived information. For
example, the level of allowable dSNR to achieve a high con
fidence that an R-wave feature point is valid is less than the
level of dSNR required to achieve a high confidence that a
T-wave offset feature point is valid. Due to the flat nature of
the signal in the vicinity of T-wave offset and the low ampli
tude of T-wave offset, detection accuracy is much more sen
sitive to noise that it is when identifying the peak of the
R-wave. In another embodiment, computing dOS to assess
the validity of an arrhythmic event involves the use of dSNR
as well as evaluating signal morphology and feature signal
characteristics.

FIG. 5 shows signal processing stages 1, 2, and 3 per
formed within TAMD 101, in accordance with various
30
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T-wave offset and P-wave onset.

Computing a Confidence Signal.
In some embodiments, a confidence signal is computed as
an indicator of the accuracy or validity of derived information
such as features and events. The confidence signal is dynamic
and in some embodiments (e.g., for cardiac signals), it is
updated for each cardiac cycle or it may be computed for a
portion or segment of a cardiac cycle and used to evaluate the
accuracy or validity of a feature point contained within the
segment. In other embodiments, the dynamic confidence sig
nal (dGS) is computed specifically for a detected event to
determine if it is valid. In one example embodiment, a confi
dence signal is used in determining whether a detected event
is ventriculartachycardia or high amplitude periodic noise. In
yet other embodiments, the dOS is computed on an ongoing
basis to determine the quality of a physiological signal cap
tured by a TAMD. If the signal is found to be of such poor
quality then no useful clinical information could be obtained,
even with review by a trained person, the signal is classified as
uninterpretable. If dOS remains uninterpretable for more than
a prespecified period of time, an alarm may be triggered
indicating that there is a potential malfunction such as a loose
or failing sensor. In some embodiments, if the confidence
signal indicates that the captured signal is classified as unin
terpretable, the signal is discarded and is not wirelessly com
municated by the TAMD. This effectively enhances battery
life by avoiding transmission.

feature point is driven to a very low value indicating that it is
invalid. The acceptable level of dSNR to achieve a given
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example embodiments. Feature points and events are
detected and a confidence signal is computed to assess their
validity. For additional detail related to identifying feature
points and events in accordance with one or more embodi
ments, reference may be made to U.S. patent application Ser.
No. 12/938,995, referenced above. Conditioned and digitized
signal input in process 501 is decomposed into subcompo
ments and signal and noise subcomponents are identified in
process 502. In process 503, the ratio of energy in signal and
noise subcomponents is computed as a dynamic signal-to
noise ratio (dSNR). dSNR in process 503 can be computed on
a point-by-point basis, and in some embodiments is computed
for a cardiac cycle, for a short (e.g., 50 msec) segment con
taining a feature point (e.g., T-wave offset), or it may be
computed for multiple cardiac cycles. In decision process
505, dSNR for a time segment TS is compared to a threshold
TH, 7. If dSNR exceeds the threshold, the signal is classified
as interpretable and the signal-related subcomponents are
passed on for further evaluation and processing per processes
504 and 506. If dSNR is less than TH, ºr, then the signal is
classified as uninterpretable (process 509), meaning that vir
tually no useful information can be extracted from the signal,
even if the signal is reviewed by a trained person. In alternate
embodiments, decision process 505 is performed following
(rather than before) detection of events and feature points. If
dSNR was less than the required threshold value, feature
points and events detected would be classified as invalid.
Using a Confidence Signal to Identify Valid Feature Points
In process 508, feature points are identified such as by
combining relevant signal subcomponents to create a feature
signal. Peaks or valleys of the feature signal are evaluated, as
appropriate to identify the feature point of interest. In process
507, morphology is evaluated. In one embodiment, this is
accomplished by combining appropriate subcomponents to
form an emphasis signal. The emphasis signal is then evalu
ated for peaks and valleys to test for the presence of relevant
morphologies (e.g., those of expected signal characteristics,
or characteristics of a particular physiological event). The
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specific type of morphology of interest depends upon the type
of feature detected for which validity is being assessed.
In connection with various example embodiments, tech
niques used for morphology evaluation are implemented in
connection with one or more approaches as described in
detail in references 20 and 21 (cited below), which are
included herein by reference. In some embodiments involv
ing the evaluation of signal morphology, a physiologic signal
or its emphasis signal is evaluated to determine location of
peak amplitudes, zero-crossings, signal widths, and signal
slopes. In some embodiments, the techniques involve various
waveform analysis methods such as template cross-correla
tion, minimum area difference [19] and Correlation Wave
form Analysis [20].
In process 511, a dynamic Confidence Signal for feature

20
evaluating characteristics of the feature signal. For example,
a highly irregular heart rate could be indicative of atrial fibril
lation.
5

exceeded, then the detected event is classified as uncertain,
10

and 0 if not. Accordingly, dSC,-Mºkº dsNR where Miis 1
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or 0, dSNR is the dynamic signal to noise ratio, and k is a
constant that depends on the type of feature point for which

dSC, is being evaluated.
In decision process 515, dSC, is compared to a threshold
TH, If the threshold is exceeded, the feature is classified as

valid in process 516 and, in some embodiments, valid features
(e.g., R-R interval) are combined to compute a parameter
(e.g., heart rate) in process 521. If the threshold is not
exceeded, the feature point is classified as invalid and ignored
for the purpose of computing a parameter, as in process 518.
Using a Confidence Signal to Classify the Validity of Events
In process 510, the morphology of the signal is evaluated.
In one embodiment, this is accomplished by combining
appropriate subcomponents to form an emphasis signal. The
emphasis signal is then evaluated for peaks and valleys to test
for the presence of relevant morphologies. The specific type
of morphology of interest depends upon the type of signal and
the type of event detected for which validity is being assessed.
In process 514, a dynamic Confidence Signal for an event
(dCS) is computed. In one embodiment, dCS, is a function of
the dSNR computed in process 503, the morphology evalua
tion in process 510, and the feature signal characteristics
evaluation in process 512. For example, when detecting ven
tricular tachycardia (VT) from an ECG signal feature signal
characteristics are evaluated in 512 to assess the heart rate. If
the heart rate exceeds the threshold established for detection

of VT, then the QRS complex is evaluated in process 510 to
confirm that signal morphology is consistent with VT.
Feature point characteristics evaluated in process 512
include rate and regularity. For example, if the heart rate
computed from an ECG exceeds a threshold, it may be indica
tive of high levels of EMG noise. In this case, process 512
would trigger process 514 to consider the morphology of the
ECG signal. If morphology evaluation computed in 510 indi
cates the presence of a high-amplitude EMG signal, the value

threshold TH2 is chosen such that if dSC-TH, the likeli
hood that the event is valid is so high that it isn’t justifiable to
have a trained person review the event before forwarding it to
a decision maker, such as a physician that will use the infor
mation to diagnose and direct therapy. Various embodiments
are thus directed to setting and/or using such threshold values
to suit particular applications, or particular patients. Like
wise, TH22 may be chosen such that ifdSC, is ~TH, then the
event is invalid with a very high likelihood, review by a
trained person may not be justified, and the event detected in
process 517 can be ignored for purposes of decision making.
In some embodiments, the system is configured to recom
mend that only events classified as uncertain be reviewed by
a trained person to assess validity.
In one embodiment, the system is configured to accept user
inputs to specify, through a user interface in the DCRS and
communicated to the TAMD via a wireless link, desired con
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fidence levels relating to thresholds TH, and TH2. For
instance, a user may be willing to tolerate a 0.5% error in
assigning an event as valid and a 0.5% error in assigning an
event as invalid. Tolerating a higher error rate will reduce the
number of events classified as uncertain Likewise, in other

35

embodiments, the user may want to reduce errors in assigning
events as valid or invalid and are willing to tolerate a higher
rate of uncertain events.
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In alternate embodiments, one or more portions of the
signal processing can be performed outside TAMD 101. For
example, TAMD 101 could compute a denoised signal, fea
ture signals, and confidence signals and detect events while
parameters as well as validity and classification of event types
and alarms are computed in the data review system. In some
embodiments the confidence signal can be used to trigger
capture of a waveform signal. As an example, the TAMD may
be configured to trigger capture of the related waveform sig
nal prior to and after the point at which the confidence signal
fell below a threshold for a specified period of time. This
provides the ability to examine the circumstances under
which the computation of information from the waveform
signal was of suspect accuracy and also provide information
that may assist in troubleshooting the reason for poor signal
quality.
In some embodiments the confidence signal is used to
detect a possible sensor failure (e.g., failure of a sensor, such
as a pressure sensor, an electrode coming loose, or another
issue that may result in a substantial decline in SNR). This
may be implemented by evaluating the confidence signal for
a predetermined period of time. If the confidence signal
remains below a specified threshold for the specified time

60

interval, a sensor failure alarm is activated.
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In another embodiment, the dOS signal can be computed
based on information shared between multiple signals to
improve the reliability of the feature and event detection, and
computation of the confidence signal. For example, in one
embodiment, information is shared between blood pressure

ofdCSis driven to a low value and the eventis deemed invalid.

The output of the morphology evaluation process 510 thus
functions as a multiplier equal to 1 if morphology indicates an

event may exist and 0 if not dSC,-Mºkº dsNR where Miis

1 or 0, dSNR is the dynamic signal-to-noise ratio, and k is a
constant that depends on the type of feature point for which
dSC, is being evaluated. Events are detected in process 517 by

meaning that an event might be present. If dSC.<TH_2 then
the detected eventis classified invalid. In some embodiments,

points is computed (dCS2). In one embodiment, dCS, is

computed as a function of dSNR and morphology. Morphol
ogy is evaluated to determine whether a feature point should
exist based upon the characteristic of the signal. For example,
for an ECG and T-wave offset feature point, if evaluation of
the morphology shows that ventriculartachycardia is present,
a T-wave offset may not exist. The output of the morphology
evaluation process 507 then functions as a multiplier, M,
equal to 1 if morphology indicates a feature point should exist

In decision process 520, dSC, is compared to a threshold
TH, to determine if the event detected in process 517 is valid.
If threshold The is exceeded, the event is classified as valid.
If threshold TH2 is not exceeded, then dSC, is compared to a
second threshold TH2, where TH, 2-TH... If TH2 is

and ECG signals to improve the accuracy of dOS, in assess

ing the validity of a feature point. If the detected cardiac
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cycles do not correspond between the two signals, there may
be an error in identifying the cardiac cycle in one or both of

the signals and the value of dOS, will be reduced in value as

a result. In another embodiment, information is shared

between blood pressure and ECG to determine the validity of
an arrhythmic event. If a ventricular fibrillation event is
detected in the ECG but evaluation of blood pressure mor
phology and values indicate that hemodynamics are stable,
for example, dCS, would be set to zero as stable hemodynam

5

ics are inconsistent with a ventricular fibrillation event.

10

Computing Parameter Values.
Parameter values are computed for a variety of different
types of signals, to suit various embodiments, implementa
tions thereof and as relevant to particular applications. In one
embodiment, and referring to FIG. 6, parameter values are
computed by combining valid feature points of a feature
signal over a specified period of time or number of cycles of
a pseudoperiodic physiologic signal. In some embodiments,
each feature point is characterized by a time of occurrence
and value. A feature signal is comprised of a sequence of
feature points. For example, a feature signal comprised of
systole feature points for cardiac cycles occurring over a
period of 30 seconds can be combined to form a representa
tive value of systolic pressure and heart rate over the 30
second interval. The time span over which features are com
bined to compute a parameter can be user-selectable via a user
interface in DCRS 106. Time spans ranging from 10 seconds
to 5 minutes for cardiovascular and respiratory related signals
can be used to smooth out local fluctuations. For signals such
as PNA, EMG, and EEG it may be useful to combine features
over a time span of 0.5 to 5 seconds.
In one embodiment, and referring to FIG. 6, a parameter is
computed as the arithmetic mean of valid feature points. The
validity of a feature point in the feature signal is evaluated by
comparing the dynamic Confidence Signal for a feature point
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In another embodiment, statistical outliers of measured
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(dCSA) for the corresponding cardiac cycle to a threshold
TH, in decision process 605. dCS, is computed as in process

511 in FIG. 5.

Examples of parameters that may be derived from ECG
include heart rate, QT interval, heart rate variability, heart rate
turbulence, and QRS duration. Examples of parameters that
may be derived from arterial pressure include heart rate,
arterial pressure, diastolic pressure, and systolic pressure.
Examples of parameters that may be derived from arterial
blood flow include stroke volume, mean velocity, and volume
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flow.

In some embodiments, multiple feature signals are used to
compute a parameter. As an example, a computed QA interval
can be used as a measure of cardiac contractility. Computa
tion of QA interval involves identifying the occurrence of the
Q-wave in the denoised ECG and the A-point, marking ini
tiation of the upstroke in the denoised arterial pressure signal
and then measuring and recording the time difference
between these two points [21].
In another embodiment, multiple feature signals can be
used to improve the accuracy of parameter values. As an
example, accurate R-wave detection in an ECG is essential to
nearly every parameter derived from ECG, whether it is QRS
duration, heart rate, or heart rate variability. However, accu
rate R-wave detection can be compromised if the noise level
in the ECG is so high that the denoising is unable to remove
enough noise to achieve accurate detection, as indicated by
the dSNR or dOS being below the desired threshold. If such a
situation is to arise, and both ECG and arterial pressure are
available, a diastole or systole feature signal of arterial pres
sure is used to confirm or deny the R-wave detection in the
ECG.

22
In another embodiment, detected locations of systole are
used to identify a time window where a QRS complex would
be expected. This windowing facilitates denoising using spa
tially selective filtering where subcomponents in the QRS
window are preserved and subcomponents corresponding to
high frequencies that are outside the QRS window are
removed. In other embodiments, a photoplethysmography
signal is used to facilitate identification of the QRS complex
location for purposes of applying a window for spatially
selective filtering.
In some embodiments, a parameter is computed directly
from the denoised signal. For example, when processing
EEG, it may be desirable to compute the power in frequency
bands of an EEG signal for consecutive time periods. The
power in a band would then be the computed parameter. In
some embodiments, a parameter is computed from a derived
signal. For example, the level of neural activity can be com
puted from the envelope of denoised PNA. This signal is then
averaged in a specified time window (e.g., 0.5 to 5 sec) to
compute a parameter of average neural activity.
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intervals (such as QT or RR interval) are detected for the
purpose of identifying invalidorinaccurate feature detection.
In another embodiment measured intervals outside of physi
ologic range are evaluated. If an interval is identified as a
statistical outlier or being outside of physiologic range, the
value of the confidence signal will decline for the flagged
cardiac cycles.
Processing Flow, Pressure, or ECG Signals
In accordance with various example embodiments, and
referring to FIG. 7, blood flow, blood pressure, and ECG are
processed to remove noise, identify features and events, com
pute parameters, and detect alarm conditions. In some
embodiments, signal waveforms are compressed in order to
conserve power if the waveforms are communicated wire
lessly.
Process 701 provides conditioned and digitized input sig
nals. In this embodiment, signals include one or more cardiac
signals such as flow, pressure, and ECG. In process 702,
signals are denoised (e.g., in-band noise is removed using one
or more of several techniques such as adaptive filtering [1],
Kalman filtering [2], wavelet thresholding [3], band-pass fil
tering, signal averaging, and a multi-domain filtering process
such as the denoising approaches as described in U.S. patent
application Ser. No. 12/938,995, all of which are fully incor
porated herein by reference.
In some embodiments, a dynamic signal-to-noise ratio
(dSNR) is computed in process 703 to assess the whether a
signal is interpretable, by comparing to a threshold as in
process 713. In some embodiments, a dynamic confidence
signal (dGS) is computed in process 704 based upon dSNR,
feature signal characteristics, and signal morphology as
described earlier in FIG. 5. The specific approach used to
compute dOS may vary according to the signal type (e.g.,
blood pressure, flow, or ECG) and the parameter or event type
for which d('S is computed. The dOSis used to assess the
accuracy and validity offeature points and detected events. In
embodiments where multiple signals are processed, informa
tion from one signal may be used to improve the accuracy of
dCS as it applies to another signal. In one example, the detec
tion of a systolic pressure feature point of an arterial blood
pressure signal is used to verify that a QRS feature point
detected in a noisy ECG is valid. To assess validity of feature
points identified in process 705 and events detected in process
711, dCS is passed through from process 704.
In some embodiments, feature points are identified in pro
cess 705 from the denoised signal as described earlier in FIG.
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5. The validity of the identified feature points is assessed in
processes 706, 707, and 708 using the dCS computed in
process 704. Those feature points that are determined to be
valid are used to construct a feature signal including a two
dimensional sequence of values representing the time and
amplitude of the occurrence of features of interest within the
denoised signal. Examples offeature signals of possible inter
est that are derived (in various embodiments) from an ECG
include the R-wave, Q-wave, P-wave, S-wave offset, the
onset, offset and peak of the T-wave, and respiration cycles.
Examples of feature signals of interest in an arterial pressure
signal include systole, diastole, mean pressure over a cardiac
cycle, respiration, and the point of maximum dB/dt. Examples
of features of interest in a flow signal include peak flow, and
mean flow over a cardiac cycle. In some embodiments, the
feature signal is compressed prior to communicating to the
data review system in order to reduce the volume of data to be
transmitted. In the data review system the feature signal and
the denoised signal are used in combination to present a
graphic of feature point locations marked in the denoised
signal. This may be used to visually confirm the accuracy of
features and parameters computed within the TAMD, as may
be required by FDA GLP regulations or by other regulatory
bodies or by a user that is concerned about the accuracy of
derived information.

Feature signals are computed using one or more of a num
ber of approaches, and in some embodiments, feature signals
for flow, pressure, or ECG are computed by combining cer
tain signal subcomponents to create an emphasis signal that
exaggerates a particular aspect of the signal. Computations
for this approach may be effected in a manner that is consis

24
alarm is activated in process 710. Activation of an alarm can
cause an audible or visible form of communication to the

subject that a sensor failure has occurred. In some embodi
ments, activation of an alarm can cause TAMD 101 to com

municate a message to DCRS 106 indicating a sensor failure
has occurred. A person at the DCRS can then contact the
subject and take corrective action.
In process 711, events such as ventricular tachycardia,
atrial fibrillation, QT prolongation, and ST segment elevation
10
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attention. In some embodiments, the communication of
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ciencies in a data review center where the DCRS is located.

In some embodiments, signal waveforms are compressed
in process 712 to reduce the volume of data to conserve power
and extend battery life. Compression is accomplished as
described in FIG. 14.
30
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herein is used to detect sensor failure such as a loose ECG

skin electrode or pressure sensor failure. In process 709,
dSNR is compared to a threshold THA. If dSNR remains
below threshold THA for more than a predetermined time, an

requires prompt attention from a health care provider, or it
could be an event that occurred in a research study, such as
expiration of an experimental animal, that requires prompt
events that are classified as having lower level significance is
delayed to reduce cost of transmission (e.g., if cost of trans
mission is dependent upon time of day) or to facilitate effi

the ECG such as the T-wave and P-wave. Once the R-wave is

emphasized, the peak is clearly and accurately identified.
In one embodiment, the R-wave is emphasized by applying
a differentiator filter to the denoised signal and squaring the
resulting signal to emphasize the slope of QRS complex. In
another embodiment, MDSP subcomponents that correspond
to the energy of the feature of interest (e.g., R-wave) are used
to compute an emphasis signal. In some embodiments, a
combination of subcomponents is employed to create the
emphasis signal. Depending upon feature morphology differ
ent logic is used for detecting feature points by evaluating the
emphasis signal including detecting peaks, valleys, and zero
crossings in subcomponents or their combinations. In another
embodiment an adaptive threshold is used to detect features in
the emphasis signal.
In another embodiment, a respiration rate is determined by
evaluating ECG and pressure. Detection of respiratory rate
from ECG and arterial pressure is accomplished by low pass
filtering the R-wave feature signal, R-R interval signal,
R-wave peak amplitude and baseline feature signal or the raw
ECG signal as well as the systolic and mean blood pressure
feature signals. The low-pass filtered signal is further pro
cessed to detect inspiration and expiration phase and measure
respiration rate. By evaluating both ECG and pressure the
accuracy of respiration rate measurement can be improved
relative to evaluation of only one of the signals.
In some embodiments, a dSNR approach such as described

uncertain are further classified in process 711 as to their
degree of significance. In some embodiments, if an event is
found to be highly significant, TAMD 101 is configured to
promptly communicate a notification that such as event
occurred to DCRS 106. Such an event could be one that

tent with that shown in and described in connection with FIG.

5 and U.S. patent application Ser. No. 12/938,995, referenced
above. For example, computing the R-wave feature signal
involves emphasizing the R-wave so it stands out with a
higher amplitude and prominence relative to other features of

are detected and classified. In one embodiment, events are
classified as valid, invalid, or uncertain as described in FIG.5.
In some embodiments, events that are detected as valid or
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Detecting and Classifying Physiologic Events
In some embodiments, referring to FIG. 8, various cardiac
arrhythmia and hemodynamic events are detected, as may be
present in flow, ECG, photoplethysmography (PPG), and
pressure signals. Many of the principles outlined in this sec
tion also apply, but are not limited to, detection of event in
signals such as EEG, temperature, activity, and respiration.
Examples of cardiac arrhythmia events of interest include
bradycardia, tachycardia, Torsades de Pointes, atrial fibrilla
tion, atrial flutter, asystole, and ventricular fibrillation.
Examples of hemodynamic events that are detected include
hypotension, hypertension, and unstable hemodynamics such
as those that can occur during arrhythmias. In some embodi
ments, the accuracy of event detection can be improved by
evaluating multiple signals. For example, if a tachyarrhyth
mic eventis detected based upon evaluation of an ECG signal,
the system can discriminate between sinus tachyarrhythmia
and ventricular tachyarrhythmia by examining arterial pres
sure and determining if the characteristics of the arterial pres
sure signal are consistent with the occurrence of a life-threat
ening ventricular tachyarrhythmic event. In some
embodiments, detection of cardiac cycles in ECG and arterial
pressure signals are matched to verify consistency of cardiac
cycle detection.
In some embodiments, user interface software 305 pro
vides for the configuration of settings in DCRS 106 that are
communicated to TAMD 101 that will cause a denoised sig
nal containing a detected event to be captured. The denoised
signal can be saved just prior to, during, and for a period of
time just following occurrence of the event and will be com
municated to the DCRS. This will allow a researcher or cli
nician to view the transition into and out of the event as well

as observe the characteristics of the event itself. The captured
signal can be saved in the memory of TAMD 101 for later
communication to DCRS 106. An example of this is a tachy
cardia whereby the ECG is captured for 15 second prior to the
onset of the tachyarrhythmia through a time 15 seconds post
termination.

US 9,339,202 B2
25
In one embodiment, detection of an event is performed by
evaluating feature signal characteristics in process 805. Cri
teria for feature signal characteristics provided by input 804
are compared to the result of the evaluation of process 805. If
a match of feature signal characteristics and physiologic cri
teria exists, as determined by decision process 806, then a
possible event may have been identified. The dOS, provided
by input 802, is compared to threshold TH2 in decision
process 807. IfdCS, exceeds TH-1, then the eventis classified
as valid. In process 807 if dOS, is ~TH.1, then process 808
evaluates dcS, vs. threshold TH22. If the threshold is

5

10
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In another embodiment, respiration is sensed using a sen
sor attached to the diaphragm of an experimental animal. This
can be useful to obtain accurate measurements of respiratory
rate and tidal volume from a single sensor assembly that can
be surgically placed on the respiratory diaphragm. Referring
to FIG. 9, patch 901 is fabricated of a flexible material, such
as a Dacron fabric or an insulating polymer, containing a pair
of EMG sensing electrodes 902 and a strain gauge 903 that is
attached to surface of the respiratory diaphragm. A conduc
tive surface of the EMG electrodes is exposed on the side of
patch 901 facing the respiratory diaphragm. In one embodi

exceeded, the event is classified as uncertain. If the threshold

ment, electrodes 902 have a surface area of about 5 to 10

is not exceeded, the event is classified as invalid and is given

square mm and are fabricated of an inert metal such as tita
nium, MP35N, or stainless steel 316L. In some implementa
tions, the conductive surface of the electrodes is roughened by
sintering, etching, or another process in order to improve the
electrical contact between the electrodes and the diaphrag
matic tissue. In some embodiments, a coating such as plati
num is applied to the conductive surface to provide a reduced
half-cell potential. Connecting wires 905 are attached to each
electrode on the side opposite the diaphragm to connect to
amplification and conditioning electronic circuits in TAMD

no further consideration.

In some embodiments, valid events are tested in decision

process 811 to determine if they are considered to be highly
significant. To determine if an event is highly significant,
characteristics of the event such as morphology and rate, are
compared to the event significance criteria from input 801.
For example, if the detected and validated event was ventricu
lar tachycardia (VT) with a rate ~220 and this rate exceeded
the threshold for VT established by input 801, this event
would be deemed highly significant and the alarm would be
triggered. If an event is found to be highly significant, a
significant event alarm is triggered in process 812 and noti
fication that such as event occurred would be promptly com
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101.
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municated from TAMD 101 to DCRS 106.

In a more particular example embodiment, arrhythmic
events are detected in an ECG signal as follows. After com
putation of an R-wave feature signal as an input in process
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803, consecutive R-R intervals are evaluated to determine
whether the heart rate falls above or below the thresholds

specified in input 804 for tachycardia or bradycardia detec
tion. In one implementation, process 805 evaluates the heart
rate of 14 consecutive valid feature points. Ifat least 10 of the
feature points exceed the rate threshold, then a process 806
would indicate that a tachycardia has been detected. Decision
process 807 then evaluates dcSe during the event. If dOSe
exceeds threshold THe 1, then the tachycardia event is classi
fied as valid. In one embodiment, event criteria is set by a user
via user interface software 305 of DCRS 106. For example,
the criteria for detection of a tachyarrhythmia may specify the
heart rate threshold that must be exceeded for a predeter
mined proportion of the cardiac cycles in a sequence of car
diac cycles. In another embodiment, event criteria input in
process 804 include morphology criteria, such as QRS width
and amplitude, to allow process 805 to discriminate between
supra-ventriculartachycardia and life-threatening ventricular
tachycardia.
Respiration Signals.
In accordance with various example embodiments respira
tion information is extracted from sensors and signals of
various types. In one embodiment, respiratory rate is
extracted from blood pressure, flow, photoplethysmography,
and ECG signal using MDSP In another embodiment, the
signals indicating respiratory function include thoracic
impedance and diaphragmatic EMG. Impedance sensors
measure changes in impedance of the chest during respiration
and rely on modulation of the impedance signal by the vol
ume of air located in the lungs. Diaphragmatic EMG sensors
measure electrical activity of the diaphragm during respira
tion and indicate when the muscles of the diaphragm contract,
providing a diaphragmatic contraction signal. In some
embodiments, intrapleural pressure is measured, which can
be used in combination with indicators of inspiration and
expiration, as may be derived from diaphragmatic EMG or
impedance, to obtain a measure of airway resistance.
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In one embodiment, strain gauge 903 is adhered to the side
of patch 901 opposite the diaphragm and senses deflection in
the diaphragm during respiration. Strain gauge 903 is chosen
of a type that provides spring constant when deflected by the
diaphragm in order to allow the diaphragm to move relatively
freely. Various strain gauges can be used, such as those of a
type such as a piezoresistive or piezoelectric mechanism. In
one embodiment, piezoelectric strain gauge 903 includes a
piezoelectric nanowire such as that described in [22]. The
signal produced by strain gauge 903 is proportional to the
degree of deflection and is nominally proportional to the
depth of respiration. Connecting wires 906 are attached to
strain gauge 903 to conduct the signal to electronics for
amplification and conditioning in TAMD 101.
In one embodiment, the side of patch 901 facing the dia
phragm is fabricated of or coated with a material that quickly
promotes the growth of adhesions, such as Dacron. This is
used to promote rapid stabilization of the patch following
placement and in some situations preclude the need for
sutures to hold patch 901 in place, facilitating rapid deploy
ment. The side of patch 901 away from the diaphragm is
fabricated or coated with a material that will not promote
adhesions, such as silicone, in order to reduce the risk of
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adhesions to the abdominal organs. In one embodiment, the
length of patch 901 is about 35 to 75% of the lateral dimen
sion of the diaphragm. This distance provides for strong sig
nals from both sensors and improved correlation of signal
amplitude with depth of respiration, especially for the signal
derived from the strain gauge. In some embodiments where
interference with function of the diaphragm is of concern, the
length of patch901 is reduced to about 15 to 25% of the lateral
dimension of the diaphragm to reduce the area of scar tissue
on the diaphragm.
Processing EEG/ECOG Signals.
Referring to FIG. 10 and in accordance with another
example embodiment, EEG and ECOG signals are processed
to compute the power in frequency bands of interest and to
detect events such as epileptic events and sleep stages. In an
example embodiment, and referring to FIG. 10, a multichan
nel EEG signal input in 1001 is decomposed into subcompo
ments corresponding to spectral bands of interest in process
1003. Spectral bands of interest can include, for example,
those associated with alpha, beta, theta, delta, and gamma. In
process 1002, the entropy of the input EEG signals is evalu
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ated using techniques such as approximate entropy and mul signal indicating the time course profile of neural activity that
tiscale entropy. In addition, cross-correlation and coherence is used as an indicator of amplitude and frequency of nerve
between signal channels is computed. If entropy is low and firings in the nerve bundle.
In some embodiments, and referring to FIG. 11, the
correlation is high, it is indicative of a high level of organiza
tion of brain waves, such as would occur during an epileptic 5 denoised PNA signal is compressed in process 1106 in order
event or REM sleep. In process 1004, entropy of subcompo to reduce the volume of data that must be telemetered in order
ments is evaluated using a technique such as approximate to reduce current required by TAMD 101 to wirelessly com
entropy. In process 1005, the power or amplitude of selected municate the signal to DCRS 1106. Communication of the
spectral bands is computed from the related subcomponents 10 denoised and compressed PNA signal may be enabled on
by the user via a command entered in the DCRS user
and compared to a threshold. Detection of an event in process demand
interface
305, or it may be enabled automatically by TAMD
1006 is based upon a weighted combination of the output of 101 at regular
or pseudorandom intervals of time. The trans
processes 1002, 1004, and 1005. For example, in the case of mitted PNA waveform
(either denoised or the raw signal) can
an epileptic event, process 1005 would indicate an elevated be used for troubleshooting
to assess the viability of the
power in selected spectral bands. Process 1004 would indi 15 sensing electrodes or to verify the accuracy of the signal
cate a low-level of entropy of subcomponents and process processing algorithms on board TAMD 101.
1002 would indicate high coherence and low entropy between
In an example embodiment for denoising the PNA signal,
signal channels during an epileptic event.
and referring to FIG. 11, the input conditioned and digitized
Evaluation of the power in defined frequency bands pro PNA signal is processed in 1100 to remove low-amplitude
vides the researcher with information on brain functioning 20 background noise such as that introduced by the amplifier or
including sleep stage, depth of anesthesia, cognitive state of radiated emissions. Several methods can be used to remove
the subject, and the brain centers impacted by a particular background noise [3, 23, 24]. In one embodiment, the input
drug. In some embodiments, in response to detecting a sig PNA signal is decomposed into subcomponents, decomposi
nificant event, capture of the EEG is triggered before and after tion coefficients that are below a pre-specified threshold rule
a relevant transition occurred in order to confirm the shift in 25 are deleted. The threshold can be identified in a variety of
EEG pattern or to allow further analysis, either through the manners, such as by using a technique described by Donoho
use of additional processing in DCRS 106, or through evalu
[3]. In one embodiment, the decomposition is wavelet-based
and the background noise removal is accomplished by wave
ation by an operator skilled in review of EEG waveforms.
In some embodiments other feature signals and denoised let thresholding.
signals are evaluated in combination with EEG in order to 30 Following removal of background noise in process 1100,
improve the accuracy of detection. For example, evaluation of high amplitude noise such as EMG or ECG noise is removed
EMG in combination with EEG may improve the accuracy of in process 1101. In one embodiment, high amplitude noise is
removed by decomposing signals collected in a first domain
detection of certain types of epileptic seizures.
By processing the EEG within TAMD 101 in the manner into a second domain of higher dimension than the first
described here, the volume of data requiring transmission and 35 domain. In some embodiments, decomposition is accom
the power required to transmit data can be substantially plished using a discrete cosine transform [4], Fourier trans
reduced. By implementing the signal processing algorithm form [5]. Gabor transform [6] or Karhunen-Loeve transform
efficiently within TAMD 101, the power required to process
[7,8]. In another embodiment, decomposition is accom
the data is much less than the power that would be required to plished using a wavelet-related transform and the decompo
transmit the waveforms for analysis in the data review system. 40 sition levels correspond to wavelet scales. Decomposition
Hence, a net reduction in current consumed by TAMD 101 coefficients corresponding to high amplitude noise, such as
can be achieved.
ECG and EMG, are identified by using PCA, ICA or spatially
Processing PNA. Signals.
selective filtering as described in U.S. patent application Ser.
In connection with various embodiments, and referring to No. 12/938,995, referenced above. Once identified, ECG and
FIG. 11, signals from a peripheral nerve, referred to as periph- 45 EMG noise is removed by deleting the identified coefficients.
eral nerve activity (PNA), are conditioned (e.g., amplified and The residual signal subcomponents are used to reconstruct a
filtered to remove out-of-band noise) and digitized and the denoised signal in the first domain.
digitized signal is processed to remove noise and extract
In another embodiment, an envelope of the denoised PNA
information using a computerized algorithm. In some signal is used to provide an indication of amplitude and fre
embodiments, a sensor used to capture PNA signals includes 50 quency of nerve firings to quantify neural activity. The enve
multiple conductive elements (electrodes) secured on or lope can be computed by rectification and bin-integration of
around a nerve that pick up the electrical activity associated the denoised signal [25]. In one embodiment, the envelope is
with nerve firings. The embodiments described here are par computed as the square root of the energies of the original and
ticularly well suited to situations where the number and fre the orthogonal components of the signal. The orthogonal
quency of firings of nerve fibers contained within a nerve 55 component can be computed by using a Hilbert transform of
bundle is of interest.
the denoised signal. In yet another embodiment the envelope
The signal sensed by the electrodes is conditioned and can be computed as the sum of low-pass filtered original and
digitized, in which conditioning includes amplification and orthogonal components of the signal.
filtering with an antialiasing filteras well as high pass filtering
In various embodiments, the resulting envelope is used to
to remove baseline fluctuations. In some embodiments, the 60 indicate the frequency and amplitude of bursts of peripheral
filtering provided in the conditioning process removes most nerve firings and provide insight into the degree of nerve fiber
of the out-of-band noise. The conditioned and digitized signal recruitment. Nerve fiber recruitment is measured and used to
is denoised to remove at least some of the noise present in the provide insight into the role of peripheral nerves in regulation
captured PNA signal by, for example, electrical interference of physiological function and in the titration of neural stimu
from radiated electromagnetic energy sources, noise intro- 65 lation therapies. The bursts of peripheral nerve firings are the
duced by the amplifier, ECG, EMG, or other sources. An result of coordinated firing of individual nerve fibers and the
envelope is computed for the denoised signal to provide a amplitude and frequency of these bursts carry information
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about the proportion of fibers recruited and their response to
physiologic changes. These bursts can be detected using peak
detection methods such as fixed or adaptive threshold meth
ods. These threshold methods can be applied to the envelope
or a signal derived from the envelope that emphasizes the
peaks. In one embodiment, the peaks are emphasized by
applying a differentiator filter to the envelope. The detected
peaks can be further processed to report PNA parameters such
as frequency, amplitude, and incidence of bursts per cardiac
cycle in addition to average level of neural activity over time.
In addition to sympathetic nerves, this same approach can
be used to quantify neural signals acquired from other periph
eral nerves such as parasympathetic nerves and motor neu

10

I’OilS.

In another embodiment, the evoked response from a peri
odic stimulation of a nerve is measured in the vicinity of the
nerve to diagnose and evaluate pain. Electrodes used to sense
these signals can include needle electrodes that are inserted
through the skin with the tip placed near a nerve, using
approaches as described herein to process such signals as may
be characterized by low SNR and a limited number of
observed channels. In some implementations, these signals
are segmented in the time domain based upon knowledge of
timing of stimulation. Segmentation in the time domain
facilitates the creation of the equivalent of multiple channels
from the observed signal, hence increasing the number of
dimensions in the first domain. The signals are decomposed
into a second domain and noise and signal subcomponents are
discriminated using principal component analysis and spa
tially selective filtering, using approaches such as described
in U.S. patent application Ser. No. 12/938,995, referenced
above. This denoising facilitates evaluation of the evoked
response of thin nerve fibers responsible for pain signaling
(e.g., A-delta and C fibers).
Reporting Arrhythmia Information of a Subject
In some embodiments, and referring to FIG. 12, a system is
configured for reporting an arrhythmia summary of subjects
evaluated for the presence of cardiac arrhythmias. This can
include human and animal subjects whose health is at risk due
to cardiac arrhythmias and human and animal subjects that
are being evaluated for arrhythmias as part of a clinical or
preclinical trial of a device or drug. TAMD 1201 (examples
shown as 1201A and 1201B) is worn by or implanted within
a subject. TAMD 1201 senses and processes ECG signals to
identify arrhythmias and other information such as parameter
values and wirelessly transmits the information to a wireless
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that no useful information can be extracted oridentified in the
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events since it is the easiest and most reliable to detect. The

40

45

ment, communications link 1206 is a cellular data network or

smart phone capable of accessing a web site or receiving
email. Communications link 1204 may be a wide area net
work such as the internet or a cellular network. Reports may
be received by email, fax, or via a website.
In accordance with example embodiments, referring to
FIG. 13, identification of feature points, computation of
parameters, and detection, classification, and validity assess
ment of events takes place within TAMD 1201. For additional
detail regarding approaches to signal decomposition, identi
fying signal and noise subcomponents, denoising, and iden
tifying feature points and arrhythmic events that may be
implemented herewith, reference may be made to U.S. patent

To compute the dynamic Confidence Signal (dCS,) for an
R-wave feature point in process 1311, then dSC, M,”k”

dSNR where Mi is 1 or 0, dSNR is the dynamic signal to noise
ratio, and k is a constant that depends on the type of feature

1206 (examples shown as 1206A and 1206B). In one embodi

remote communicator 1205 via communication link 1204. In
some embodiments remote communicator 1205 is a PC or

signal, even if reviewed by a trained person). In alternate
embodiments, identification of uninterpretable segments
could be performed following detection of events and feature
points.
In process 1308, feature points are identified. In one
embodiment, feature points are identified by combining rel
evant signal subcomponents to create one or more feature
signals. Feature points of interest include R-wave peak, P-on
set, Q-onset, S-offset, and T-wave offset. The peaks and val
leys of each feature signal are evaluated, as appropriate, to
identify feature points of interest. In process 1307, morphol
ogy is evaluated for use in assessing the validity of a feature
point. In one embodiment, morphology is evaluated by com
bining appropriate subcomponents to form an emphasis sig
nal. The peaks and valleys of the emphasis signal are evalu
ated to identify the presence of relevant morphologies. The
specific type of morphology of interest depends upon the type
offeature detected for which validity is being assessed. In one
embodiment, the R-wave feature signal is used for detecting
output of the morphology evaluation process 1307 functions
as a multiplier, M, to provide an output equal to 1 if morphol
ogy indicates that it is likely that an R-wave exists and 0 if not.

communication module connected to communications link

wide area network such as the Internet. The arrhythmia and
other information is received at DCRS 1203. Arrhythmia
events are classified as to their type (e.g., VT, bigeminy, atrial
fibrillation, etc.) and a report is e compiled and forwarded to
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application Ser. No. 12/938,995, referenced above. Condi
tioned and digitized input signals 1301 are decomposed into
subcomponents and signal and noise subcomponents are
identified in process 1302. In process 1303, the ratio of energy
in signal and noise subcomponents is computed as dynamic
signal-to-noise ratio (dSNR). dSNR in process 1303 is com
puted for a cardiac cycle, and can also be computed for
regions within a cardiac cycle such as a segment in the vicin
ity of T-wave offset. In decision process 1305, dSNR is com
pared to a threshold TH, 7. IfdSNR exceeds the threshold, the
signal is classified as interpretable and the signal-related sub
components are passed downstream via 1304 and 1306 for
additional processing and reconstruction of a denoised ECG
signal as needed. If dSNR is less than TH, ºr, then the segment
is classified as uninterpretable (process 1309) (e.g., meaning
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point for which dSC, is being evaluated.
In decision process 1315, dSC, is compared to a threshold
TH). If the threshold is exceeded, the feature is classified as

valid in process 1316 and, in some embodiments, valid fea
tures (e.g., R-R interval) are combined to compute a param
eter (e.g., heart rate) in process 1321. If the threshold is not
exceeded, the feature point is classified as invalid and ignored
for the purpose of computing a parameter, as in process 1318.
In process 1310, the morphology of the QRS complex is
evaluated (e.g., in a process similar to that described for
process 1307). In process 1314, a dynamic Confidence Signal
for ECG arrhythmic events (dGS.) is computed. In one
embodiment, dCS, is a function of the dSNR computed in
process 1303, the morphology evaluation in process 1310,
and the R-wave feature signal characteristic evaluation in
process 1312. For example, when detecting ventricular tachy
cardia (VT) from an ECG, the feature signal would be evalu
ated to assess the heart rate. If the heart rate exceeds the

threshold established for detection of VT, then the QRS com
plex is evaluated for morphology typical of a beat initiated in
the ventricle.
65

Evaluated feature point characteristics that may impact
dCS, include rate and regularity. For example, if the heart rate
computed from an ECG exceeds a threshold, it may be indica
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tive of high levels of EMG noise. In some implementations,
process 1312 is configured to trigger process 1314 to consider
the morphology of the ECG signal based upon such feature
point characteristics. If morphology evaluation indicates the
presence of a high-amplitude EMG signal, the value of dOSis
driven low and the event would be deemed invalid. The output
of the morphology evaluation process 1307 functions as a
multiplier equal to 1 if morphology indicates that an event
could be valid and 0 if not. The dSC-M,”k* dSNR where Mi
is 1 or 0, where dSNR is the dynamic signal-to-noise ratio,
and kis a constant that depends on the type of event for which
dSC, is being evaluated. Arrhythmic events are detected in
1317 in a process involving evaluation of feature signal char
acteristics. For example, a highly irregular heart rate could be
indicative of atrial fibrillation. As another example, a feature
signal indicating a high heart rate may indicate the presence
of VT while a pattern of one fast beat followed by one slow
beat would indicate the presence of a bigeminy.
In decision process 1320, dSC, is compared to a threshold
TH, to determine if the event detected in process 1317 is
valid. If threshold TH2 is exceeded, the event is classified as
valid. If threshold TH2 is not exceeded, then dSC, is com
pared to a second threshold TH2, where TH,23H-1. If TH,
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sumed in the communication module and to increase effective

is exceeded, then the detected event is classified as uncertain,

meaning that the detected event is either valid or invalid. If
dSC, «TH, then the detected event is classified invalid. In
some embodiments, threshold TH2 is chosen such that if
dSC-TH, the likelihood of that the event is valid is so high
that there it isn’t justifiable to have a trained person review the
event and it can therefore be included in an arrhythmia report
without further review. Likewise, TH2 may be chosen such
that ifdSC, is ‘TH.2, then the eventis invalid with avery high
likelihood. In this case, review by a trained person is deter
mined as not justified and the event is excluded from the
arrhythmia report. In some embodiments, the process used to
create the arrhythmia report recommends that events classi
fied as uncertain be reviewed by a trained person to assess
validity. In other embodiments, the process used to create the
arrhythmia report uses a cost-benefit of reviewing events
classified as uncertain as inputs to a weighting algorithm, and
concludes that review is unjustified in response to the inci
dence of uncertain events being smaller thana threshold. This
embodiment can be used when arrhythmia events or arrhyth
mia reports are communicated directly to a patient for the
purpose of managing their own health.
In one embodiment, parameters computed in process 1321
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and ECG waveforms for uncertain events and valid events are
cess 1325 and are communicated to wireless communication
50

Wireless communication module 1202 can be located near

the monitored subject and is capable of communicating with
TAMD 1201 using a short-hop communication technique
such as Bluetooth or the Medical Information Communica
tion Service. Communication module 1202 is in communica
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tion with a means of accessing the internet or cellular network
to forward the information to DCRS 1203 where the infor

mation is received in process 1326. A trained person reviews
uncertain events in process 1327 and decides whether those
events are valid or invalid. In process 1328, arrhythmias are
classified as to their type (e.g., VT, bigeminy, supra-ventricu
lar tachycardia, trigeminy, atrial fibrillation, etc.) and valid
arrhythmic events and parameter information are incorpo
rated into the arrhythmia report in process 1328 for use in
decision making. The report may include the prevalence of
various types of arrhythmias as well as denoised waveforms
for all or some of the valid arrhythmia events detected. In

memory space. In one embodiment, capture of a waveform
strip for real time or later transmission is triggered by detec
tion of an event or an alarm. In another embodiment, capture
ofa waveform strip is triggered automatically by the comput
erized controller of TAMD 101 based upon lapse of predeter
mined time intervals. Time intervals at which waveform strips
are automatically captured can be regular or pseudorandom.
Compression
In connection with various example embodiments, and
referring to FIG. 14, waveform signals are compressed prior
to wireless communication in battery powered subject
devices such as TAMD 101 and 1201 in order to reduce the
volume of data to be transmitted. In some embodiments

forwarded to TAMD wireless communication module in pro
module 1202 (with examples shown as 1202A and 1202B).
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some embodiments, parameter information may also be
included in the report including heart rate, QT interval, PR
interval, and QRS duration. Decision making may include use
of the information to decide upon a therapy regimen for a
patient being treated for arrhythmias or it may include deci
sions on the safety and efficacy of an experimental therapy.
Capture of Denoised Waveforms for Communication to Data
Review System.
In some embodiments, TAMD 101 captures the denoised
signal for a specified duration or stores multiple consecutive
durations of a denoised signal waveform and stores it in
memory element 205 of TAMD 101 for later communication
to the data review system. A waveform strip or contiguous
multiple waveform strips are captured to validate the accu
racy of a feature signal created within TAMD 101, for per
forming specialized analysis off line by the researcher, for
trouble shooting, or to provide a continuous recording to
satisfy regulatory or study protocol requirements. In some
embodiments compression is applied to the denoised wave
forms prior to wireless communication to reduce power con

involving TAMD 101 and 1201, when compression is imple
mented efficiently, computing a compressed signal requires
less energy than wirelessly communicating the uncom
pressed signal, thereby increasing battery life.
The choice of compression scheme is dependent upon the
ability of a given scheme to leverage redundancies in the
signal. In some embodiments, compression factors for signals
exhibiting pseudoperiodic behavior such as ECG can be as
high as 20 and when compression is computed in an efficient
manner, resulting in more than a factor of 12 extension in
battery life when full disclosure ECG waveforms are trans
mitted. Beyond computational efficiency and compression
factor, it is also important to consider the degree of distortion
introduced by the choice of compression scheme. Many com
pression schemes sacrifice signal fidelity in exchange for a
high compression ratio and hence sacrifice the accuracy and
clinical utility of the transmitted signal. The ideal compres
sion scheme is therefore one that has a high compression
ratio, exhibits negligible distortion following compression
and decompression, and can be implemented very efficiently
in an embedded system. For additional detail regarding one or
more approaches to compression as may be implemented in
accordance with various example embodiments, reference
may be made to U.S. patent application Ser. No. 12/938,995,
referenced above.
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For signals exhibiting a quasi-periodic nature such as ECG,
blood pressure, flow, pulse oximetry, and respiration rela
tively high rates of compression are achieved by leveraging
the redundancy present in consecutive cardiac cycles. In one
embodiment, and referring to FIG. 14, a denoised quasi
periodic signal is segmented by cardiac cycle or respiratory
cycle using detected features in process 1403. Also in process
1403, cycles are sorted by length to increase the degree of
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redundancy in a two-dimensional (2D) image plot created in
process 1405. This two-dimensional image shows consecu
tive cardiac or respiratory cycles in one dimension and the
tracing of each cardiac cycle in the other dimension. A sorting
table is created in process 1404 documents the location of
each cardiac cycle within the two-dimensional sorted image.
This table is transmitted to the DCRS along with the com
pressed image and is used in the decompression process to
properly order the cardiac cycles prior to reconstruction. The
2D image created in process 1405 is compressed in process
1406 using techniques that leverage redundancies between
adjacent cardiac cycles. In some embodiments, redundancies
across adjacent subbands or wavelet scales are utilized by
wavelet or cosine transforms of the image. Examples of tech
niques that could be utilized to achieve efficient compression
of the 2D image in process 1406 include embedded zerotree
wavelet (EZW) [26], set partitioning in hierarchical trees
(SPIHT) [27], modified SPIHT [28] and embedded block
coding with optimal truncation (EBCOT) encoding algo
rithms [29].
When compressing a signal, the compression factor is
affected by the level of noise present in the signal, as noise
reduces the degree of redundancy in adjacent cardiac cycles.
Denoising the signal prior to compression using an MDSP
approach as discussed herein is used in such situations to
provide for improved compression ratios. Another attribute of
such MDSP approaches that can be used to achieve an
improved compression ratio is the ability to very accurately
detect the cardiac cycle (e.g., QRS complex of an ECG) and
accurately and consistently identify a fiduciary point in the

cardiac cycle (e.g., the peak of the R-wave). This allows the
cardiac cycles to be precisely aligned in the two dimensional
image. This not only increases the redundancy between adja
cent cardiac cycles, and hence improves the compression
ratio, it also reduces the signal distortion resulting from the
compression-decompression process. Another attribute of
MDSP that can be used to improve compression performance
(in connection with various embodiments) involves accu
rately and reliably identify segments of an ECG that are
uninterpretable (e.g., have no useful information, even when
reviewed by a trained person). Since segments classified as
uninterpretable have no useful information, in some applica
tions, these segments are replaced with zero-value samples
and imposing an artificial cardiac cycle length as a function of
the length of other cardiac cycles observed in the subject.
Doing so will increase the redundancy between adjacent
cycles and hence will increase the compression ratio and
reduce TAMD power consumption.
In another embodiment, an efficient compression of a
quasi-periodic signal is accomplished by phase wrapping
cardiac cycles and converting the source signals into a polar
or cylindrical system of coordinates [30]. The signal is effi
ciently represented by a 3 dimensional plot of phase-aligned
cardiac cycles and compressed.
In another embodiment an ECG signal is compressed by
calculating and subtracting a reference P-QRS-T template
from detected normal P-QRS-T complexes. The residual data
is low-filtered, decimated and compressed using differential
and entropy based encoding. The reference beat is encoded
using lossless encoding techniques.
For signals such PNA and EMG, where the denoised signal
is often sparse but may not be characterized as pseudoperi
odic, otherapproaches are carried out to achieve high levels of
compression. The sparse signal can be compressed by any of
several compression schemes such as direct time-domain
coding or transform based coding [31]. Sparse characteristics
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of such signals are used to facilitate the effective denoising
with these approaches to achieve efficient compression (e.g.,
of PNA and EMG signals).
For signals such as EEG, which are characterized by high
entropy, transform based coding is used to improve compres
sion rate.
Communication Modules.

In one embodiment, a bidirectional communication mod
ule 207 is located in each TAMD 101. This communication
10

15

module receives commands and control parameters from the
data collection system. Examples of commands received by
TAMD 101 may include which types of features are to be
extracted, which parameters are to be computed and how
often, alarm trigger thresholds, sampling rates, dCS and
dSNR threshold levels, event detection criteria, and confi
dence threshold levels. A communication module located in
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the data collection system communicates with the TAMD. In
various embodiments, the communication modules employ
low-energy Bluetooth communications, Zigbee, 6 LoWpan,
or proprietary communication protocols can be employed on
any of the ISM frequency bands, 916 and 400 MHz, for
example.
Data Collection and Review System (DCRS).
In connection with various example embodiments, a data
collection and review system (DCRS) as discussed herein is,
along with communication modules, implemented as part of
a data collection system as shown in FIG. 3. In one embodi
ment, the DCRS provides three primary functions: a) an input
device/circuit for allowing a user to enter control functions
and operating parameters for communication to TAMD 101
via user interface software 305, b) compressed signal recon
struction via process 306, storage and archival information
received from the TAMD via data and program memory 307,
c) review, display, analysis, classification, and report genera
tion for information received from the TAMD, and d) control
of remote alarm and communication functions to provide a
warning to a remote communication device that an alarm has
occurred. In one embodiment the DCRS stores data in com
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pressed form and reconstructs upon retrieval in order to save
disk and backup media space.
In one embodiment, and referring to FIG. 15, statistical
analysis of extracted features, parameters and events are dis
played as pie chart 1501. This allows a user to quickly view
the types and prevalence of arrhythmias present. In one
example, pie chart 1501 displays the breakdown of the 9%
prevalence of each type of event/rhythm present is a specified
time period. In this example, the percentage of each of the
following classifications for the time period are normal sinus
rhythm (NSR), ventricular tachycardia (VT), premature ven
tricular contraction (PVC), segments in the time period clas
sified as uncertain, and segments in the time period classified
as uninterpretable. In one example, the user may elect to
display a pie chart for a 24-hour period. Once displayed on the
pie chart, the user can click on a segment of the pie chart to
display the recorded events/signals for the selected classifi
cation. For example, if the user clicked on pie chart slice
1502, VT events would be displayed. In one embodiment, the
waveform is displayed with markers showing the location of
identified feature point (QRS detections, T-wave offset, etc.).
In one embodiment the collected data are organized into a
database that enables efficient querying approaches, informa
tion retrieval and data mining tools. An example of such
database is data warehouse which includes tools to extract,
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transform, and load data into the repository.
In another embodiment, referring to FIGS. 1 and 3, the
DCRS facilitates communications with a slave computing
device 304 that runs applications that can interact with the
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DCRS. Communication link 302 may include one or more of

36
304 communicates an instruction back to DCRS 106 which in

a local area network, wide area network, or cellular data

network. The addition of the application portal facilitates user
customization of the system without the need to change the
core programming in the DCRS This facilities customer or
manufacturer customization or functionality changes while
preserving the integrity and reliability of the core system.
This approach can be used when the core system is used to
collect data in GLP studies where validation can be very
expensive and time consuming. Through the slave computing
device, functionality can be added for those customers that
want it without providing updates to the core system that
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would drive a need for a new validation effort for GLP cus

tomers that may not have a need for the added functionality.
For example, in one embodiment, the functionality of the core
DCRS system is limited to collection of data received from
TAMD 101, providing rudimentary statistical analysis such
as group mean statistics, dose response curves, and providing
the ability to review the collected data and statistical results.
In one embodiment, the system is used in an animal study
of thermoregulation. DCRS 106 communicates collected
data to slave system 304 in real time. Slave computing device
304 evaluates the received data and controls application of
power to cooling and heating elements in the animal’s envi
ronment as a function of data collected by DCRS 106. This
functionality could be added to the slave system without any
changes to DCRS 106.
The communications link 302 may include a wired or
wireless communication interface and may employ USB,
Bluetooth, Ethernet, serial, parallel digital, or infrared com
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In one embodiment TAMD 101 is constructed so as to fit in
25

30

munications. The DCRS 106 and communications link302 is

configurable for communicating information on a delayed
basis or in real time. Slave computing device 304 processes
the information received from the data review system and
uses it to perform a useful function such as extracting addi
tional information, providing a data display function, or pro
viding a control function as part of an experimental protocol.
In some embodiments, slave computing device 304 is a per
sonal computer outfitted with the necessary peripheral
devices to perform the required functions. For example, slave
computing device 304 can provide analysis or processing of
the data communicated to it by the data review system and can
act on the data, providing information to the user that is
customized to their specific needs or it can communicate a
signal back to the data review system that can initiate a change
in configuration or operation. Slave computing device 304
can display the results of the additional analysis or process
ing, or take action to implement some useful function, includ
ing providing a feedback control to an experimental protocol.
In another example, TAMD 101 streams real time data to
slave computing device 304 via communication link 302.
Device 304 is interfaced to a control mechanism capable of
administering a drug to an experimental subject. Device 304

a small and lightweight housing that incorporates electronics
for sensing, amplifying, and digitizing one or more ECG
signals, a computing device for executing computerized
instructions for processing the ECG signals (e.g., for remov
ing noise from the signals), and a battery to power said elec
tronics. In other embodiments the computing device also
performs one or more of storing denoised ECGs for later
retrieval, detecting arrhythmias, and measuring ECG inter
vals such as QT interval. In other embodiments TAMD 101
provides a wireless, wired, or removal media function to
communicate ECGs and extracted information to DCRS 102.

In some implementations, the TAMD 101 includes a fastener
35

40

45

that fastens the TAMD 101 to an electrode, with TAMD 101

being of size and weight to be supported by the electrode and
an adhering material that adheres the electrode to a patient.
In one embodiment, and referring to FIG. 16, TAMD 1602
processes a two-lead ECG signal to remove noise, is pack
aged in a small and lightweight housing (e.g., “15 cc in
volume and that weighs “15 grams), and incorporates an
ECG electrode snap 1606 on one side such that it can be
attached directly to surface ECG electrode 1607 such as a 3M
(St. Paul, Minn.) Model 2259. In this embodiment, filtered
ECG signals are electrically communicated to a Holter or
event recording device 1601 via cable 1605.
In one embodiment, two off-board electrodes 1603 are

50

electrically connected to TAMD 1602 via connection wires
1604 and 1609. Snap 1606 serves to mechanically secure
TAMD 1602 to the subject and also provides for electrical
connection from electrode 1607 to the front-end electronics

evaluates the real time data received from DCRS 106 and uses

it to adjust the administration of a drug to a laboratory animal
subject via the control function of Device 304. This added
functionality of using data received from TAMD 101 to con
trol administration of a drug is accomplished without change
to DCRS 106 and only involves modification of slave com
puting device 304.
In another example, TAMD 101 sends an alarm to DCRS
106 indicating that an arrhythmic event has occurred in a
subject. Slave computing device 304 has been programmed
by the customer to automatically change the configuration of
TAMD 101 to continuously transmit a denoised signal to
DCRS 106 if such an event were to occur. Upon receiving the
alarm signal from DCRS 106 that the event occurred, device

turn communicates an instruction to TAMD 101 to provide
transmission of a continuous denoised signal.
In yet another example, TAMD 101 sends an alarm mes
sage that the heart rate of an experimental animal has fallen
below a rate needed to sustain life for a predetermined period
of time, indicating that the experimental animal subject has
died. The alarm is received by DCRS 106, which in turn sends
a message via communication link 302 to remote communi
cation device 303. In this example, remote communication
device 303 is a pager worn by laboratory personnel. Upon
receiving the message, the person makes arrangements to
perform an autopsy on the experimental animal as soon as
possible. In yet anotherexample, the alarm message indicates
that a patient wearing TAMD 101 has experienced a life
threatening event such as VT. DCRS 106 receives the mes
sage and forwards it via communication link 302 to remote
communications device 303, which, in this example, is a
console at an emergency response center. In response, the
emergency response center dispatches an ambulance to the
patient’s location.
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of TAMD 1602. Incorporating snap 1606 directly into the
TAMD 1602 and packaging TAMD 1602 in a small, thin, and
lightweight package can be useful for avoiding the need for
monitored subject 1608 to wear a strap around the neck or use
a belt clip to secure TAMD 1602 to subject 1608. These
package characteristics allow electrode 1607 to both hold
TAMD 1602 in place and electrically connect TAMD 1602 to
electrode 1607. This may be useful for improving comfort
and convenience of subject 1608 by eliminating the need for
a third electrode wire, such as 1604 and 1609 and also by
eliminating the need for a different means of securing the
device such as a string around the neck or belt clip. This
arrangement may also be useful by providing the subject
comfort and convenience in combination with high quality
ECG recordings that result from a relatively wide electrode
spacing.
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In some embodiments, such high quality ECG recordings
are achieved in such a small package as facilitated by the use
of denoising approaches described herein and/or in the under
lying patent documents to which priority is claimed, which
can be effected with relatively low processing overhead and
power, via compact circuitry with a relatively small battery. In
connection with such embodiments, it has been recognized/
discovered that the use of such denoising approaches can
facilitate the ability to render such functionality in a small
package that is comfortably wearable and supported by a
single electrode.
In another embodiment, and referring to FIG. 17, TAMD
1701 is configured as a two-lead Holter device. It processes a
two-lead ECG to remove noise and stores the denoised (e.g.,
filtered) ECG in on-board memory. Data stored in memory
can be communicated to DCRS 102 using a wired connection

5

and alarms such as lead off.

In one embodiment, TAMD 101 is a Holter or event moni
10

15

such as a USB interface or a wireless means such as RF or

infrared communications. In one embodiment, the device is

packaged in a small and lightweight housing of ~15 cc in
volume and <15 grams weight, and incorporates an ECG
electrode snap 1702 on one side such that it can be attached
directly to surface ECG electrode 1703 such as a 3M (St. Paul,
Minn.) Model 2259.

20

25

30

35

40

45

tains an RF communication link such as Zigbee or Bluetooth
and communicates to a receiving device such as a mobile
phone, computer, or base station that one or more leads are in
poor contact with the skin. The receiving device is pro
grammed to communicate an appropriate message to one or
more of a monitoring service center, the cell phone of the
subject wearing the device, or the cell phone of a friend,
relative, or caretaker of the subject. The person or persons
receiving the message can then take appropriate action to
correct the issue.

In another embodiment TAMD 101 employs a bidirec
tional communication link that allows a device with Blue
50
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ECG leads are disconnected.

Referring to FIG. 21, a representative drawing of TAMD
1701 and 1602 is shown, as applicable to one or more embodi
ments. Snap 2101 provides for mechanical and electrical
connection to an ECG electrode adhered to the patient’s skin.

USB interface, a micro-USB communications port is located
inside the device housing such that it is accessible when the
screw-on battery cap is removed.
Some embodiments of TAMD 101 operate for detecting
that one or more ECG electrodes are no longer making
adequate contact to provide a good quality signal. In one
embodiment, TAMD 101 provides a visual alarm such as a
flashing LED. In another embodiment, TAMD 101 provides
an audible alarm. In another embodiment, TAMD 101 con

need for a third electrode wire, such as 1704 and 1706 and

also by eliminating the need for a different manner of secur
ing the device such as a string around the neck or belt clip.
This arrangement may also be useful by providing the subject
comfort and convenience in combination with high quality
ECG recordings that result from relatively wide electrode
spacing.
Accordingly, various embodiments are directed to a
patient-worn apparatus for recording an ECG from the
patient, as may be implemented in a manner similar to that
shown in FIG. 17. A first circuit (e.g., at 1701) digitizes an
ECG signal obtained from the patient via at least two ECG
leads (e.g., from 1703 and one or both of electrodes 1705). A
computing circuit (e.g., also at 1701) decomposes the digi
tized ECG signal into subcomponents, computes a statistical
variance of the subcomponents over a time interval (e.g.,
10-60 seconds), and determines if one of the at least two ECG
leads is disconnected from the patient based upon the statis
tical variance of the subcomponents. In some embodiments,
the computing circuit generates a triggeralarm in response to
determining that one of the at least two ECG leads is discon
nected, and communicates the trigger alarm to at least one of
the patient and a wireless communication circuit. In certain
embodiments, the computing circuit operates in a low-power
mode in response to determining that all of the at least two

In some embodiments, TAMD 101 is operable for sub
merging in water without impact upon function. This can be
accomplished in part by back-filling most of the enclosure
with epoxy or similar material. The lining of the battery cap
contains a rubber O-ring to provide a moisture seal. In some
embodiments where communication of data is handled via a

connection from electrode 1703 to the front-end electronics

of TAMD 1701. Incorporating snap 1702 directly into the
TAMD 1701 and packaging TAMD 1701 in a small, thin, and
lightweight package can be useful for avoiding the need for
monitored subject 1707 to wear astrap around the neckoruse
a belt clip to secure TAMD 1701.
These package characteristics allow electrode 1703 to both
hold TAMD 1701 in place and electrically connect TAMD
1701 to electrode 1703. This may be useful for improving
comfort and convenience of subject 1707 by eliminating the

tor and includes a subject activated symptom marker that
places a mark in the data recording when activated. In one
embodiment, TAMD contains at least one pair of sensors on
opposite sides of the housing. When the subject squeezes the
sides of the device together (e.g. by squeezing with thumb and
index finger) the sensors detect that it is being squeezed and
an event mark is triggered. In one embodiment the sensors are
pressure sensors and the housing design is adapted for trans
mitting pressure from the subject’s fingers through the wall of
the housing to the sensor located inside the housing. In
another embodiment, the sensors are capacitive sensors that
sense that the subject has placed fingers on both sides of the
device.

In one embodiment, two off-board electrodes 1705 are

electrically connected to TAMD 1701 via connection wires
1704 and 1706. Snap 1702 serves to mechanically secure
TAMD 1701 to the subject and also provides for electrical
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In one embodiment, snap 2101 is a standard size snap com
monly used for ECG electrodes. Housing 2102 contains the
electronic circuits of the TAMD. Battery cap 2103 provides
access to the battery. In one embodiment, the cap is threaded
and contains a rubber O-ring inside to protect moisture
ingress. LEDs 2104 are used as indicators of operating status

tooth capability such as a smart phone or computer to com
municate setup and configuration information to TAMD 101.
Such information communicated may include sampling rate,
parameters to be extracted from the ECG, and patient/subject
information. This may also provide the capability to interro
gate device status such as remaining battery life and the
portion of time that a good quality signal has been recorded.
In other embodiments TAMD 101 incorporates a “leads
connected” mode that automatically assesses the quality of
the signal received from the electrodes. In some embodiments
TAMD 101 evaluates the quality of the ECG by determining
whether QRS complexes are detected with sufficient regular
ity and frequency. If the quality of the signal is good, the
system communicates that the ECG electrodes are connected.
If it senses that the electrodes are not connected, an alarm is
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issued. Based upon the signal quality, the device illuminates
a specific LED on the device or wirelessly communicates a
message indicating signal quality to a device located away
from TAMD 101.
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In some embodiments TAMD 101 includes a communica

tion circuit that wirelessly streams the ECG signal to a Blue
tooth device such as a smartphone, computer, or any device
having the ability to receive Bluetooth signals and display
them. In some embodiments, this feature is enabled for a short

time by a person operating TAMD 101. This can be done by
pressing one or more controls on TAMD 101 or remotely via
a command from a Bluetooth device in communication with
TAMD 101. This feature can be useful to confirm that the

electrodes have been placed on the subject properly and the
device is acquiring data appropriately.
In some embodiments TAMD 101 enters a low-power
(sleep) mode if no ECG signal is sensed or if a poor quality
signal is sensed from the electrodes. If, after a period of time
(sensing time), the device determines that it is not connected
to a patient TAMD 101 goes into a low power mode for a sleep
time to reduce battery drain. Following expiration of the sleep
time, the device wakes up and evaluates the input signal for a
time equal to sensing time to determine if it is connected to a
patient. If a signal is identified, the device stays on for a time
interval of at least as long as the operating time interval. In
some embodiments, operating time is significantly longer
than the sensing time. During the operating time, the system
continues to evaluate the input signal for a valid ECG. If a
valid ECG is detected the timer for the operating time interval
is reset. If the device mode is in operating mode and no valid
signal is found over the course of the operating time interval,
the device enters the sleep mode and periodically wakes up to
assess whether a signal is present. In one embodiment, the
sensing time interval is 10 to 60 seconds, the sleep time
interval is 30 seconds to 5 minutes, and operating time inter
valis 5 minutes to 30 minutes. In one embodiment evaluating
the input signal to determine if it is connected to a patient
includes measuring: whether shifts in baseline are occurring,
the incidence of QRS complexes, and the character of noise.
In another embodiment the morphology of any detected QRS
complexes is evaluated to confirm they are real.
In one embodiment, referring to FIG. 18, TAMD 101
executes a number of steps to determine whether the ECG
sensing leads are connected and whether the device should
enter low-power mode. FIG. 18 employs three time intervals
including a sensing time interval during which the device is
evaluating the input signal to determine if the leads are con
nected to the patient, an operating mode time interval during
which the device is processing the input signal normally, and
a sleep time interval during which the device is in a low-power
mode to reduce battery power drain. Once the device enters an
operating mode, it remains in that mode for at least the dura
tion of the operating mode time interval. No signals are evalu
ated when in low-power mode (sleep mode). When the low
power mode expires, the device wakes up and looks for the
presence of a signal for the duration of the sensing time
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traditional methods to sense lead off and hence can result in a

smaller and less expensive device.
At step 1803, a timer is used to determine when the sensing
time interval has been completed. Step 1805 evaluates the
result of the assessment of the input signal in step 1801 to
determine if leads are connected. If leads are connected, then
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flow is directed to the operating mode at 1807 where the mode
of TAMD 101 is queried. If the device is currently in the
operating mode, the operating mode timer is reset at 1810 to
assure that the device will remain in operating mode for at
least the duration of the operating time. If the device is found
to not be in the operating mode at 1807, the device is placed
in the operating mode at 1809 and continues to step 1801 to
assess whether the leads are connected to the patient.
If, at 1805 it is found that the leads are not connected, flow

is directed to assessing the mode in step 1806. If the device is
determined to be in operating mode at step 1806, the operat
ing mode timer is interrogated at 1808 to determine if oper
ating mode time interval has expired. If it has expired, then
flow is directed to 1804 and the device is placed in sleep
mode. If the operating mode timer has not expired, flow is
directed to 1801 to assess whether the lead is off. If it is found
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that the device is not in operating mode in step 1806, flow is
directed to 1804 and the device is placed in sleep mode. Once
the device has been placed in sleep mode in 1804, it remains
in that mode until the sleep time timer has expired. Once the
sleep time has been determined as having expired at step
1802, flow is directed to 1801.
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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. This involves decomposing the
input ECG signal into subcomponents and computing statis
tical variance of subcomponents for the duration of the sens
ing time interval. In one embodiment each subcomponent
center frequency corresponds to a particular frequency band
of the input signal. The distribution of the variance of sub
components (e.g., the variance of individual subcomponents
over the sensing time interval) approximates the power spec
tral density function of the input signal.
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FIGS. 19 and 20 provide examples of the distribution of
subcomponent variance when an ECG signal is present (FIG.
19) and when the sensing electrodes are not connected (FIG.
20), in accordance with respective embodiments. Approaches
for evaluating the distribution of subcomponent variance
include identifying which subcomponent has the highest vari
ance, and comparing the profile of the distribution of subcom
ponent 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 discon
nected, and is an alternative to using the traditional imped
ance 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
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a housing that houses the digitizing circuit and the com
puting circuit;
a fastener configured and arranged to mechanically fasten
the housing to a first one of the ECG sensing electrodes
and to electrically couple the first one of the ECG sens
ing electrodes to the digitizing circuit; and
for each additional one of the at least two ECG sensing
electrodes that is in addition to the first one of the ECG
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sensing electrodes, a flexible insulated lead wire config
ured and arranged to couple the additional ECG sensing
electrode to the digitizing circuit.
2. The apparatus of claim 1, wherein the fastener is con
figured and arranged to mechanically connect the housing to
a first one of the ECG sensing electrodes by affixing the
housing to the first one of the ECG sensing electrodes,
wherein the computing circuit is configured and arranged to
remove noise from the digitized ECG signals while main
taining morphology of the digitized ECG signal, therein
providing denoised ECG signals, and
process the denoised ECG signals by carrying out a func
tion selected from the group consisting of detecting an
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R-R interval, detecting a Q-T interval, detecting a QRS
complex, and a combination thereof.
3. The apparatus of claim 1, further including a battery
configured and arranged to power the digitizing and comput
ing circuits, wherein the housing also houses the battery, and
wherein the first one of the ECG sensing electrodes is con
figured and arranged to adhere to the patient and to support
the entire weight of the housing via the fastener.
4. The apparatus of claim 1, further including an adhering
component configured and arranged to adhere and fully sup
port the first one of the ECG sensing electrodes and the
housing to the skin of a patient.
5. The apparatus of claim 1, wherein each ECG signal is
sampled at 300 Hz or less and the computing circuit is con
figured and arranged to reduce the in-band noise using an
average power consumption that is less than 500 micro-Watts
per ECG signal.
6. The apparatus of claim 1 wherein the housing has an
average thickness of less than 12 mm and a volume of less
than 18 cc.
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a fastener configured and arranged to mechanically fasten
the housing to a first one of the ECG sensing electrodes
and to electrically couple the first one of the ECG sens
ing electrodes to the digitizing circuit; and
for each additional one of the at least two ECG sensing
electrodes that is in addition to the first one of the ECG

10

15

sensing electrodes, a flexible insulated lead wire config
ured and arranged to couple the additional ECG sensing
electrode to the digitizing circuit.
15. A patient-worn apparatus for recording an ECG from
the patient, the apparatus comprising:
a first circuit configured and arranged to digitize an ECG
signal obtained from the patient via at least two ECG
leads; and

a computing circuit connected to the first circuit to receive
the digitized ECG signal, the computing circuit being
configured and arranged to
decompose the digitized ECG signal into subcompo
nents,

20

compute a statistical variance of the subcomponents

7. The apparatus of claim 1, wherein the housing includes
the first one of the electrodes.

over a time interval, and

8. The apparatus of claim 1, wherein the housing includes

determine if one of the at least two ECG leads is discon

the fastener.

9. The apparatus of claim 1 wherein the flexible insulating
lead wires are >10 cm in length.
10. The apparatus of claim 1 wherein the flexible insulating
lead wires are >15 cm in length.
11. The apparatus of claim 1 wherein the flexible insulating

25

lead wires are 3 mm diameter.

30

12. The apparatus of claim 1 further including a coin cell
battery configured and arranged to power the digitizing and
computing circuits, wherein the housing has a battery com
partment configured and arranged to hold the coin cell battery
and couple power from the battery to the digitizing and com
puting circuits, the battery compartment having a threaded
cap configured and arranged to secure the coin cell battery

circuit.

35

therein.

13. The apparatus of claim 1, wherein the digitizing circuit
includes an amplifier circuit configured and arranged to
amplify the sensed ECG signals to provide amplified ECG
signals for digitizing.
14. An apparatus comprising:
at least two ECG sensing electrodes configured and
arranged to adhere to remote locations on a patient and to
sense ECG signals from the patient;
a digitizing circuit configured and arranged to digitize the
ECG signals to provide digitized ECG signals;
a computing circuit configured and arranged to process
each 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 tar
get subcomponents as subcomponents 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 fre
quencies of the desired ECG signal; and
reconstructing a denoised physiological signal using at
least two of the identified target subcomponents;
a housing that houses the digitizing circuit and the com
puting circuit;

nected from the patient based upon the statistical vari
ance of the subcomponents.
16. The apparatus of claim 15, wherein the computing
circuit is configured and arranged to generate a trigger alarm,
in response to determining that one of the at least two ECG
leads is disconnected, and to communicate the trigger alarm
to at least one of the patient and a wireless communication
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17. The apparatus of claim 15, wherein the computing
circuit is configured and arranged to determine if all of the at
least two ECG leads are disconnected and, in response to
determining that all of the at least two ECG leads are discon
nected, operate the apparatus in a low-power mode.
18. The apparatus of claim 15, wherein the time interval
ranges from 10 seconds to 60 seconds.
19. The apparatus of claim 15, further including determin
ing if at least one of the at least two leads is in poor contact
with the patient based on the computed statistical variance.
20. An apparatus comprising:
a first sensing electrode configured and arranged to adhere
to a patient and to sense physiological signals from the
patient;
a denoising component coupled to the first sensing elec
trode and configured and arranged to receive the sensed
physiological signals via the coupling to the first sensing
electrode and coupling to a second sensing electrode, the
denoising component including
a digitizing circuit configured and arranged to digitize
the signals,
a computing circuit configured and arranged to process
the digitized signals to remove noise therefrom while
maintaining morphology of the physiological signals
by reducing in-band noise as measured by the ANSI/
AAMI EC57:1998 standard by at least 20 dB with a
Quality of Signal Reconstruction of >95%,
a battery configured and arranged to power the digitizing
and computing circuits, and
a housing configured and arranged to house the battery,
digitizing circuit and computing circuit; and
a fastener configured and arranged to mechanically fasten
the housing to the first sensing electrode, the first sensing
electrode being configured and arranged to support the
weight of the denoising component via the fastener
while the first sensing electrode is adhered to the patient.
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21. An apparatus comprising:
at least two ECG sensing electrodes configured and
arranged to adhere to remote locations on a patient and to
sense ECG signals from the patient;
a digitizing circuit configured and arranged to digitize the
ECG signals to provide digitized ECG signals;
a computing circuit configured and arranged to:
decompose the digitized ECG signal into subcompo
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nents,

compute a statistical variance of the subcomponents

10

over a time interval, and

determine if one of the at ECG sensing electrodes is
disconnected from the patient based upon the statis
tical variance of the subcomponents;
a housing that houses the digitizing circuit and the com
puting circuit;
a fastener configured and arranged to mechanically fasten
the housing to a first one of the ECG sensing electrodes
and to electrically couple the first one of the ECG sens
ing electrodes to the digitizing circuit; and
for each additional one of the at least two ECG sensing
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electrodes that is in addition to the first one of the ECG

sensing electrodes, a flexible insulated lead wire config
ured and arranged to couple the additional ECG sensing
electrode to the digitizing circuit.
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