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(57) ABSTRACT

A system and method for ECG data classification for use in
facilitating diagnosis of cardiac rhythm disorders is pro-
vided. ECG data is obtained via an electrocardiography
monitor shaped for placement on a patient’s chest. The ECG
data is divided into segments and noise detection analysis is
applied to the ECG data segments. A noise classification or
a valid classification is assigned to each segment of the ECG
data. At least one ECG data segment assigned the noise
classification and that includes ECG data that corresponds
with feedback from the patient via the electrocardiography
monitor is identified. The ECG data that corresponds with
the patient feedback is removed from the identified ECG
data segment with the noise classification. The ECG data
segments assigned the noise classification are removed from
further analysis.
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SYSTEM AND METHOD FOR ECG DATA
CLASSIFICATION FOR USE IN
FACILITATING DIAGNOSIS OF CARDIAC
RHYTHM DISORDERS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This non-provisional patent application is a con-
tinuation of U.S. patent application Ser. No. 15/934,888,
filed Mar. 23, 2018, pending, which is a continuation-in-part
of U.S. Pat. No. 10,045,709, issued Aug. 14, 2018, which is
a continuation of U.S. Pat. No. 9,408,551, issued Aug. 9,
2016, which is a continuation-in-part of U.S. Pat. No.
9,345,414, issued May 24, 2016, which is a continuation-
in-part of U.S. Pat. No. 9,408,545, issued Aug. 9, 2016,
which is a continuation-in-part of U.S. Pat. No. 9,700,227,
issued Jul. 11, 2017, which is a continuation-in-part of U.S.
Pat. No. 9.730,593, issued Aug. 15, 2017; and of which is
also a continuation-in-part of U.S. Pat. No. 9,936,875,
issued Apr. 10, 2018, which is a continuation of U.S. Pat.
No. 9,788,722, issued Oct. 17, 2017, which is a division of
U.S. Pat. No. 9,504,423, issued Nov. 29, 2016; and this
non-provisional patent application further claims priority
under 35 U.S.C. § 119(e) to U.S. Provisional Patent appli-
cation, Ser. No. 62/132,497, filed Mar. 12, 2015, U.S.
Provisional application, Ser. No. 61/882,403, filed Sep. 25,
2013, and U.S. Provisional application, Ser. No. 62/591,715,
filed Nov. 28, 2017, the disclosures of which are incorpo-
rated by reference.

FIELD

[0002] This application relates in general to electrocardio-
graphic monitoring and, in particular, to a system and
method for ECG data classification for use in facilitating
diagnosis of cardiac rhythm disorders with the aid of a
digital computer.

BACKGROUND

[0003] An ECG procedure measures cardiac electrical
potentials that can be graphed to visually depict the electri-
cal activity of the heart over time and allows physicians to
diagnose cardiac function by visually tracing the cutaneous
electrical signals (action potentials) that are generated by the
propagation of the transmembrane ionic currents that trigger
the depolarization of cardiac fibers. Conventionally, a stan-
dardized set format 12-lead configuration is used by an ECG
machine to record cardiac electrical signals from well-
established traditional chest locations.

[0004] An ECG trace contains alphabetically-labeled
waveform deflections, PQRSTU, that represent distinct fea-
tures within the cyclic cardiac activation sequence and that
can be interpreted post-ECG recordation to derive heart rate
and physiology and for use in medical diagnosis and treat-
ment. The P-wave represents atrial depolarization, which
causes atrial contraction. The QRS-complex represents ven-
tricular depolarization and is the largest electrical signal of
the heart. The T-wave and U-wave represents ventricular
repolarization. The T and U-waves are not usually used in
diagnosing most cardiac rhythm disorders and are included
for completeness.

[0005] Here, the focus is around the R-wave, which is
often used as an abbreviation for the QRS-complex. When
measuring the time between an R-R interval, one can get a
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beat-by-beat assessment of heart rate. Typically, the R-R
interval span between successive R-waves, in a normal
heart, is 600 milliseconds (ms) to 1000 ms (i.e., one second)
long, which respectively corresponds to 100 to 60 beats per
minute (bpm). If one further considers the R-R interval as
occurring over time, beat-by-beat, detailed cardiac physiol-
ogy data may be embedded to provide information that
allows a physician to understand, at a glance, the context of
the associated ECG rhythm both before and after a suspected
rhythm abnormality and can be of confirmational and col-
laborative value in cardiac arrhythmia diagnosis and treat-
ment.

[0006] Conventionally, the potential of R-R interval con-
text has not been fully realized, partly due to the difficulty of
presentation in a concise and effective manner to physicians.
For instance, routine ECGs are typically displayed at an
effective paper speed of 25 millimeters (mm) per second. A
lower speed is not recommended because ECG graph reso-
lution degrades at lower speeds and diagnostically-relevant
features may be lost. Conversely, a half-hour ECG record-
ing, progressing at 25 mm/s, results in 45 meters of ECG
waveforms that, in printed form, is cumbersome and, in
electronic display form, will require significant back and
forth toggling between pages of waveforms, as well as
presenting voluminous data transfer and data storage con-
cerns. As a result, ECGs are less than ideal tools for
diagnosing cardiac arrhythmia patterns that only become
apparent over an extended time frame, such as 10 minutes or
longer.

[0007] In addition to or in lieu of physician review, the
R-wave data can be provided to analysis software for
identification of cardiac events and patient diagnosis. How-
ever, such software generally operates best on datasets that
represent a few minutes to two days of ECG data. As newer
ECG monitoring devices enter the market, many include
longer data recording periods. Accordingly, such analysis
programs are overloaded with data, which can hinder effec-
tiveness of the analysis, leading to an incorrect patient
diagnosis.

[0008] Further, performing an analysis of data that
includes large amounts of noise can affect accuracy of
patient diagnosis. For instance, noise can mask portions of
the ECG data, which can prevent analysis software or a
medical professional from identifying patterns of cardiac
events, as well as lead to an incorrect diagnosis or lack of a
diagnosis.

[0009] Therefore, a need remains for improving quality of
ECG data, while reducing amounts of the ECG data for
analysis, including patient diagnosis, by identifying and
removing noise. Such noise can be recognized by differen-
tiating regions of valid ECG data from noise using an
adaptive noise detector and the regions of noise can be
removed from the valid ECG data.

SUMMARY

[0010] ECG data is recorded for a patient via an ECG
ambulatory monitor over an extended period of time. The
recorded ECG data is provided to an adaptive noise detector
prior to differentiating valid ECG data from noise. The noise
can appear as device-related events and lead to an inaccurate
diagnosis. The ECG data identified as noise can be removed
and the remaining valid ECG data is then provided to a
medical professional or analysis software for analysis and
patient diagnosis.
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[0011] Patent feedback received during recording can be
helpful to identify cardiac events. For instance, patients are
instructed to press a tactile feedback button on the ECG
ambulatory monitor when they feel discomfort, ill, or that a
cardiac event may be occurring. However, pressure on the
button can often appear as noise and may be removed. To
prevent removal of the data associated with the button press,
a window surrounding the button press is designated. Any
ECG data classified as noise and overlapping the window is
removed from the noise classification and remains with the
ECG data for analysis via software or a medical profes-
sional.

[0012] Oneembodiment provides a system and method for
ECG data classification for use in facilitating diagnosis of
cardiac rhythm disorders. ECG data is obtained via an
electrocardiography monitor shaped for placement on a
patient’s chest. The ECG data is divided into segments and
noise detection analysis is applied to the ECG data seg-
ments. A noise classification or a valid classification is
assigned to each segment of the ECG data. At least one ECG
data segment assigned the noise classification and that
includes ECG data that corresponds with feedback from the
patient via the electrocardiography monitor is identified. The
ECG data that corresponds with the patient feedback is
removed from the identified ECG data segment with the
noise classification. The ECG data segments assigned the
noise classification are removed from further analysis.
[0013] Still other embodiments will become readily appar-
ent to those skilled in the art from the following detailed
description, wherein are described embodiments by way of
illustrating the best mode contemplated. As will be realized,
other and different embodiments are possible and the
embodiments’ several details are capable of modifications in
various obvious respects, including time and clustering of
events, all without departing from their spirit and the scope.
[0014] Accordingly, the drawings and detailed description
are to be regarded as illustrative in nature and not as
restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a graph showing, by way of example, a
single ECG waveform.

[0016] FIG. 2 is a graph showing, by way of example, a
prior art Poincaré R-R interval plot.

[0017] FIG. 3 is a flow diagram showing a method for
facilitating diagnosis of cardiac rhythm disorders with the
aid of a digital computer in accordance with one embodi-
ment.

[0018] FIG. 4 is a flow diagram showing a routine for
constructing and displaying a diagnostic composite plot for
use in the method of FIG. 3.

[0019] FIG. 5 is a flow diagram showing a routine for
constructing an extended-duration R-R interval plot for use
in the routine of FIG. 4.

[0020] FIG. 6 is a diagram showing, by way of example,
a diagnostic composite plot generated by the method of FIG.
3.

[0021] FIG. 7 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
sinus rhythm (SR) transitioning into atrial fibrillation (AF).
[0022] FIG. 8 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
3:1 atrial flutter (AFL) transitioning into SR.
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[0023] FIG. 9 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
atrial trigeminy.

[0024] FIG. 10 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
maximum heart rate in an episode of AF during exercise.
[0025] FIG. 11 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
SR transitioning into AFL transitioning into AF.

[0026] FIG. 12 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
sinus tachycardia and palpitations that occurred during exer-
cise accompanied by a jump in heart rate.

[0027] FIG. 13 is a diagram showing, by way of example,
a diagnostic composite plot for facilitating the diagnosis of
bradycardia.

[0028] FIG. 14 is a block diagram showing a system for
facilitating diagnosis of cardiac rhythm disorders with the
aid of a digital computer in accordance with one embodi-
ment.

[0029] FIG. 15 is a perspective view showing an ECG
ambulatory monitor having an extended wear electrode
patch with a monitor recorder inserted.

[0030] FIG. 16 is a perspective view showing the monitor
recorder of FIG. 15.

[0031] FIG. 17 is a perspective view showing the extended
wear electrode patch of FIG. 15 without a monitor recorder
inserted.

[0032] FIG. 18 is a bottom plan view of the monitor
recorder of FIG. 15.

[0033] FIG. 19 is a flow diagram showing a method for
ECG data classification for use in facilitating diagnosis of
cardiac thythm disorders with the aid of a digital computer.

[0034] FIG. 20 is a flow diagram showing a method for
noise detection.
[0035] FIG. 21 is a flow diagram showing, by way of

example, a method for training an adaptive noise detector.
[0036] FIG. 22 is a flow diagram showing, by way of
example, a method for classification of ECG data.

[0037] FIG. 23 is a flow diagram showing, by way of
example, a method for trimming data segments classified as
noise.

[0038] FIG. 24 is a diagram showing, by way of example,
a diagnostic composite plot showing data from a button
press window.

[0039] FIG. 25 is a diagram showing, by way of example,
a summary graph of data press occurrences.

DETAILED DESCRIPTION

[0040] A normal healthy cardiac cycle repeats through an
expected sequence of events that can be visually traced
through an ECG. Each cycle starts with cardiac depolariza-
tion originating high in the right atrium in the sinoatrial (SA)
node before spreading leftward towards the left atrium and
inferiorly towards the atrioventricular (AV) node. After a
delay in the AV node, the depolarization impulse transits the
Bundle of His and moves into the right and left bundle
branches and Purkinje fibers to activate the right and left
ventricles.

[0041] When a rhythm disorder is suspected, diagnosti-
cally-relevant arrhythmic events in the cardiac cycle can
often be identified and evaluated with the assistance of an
ECG and R-R interval tachography, somewhat similar to
Poincaré plots. Routine ECG evaluation is primarily focused
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on identifying changes to expected ECG waveform shapes.
R-R interval tachographs are focused on showing heart rate
trends prior to and after an arrhythmia. This information is
critical to understanding the underpinnings of arrhythmia
onset and offset, both features critical to managing the
patient regardless of the specific arrhythmia shown on the
ECG. FIG. 1 s a graph showing, by way of example, a single
ECG waveform 10. The x-axis represents approximate time
in units of tenths of a second and the y-axis represents
approximate cutaneous electrical signal strength in units of
millivolts. By long-standing convention, ECGs are typically
printed or displayed at an effective paper speed of 25
millimeters (mm) per second. Although in practice an ECG
may be provided to a physician in traditional paper-printed
form, in “virtual” electronic display form, or both. Never-
theless, the term “effective paper speed” is still widely
applied as a metric to normalize the recorded ECG signal to
a standardized grid of 1 mm squares (omitted for the sake of
clarity in FIG. 1), whereby each 1 mm horizontal box in the
grid corresponds to 0.04 s (40 ms) of recorded time. Other
effective paper speeds, grid sizes and units of display are
possible.

[0042] A full ECG consists of a stream of alphabetically-
labeled waveforms 10 that collectively cover cardiac per-
formance over a period of observation. For a healthy patient,
within each ECG waveform 10, the P-wave 11 will normally
have a smooth, normally upward, positive waveform that
indicates atrial depolarization. The QRS complex 17 will
usually follow during normal rhythms, often with a down-
ward deflection of a Q-wave 12, followed by a larger upward
deflection of an R-wave 13, and be terminated with a
downward waveform of the S-wave 14, which are collec-
tively representative of ventricular depolarization. This
term, QRS, is often reduced to the “R-wave”. Thus, refer-
ence to the R-R interval means the time from one R-wave (or
QRS) to another R-wave. For completeness sake of showing
the full ECG, we identify the T-wave 15, which will nor-
mally be a modest upward waveform, representative of
ventricular repolarization, while the U-wave 16, which is
often not directly observable, will indicate the recovery
period of the Purkinje conduction fibers. For the purposes of
the R-R plot, this part of the ECG waveform will not be
pertinent.

[0043] Rhythm disorders often manifest through R-R
interval variability or through the patterns formed by R-R
intervals over an extended time period prior to and after a
specific arrhythmia onset and offset. Both are important
tools in the diagnosis of cardiac rhythm amonibnormalities.
For example, atrial fibrillation (AF) is the chaotic firing of
the atria that leads to an erratic activation of the ventricles.
AF is initially diagnosed by an absence of organized
P-waves 11 and confirmed by erratic ventricular rates that
manifest in an ECG R-R interval plot as a cloud-like pattern
of irregular R-R intervals due to an abnormal conduction of
impulses to the ventricles. There is a Gaussian-like distri-
bution to these R-R intervals during AF. Similarly, atrial
flutter (AFL) is an abnormal heart rhythm in which cardiac
impulses travel along pathways within the right atrium in an
organized circular motion, causing the atria to beat faster
than and out of sync with the ventricles. During AFL, the
heart beats quickly, yet with a regular pattern. Although AFL
presents in an ECG in a “sawtooth” pattern, AFL behavior
can fluctuate wildly. Such fluctuation can be confirmed in an
ECG by characteristic R-R interval patterns that usually
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manifest as 2:1 atrioventricular (AV) conduction, 4:1 AV
conduction or even variable AV conduction, as it frequently
can be. The importance of this latter manifestation of AFL
relates to how AFL can be distinguished from AF. The R-R
interval plot can clearly distinguish the two unlike algo-
rithms that frequently conflate AF with AFL and variable
conduction.

[0044] Conventionally, R-R intervals have been visualized
using Poincare plots. FIG. 2 is a graph showing, by way of
example, a prior art Poincare R-R interval plot 18. The
x-axis represents the duration of R-R interval n in units of
milliseconds (ms). The y-axis represents the duration of R-R
interval n+1 also in units of ms. Ordinarily, the x- and y-axes
use the same units, so as to form a trend line 19 along the
45-degree angle. When an R-R interval is equal to the
successive R-R interval, as often occurs when heart rhythm
is regular, the dot representing the two intervals falls onto
the 45-degree trend line 19. Conversely, when an R-R
interval has changed since the preceding R-R interval, the
dot representing the two intervals falls off the 45-degree
trend line 19 and, as the difference between successive R-R
intervals increases, the dots fall further away from the trend
line 19.

[0045] The number of dots deviating from the trend line
19 in a Poincare plot can indicate the frequency of occur-
rence of irregular heartbeats when compared to the number
of dots on the trend line 19. The distance of the dots to the
trend line 19 can approximate the extent of heart rate change
from one heartbeat to the next. However, as heart rate
change is limited to only successively-occurring heartbeats,
the linearity of time and associated contextual information
over an extended time frame are lost. Poincare plots can be
generally predictive but they have limited value when used
to understand physiological antecedents to an arrhythmia
pre- and post-rhythm events, for example something as
simple as exercise. In addition, significant changes in heart
rate, particularly spikes in heart rate, such as due to sinus
rhythm transitions to atrial flutter, may be masked, distorted
or even omitted in a Poincare plot if the change occurs over
non-successive heartbeats. In summary, a Poincare plot is
more useful as a mathematical tool than a physiological one,
and therefore a Poincare plot cannot truly represent what the
heart is doing serially over time with respect to changes in
the heart’s normal and abnormal physiology on a beat-by-
beat basis.

[0046] Despite the limitations of Poincaré plots and
related forms of R-R interval tachography, R-R interval data
when presented in a format duplicating temporal physiologi-
cal events manifest on an actual ECG remains a key tool that
physicians can rely upon to identify temporally-related
cardiac dysrhythmic patterns. Interpretation of R-R interval
data can be assisted by including multiple temporal points of
reference and a plot of R-R interval data that comparatively
depicts heart rate variability in concert with R-R interval
data. FIG. 3 is a flow diagram showing a method 20 for
facilitating diagnosis of cardiac rhythm disorders with the
aid of a digital computer in accordance with one embodi-
ment. The method 20 can be implemented in software and
execution of the software can be performed on a computer,
such as further described infra with reference to FIG. 14, as
a series of processes or method modules or steps.

[0047] As a precursor step, the patient’s ECG data are
recorded over a set time period (step 21), which can be over
a short term or extended time frame. ECG recordation, as
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well as other physiological monitoring, can be provided
through various kinds of ECG-capable monitoring
ensembles, including a standardized 12-lead ECG setup,
such as used for clinical ECG monitoring, a portable Holter-
type ECG recorder for traditional ambulatory ECG moni-
toring, or a wearable ambulatory ECG monitor, such as a
flexible extended wear electrode patch and a removable
reusable (or single use) monitor recorder, such as described
in commonly-assigned U.S. Pat. No. 9,345,414, issued May
24, 2016, the disclosure of which is incorporated by refer-
ence. The wearable ambulatory ECG monitor includes an
electrode patch and monitor recorder that are synergistically
optimized to capture electrical signals from the propagation
of low amplitude, relatively low frequency content cardiac
action potentials, particularly the P-waves, generated during
atrial activation, and is described in further detail below with
respect to FIG. 15. Still other forms of ECG monitoring
assemblies are possible.

[0048] Upon completion of the monitoring period, the
ECG and any other physiological data are downloaded or
retrieved into a digital computer, as further described infra
with reference to FIG. 14, with, for instance, the assistance
of a download station or similar device, or via wireless
connection, if so equipped, and a vector of the downloaded
or retrieved ECG data is obtained (step 22). In one embodi-
ment, the vector of ECG data represents a 40-minute (or
other duration) time span that is used in constructing the plot
of R-R interval data, although other pre-event and post-
event time spans are possible. Optionally, a potentially-
actionable cardiac event within the vector of ECG data can
be identified and the ECG data during, prior to and after the
event is selected (step 23). The event could be identified with
the assistance of a software package, such as Holter LX
Analysis Software, licensed by NorthEast Monitoring, Inc.,
Maynard, Mass.; Intelli Space Cardiovascular Image and
Information management system, licensed Koninklijke
Philips N.V,, Amsterdam, Netherlands; MoMe System,
licensed by InfoBionic, Lowell, Mass.; Pyramis ECG Man-
agement, licensed by Mortara Instrument Inc., Milwaukee,
Wis.; ICS Clinical Suite, licensed by Spacelabs Healthcare
Inc., Snoqualmie, Wash.; or a customized software package.
Alternatively, the potentially-actionable cardiac event could
be identified by a physician or technician during review of
the ECG data.

[0049] To improve diagnosis of heart rate variability, a
diagnostic composite plot is constructed that includes one or
more temporal points of reference into the ECG data, which
provide important diagnostic context, and a plot of R-R
interval data is constructed based on the vector of ECG data
(step 24), as further described infra with reference to FIG. 4.
Briefly, both near field and far field contextual views of the
ECG data are constructed and displayed. Both views are
temporally keyed to an extended duration R-R interval data
view that, in one embodiment, is scaled non-linearly (for
practical viewing reasons) to maximize the visual differen-
tiation for frequently-occurring heart rate ranges, such that
a single glance allows the physician to make a diagnosis.
The use of a non-linear heart rate scale adjacent to the ECG
prevents a skewing of the R-R data to exceed the visual
format of a page of paper. Thus, all three views are presented
simultaneously, in a visually convenient format that can
present 3 sequential ECG data sets per page. thereby allow-
ing the interpreting physician to diagnose rhythm and the
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pre- and post-contextual events leading up to a cardiac
rhythm of interest in a reading and storage friendly manner.
[0050] In a further embodiment, findings made through
interpretation of heart rate variability patterns in the diag-
nostic composite plot can be analyzed to form a diagnosis of
a cardiac rhythm disorder (step 25), such as the cardiac
rhythm disorders listed, by way of example, in Table 1. For
instance, the heart rate variability patterns in the diagnostic
composite plot could be provided to a system that program-
matically detects AF by virtue of looking for the classic
Gaussian-type distribution on the “cloud” of heart rate
variability formed in the plot of R-R interval data, which can
be corroborated by the accompanying contextual ECG data.
Finally, therapy to address diagnosed disorder findings can
optionally be programmed into a cardiac rhythm therapy
delivery device (step 26), such as an implantable medical
device (IMD) (not shown), including a pacemaker, implant-
able cardioverter defibrillator (ICD), or similar devices.

TABLE 1

Cardiac Rhythm Disorders

Normal sinus rhythm

Sinus Bradycardia

Sinus Tachycardia

Premature atrial and ventricular beats
Ectopic atrial tachycardia

Atrial fibrillation

Atrial flutter

Atrial or ventricular bigeminy, trigeminy or quadrigeminy
Sinus Bradycardia

Fusion beats

Interpolated ventricular premature beats
Intraventricular conduction delay
Junctional rhythm

AV Nodal re-entrant tachycardia

AV re-entrant tachycardia
Wolff-Parkinson-White Syndrome and Pre-excitation
Ventricular tachycardia

Accelerated idioventricular rhythm

AV Wenckebach block

AV Type II block

Sinoatrial block

[0051] A diagnostic composite plot is constructed and
displayed to help physicians identify and diagnose tempo-
rally-related cardiac dysrhythmic patterns. The diagnostic
composite plot includes ECG traces from two or more
temporal points of reference and a plot of R-R interval data,
although other configurations of ECG data plots when
combined with the R-R interval plot will also provide
critical information. FIG. 4 is a flow diagram showing a
routine 30 for constructing and displaying a diagnostic
composite plot for use in the method 20 of FIG. 3. Specific
examples of diagnostic composite plots are discussed in
detail infra with reference to FIGS. 7-13.

[0052] In the diagnostic composite plot, R-R interval data
is presented to physicians in a format that includes views of
relevant near field and far field ECG data, which together
provide contextual information that improves diagnostic
accuracy. In a further embodiment, other views of ECG data
can be provided in addition to or in lieu of the near field and
far field ECG data views. The near field (or short duration)
ECG data provides a “pinpoint” classical view of an ECG at
traditional recording speed in a manner that is known to and
widely embraced by physicians. This near field ECG data is
coupled to a far field (or medium duration) ECG data view
that provides an “intermediate” lower resolution, offering
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pre- and post-event contextual ECG data. Thus, the
extended-duration R-R interval plot is first constructed (step
31), as further described infra with reference to FIG. 5.
Optionally, noise can be filtered from the R-R interval plot
(step 32), which is then displayed (step 33). In a further
embodiment, noise can be filtered from the ECG data prior
to constructing the R-R interval plot, as further described
below with reference to FIG. 19. Noise filtering can include
low-pass or high-pass filtering or other forms of signal
processing, including automatic gain control, such as
described in commonly-assigned U.S. Pat. No. 9,345,414,
issued May 24, 2016, cited supra, as well as identification
via an adaptive noise detector, as further described in detail
below with respect to FIGS. 19-25.

[0053] Rhythm disorders have different weightings
depending upon the context with which they occur. In the
diagnostic composite plot, the R-R interval data view and
the multiple views of the ECG data around which the R-R
data embrace, provide that necessary context. Effectively,
the short and medium duration ECG data that accompanies
the extended-duration R-R interval plot represents the ECG
data “zoomed” in around a temporal point of reference
identified in the center (or other location) of the R-R interval
plot, thereby providing a short-term, medium-term and
long-term visual context to the physician that allows tem-
poral assessment of cardiac rhythm changes in various
complementary views of the heart’s behavior. The durations
of the classical “pinpoint” view, the pre- and post-event
“Intermediate” view, and the R-R interval plot are flexible
and adjustable. In one embodiment, the diagnostic compos-
ite plot displays R-R interval data over a forty-minute
duration and ECG data over short and medium durations
(steps 34 and 35), such as four-second and 24-second
durations that provide two- and 12-second segments of the
ECG data before and after the RR interval plot’s temporal
point of reference, which is generally in the center of the
R-R interval plot, although other locations in the R-R
interval plot could be identified as the temporal point of
reference. The pinpoint “snapshot” and intermediate views
of ECG data with the extended term R-R interval data
comparatively depicts heart rate context and patterns of
behavior prior to and after a clinically meaningful arrhyth-
mia or patient concern, thereby enhancing diagnostic speci-
ficity of cardiac rhythm disorders and providing physiologi-
cal context to improve diagnostic ability. In a further
embodiment, diagnostically relevant cardiac events can be
identified and the R-R interval plot can be constructed with
a cardiac event centered in the middle (or other location) of
the plot, which thereby allows pre- and post-event heart
rhythm data to be contextually “framed” through the pin-
point and intermediate ECG data views. Other durations,
intervals and presentations of ECG data are possible, includ-
ing allowing the physician or viewer to select or scroll
through the raw ECG data to advance the ECG data together
with the R-R interval data, allowing context to be selected
by the viewer.

[0054] The extended-duration R-R interval plot presents
beat-to-beat heart rate variability in a format that is intuitive
and contextual, vet condensed. The format of the R-R
interval plot is selected to optimize visualization of cardiac
events in a compressed, yet understandable field of view,
that allows for compact presentation of the data akin to a
cardiologists understanding of clinical events. FIG. 5 is a
flow diagram showing a routine 40 for constructing an
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extended-duration R-R interval plot for use in the routine 30
of FIG. 4. The duration of the R-R interval plot can vary
from less than one minute to the entire duration of the
recording. Thus, a plurality of R-wave peaks is first selected
out of the vector of ECG data (step 41) appropriate to the
duration of the R-R interval plot to be constructed. For
successive pairs of the R-wave peaks (steps 42-43), the
difference between the recording times of the R-peaks is
calculated (step 43). Each recording time difference repre-
sents the length of one heartbeat. The heart rate associated
with the recording time difference is determined by taking an
inverse of the recording time difference and normalizing the
inverse to beats per minute (step 44). Taking the inverse of
the recording time difference yields a heart rate expressed in
beats per second, which can be adjusted by a factor of 60 to
provide a heart rate expressed in bpm. Calculation of the
differences between the recording times and the associated
heart rate continues for all of the remaining pairs of the
R-wave peaks (step 44).

[0055] The pairings of R-R intervals and associated heart
rates are formed into a two-dimensional plot. R-R intervals
are plotted along the x-axis and associated heart rates are
plotted along the y-axis. The range and scale of the y-axis
(heart rate) can be adjusted according to the range and
frequency of normal or patient-specific heart rates, so as to
increase the visual distinctions between the heart rates that
correspond to different R-R intervals. In one embodiment,
the y-axis of the R-R interval plot has a range of 20 to 300
beats per minute and R-R intervals corresponding to heart
rates falling extremely outside of this range are excluded to
allow easy visualization of 99+% of the heart rate possibili-
ties. To encompass all heart rates theoretically possible, 0 to
350 bpm, would alter the practical visibility of the interval
range for the vast majority of events. (Note that these
extreme rates remain visible in the ECG.)

[0056] In afurther embodiment, they-axis has a non-linear
scale that is calculated as a function of the x-axis (R-R
interval), such that:

n

X —minbpm
v=(

max bpm — minbpm

where x is the time difference, min bpm is the minimum
heart rate, max bpm is the maximum heart rate, and n<1. The
non-linear scale of the y-axis accentuates the spatial distance
between successive heart rates when heart rate is low. For
example, when n=2, the spatial difference between 50 and
60 bpm is 32% larger than the spatial difference between 90
bpm and 100 bpm, and 68% larger than the spatial difference
between 150 bpm and 160 bpm. As a result the overall effect
is to accentuate the spatial differences in frequently-occur-
ring ranges of heart rate and de-emphasize the spatial
differential in ranges of heart rate where a deviation from
norm would have been apparent, thus maximizing the spatial
efficiency in data presentation. The goal is to show cardiac
events in a simple, small visual contextual format. Larger
scales and larger formats bely the practical limits of single-
page presentations for the easy visualization at a glance by
the busy physician. The visual distinctions between the heart
rates that correspond to different R-R intervals stand out,
especially when plotted on a non-linear scale. In this con-
figuration, three distinct arrhythmia events can be presented
in standard 8.5 by 11 inch page formats. However, other
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formats are possible. Also, other y-axis ranges and scales are
possible as may be selected by distinct clinical needs and
specific diagnostic requirements.

[0057] The diagnostic composite plot includes a single,
long range view of R-R interval data and a pair of pinpoint
ECG data views that together help to facilitate rhythm
disorder diagnosis by placing focused long-term heart rate
information alongside short-term and medium-term ECG
information. Such pairing of ECG and R-R interval data is
unique in its ability to inform the physician of events prior
to, during and after a cardiovascular event. FIG. 6 is a
diagram showing, by way of example, a diagnostic com-
posite plot 50 generated by the method 30 of FIG. 3. Note
that the diagnostic composite plot can be tailored to include
more than one view of R-R interval data and as many views
of contextual ECG data as needed. In a further embodiment,
a background information plot presenting an extended far
field of related information can be included, such as activity
amount, activity intensity, posture, syncope impulse detec-
tion, respiratory rate, blood pressure, oxygen saturation
(Sp0,), blood carbon dioxide level (pCO,), glucose, lung
wetness, and temperature. Other forms of background infor-
mation are possible. In a still further embodiment, back-
ground information can be layered on top of or keyed to the
diagnostic composite plot 50, particularly at key points of
time in the R-R interval data plot, so that the context
provided by each item of background information can be
readily accessed by the reviewing physician.

[0058] The diagnostic composite plot 50 includes an ECG
plot presenting a near field (short duration) view 51, an ECG
plot presenting an intermediate field (medium duration)
view 52, and an R-R interval data plot presenting a far field
(extended duration) view 53. The three views 51, 52, 53 are
juxtaposed alongside one other to allow quick back and forth
referencing of the full context of the heart’s normal and
abnormal physiology. Typically, a temporal point of refer-
ence, which could be a diagnostically relevant cardiac event,
patient concern or other indicia, would be identified and
centered on the x-axis in all three views. The placement of
the temporal point of reference in the middle of all three
x-axes enables the ECG data to be temporally keyed to the
R-R interval data appearing in the center 60 of the R-R
interval data view 53, with a near field view 51 of an ECG
displayed at normal (paper-based) recording speed and a far
field view 52 that presents the ECG data occurring before
and after the center 60. As a result, the near field view 51
provides the ECG data corresponding to the R-R interval
data at the center 60 (or other location) in a format that is
familiar to all physicians, while the intermediate field view
52 enables presentation of the broader ECG data context
going beyond the borders of the near field view 51. In a
further embodiment, the center 60 can be slidably adjusted
backwards and forwards in time, with the near field view 51
and the far field view 52 of the ECG data automatically or
manually adjusting accordingly to stay in context with the
R-R interval data view 51. In a still further embodiment,
multiple temporal points of reference can be identified with
each temporal point of reference being optionally accom-
panied by one or more dedicated sets of ECG data views.

[0059] The collection of plots are conveniently arranged
close enough to one another to facilitate printing on a single
page of standard sized paper (or physical paper substitute,
such as a PDF file), although other layouts of the plots are
possible. The far field view 53 is plotted with time in the
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x-axis and heart rate in the y-axis. The R-R intervals are
calculated by measuring the time occurring between suc-
cessive R-wave peaks. In one embodiment, the far field view
53 presents R-R interval data (expressed as heart rate in
bpm) that begins about 20 minutes prior to and ends about
20 minutes following the center 60, although other durations
are possible.

[0060] The near field view 51 and intermediate field view
52 present ECG data relative to the center 60 of the far field
view 53. The near field view 51 provides a pinpoint or short
duration view of the ECG data. In one embodiment, the near
field view 51 presents ECG data 55 that begins about two
seconds prior to and ends about two seconds following the
center 60, although other durations are possible. The inter-
mediate field view 52 provides additional contextual ECG
information allowing the physician to assess the ECG itself
and gather a broader view of the rhythm before and after a
“blow-up” of the specific arrhythmia of interest. In one
embodiment, the intermediate field view 52 presents ECG
data 56 that begins about 12 seconds prior to and ends about
12 seconds following the center 60, although other durations
are possible. For convenience, the eight-second interval of
the ECG data 56 in the intermediate field view 52 that makes
up the ECG data 56 in the near field view 51 is visually
highlighted, here, with a surrounding box 57. In addition,
other views of the ECG data, either in addition to or in lien
of the near field view 51 and the far field view 52 are
possible. Optionally, an ECG plot presenting an extended far
field view 54 of the background information can be included
in the diagnostic composite plot 50. In one embodiment, the
background information is presented as average heart rate
with day and night periods 58 alternately shaded along the
x-axis. Other types of background information, such as
activity amount, activity intensity, posture, syncope impulse
detection, respiratory rate, blood pressure, oxygen saturation
(Sp0O,), blood carbon dioxide level (pCO,), glucose, lung
wetness, and temperature, are possible.

[0061] Examples of the diagnostic composite plot as
applied to specific forms of cardiac rhythm disorders will
now be discussed. These examples help to illustrate the
distinctive weightings that accompany different forms of
rhythm disorders and the R-R interval and ECG waveform
deflection context with which they occur. FIG. 7 is a diagram
showing, by way of example, a diagnostic composite plot 70
for facilitating the diagnosis of sinus rhythm (SR) transi-
tioning into AF. SR is indicated through the presence of a
reasonably steady baseline, but with subsidiary lines of
premature beats and their compensatory pauses. SR mani-
fests as a shadowing 71 of a high heart rate line and a low
heart rate line. AF is characterized by irregular heartbeats
with a somewhat random variation of R-R intervals,
although within a limited range and concentrating in a
Gaussian-like distribution pattern around a mean that varies
over time. Such characteristics can also be distinct from the
more random nature of noise. Although AF can be diagnosed
by viewing a near field view 51 of ECG data showing
heartbeats with reversed P-wave and irregular R-R intervals,
this approach may be unclear when viewing “snippets” of
ECG data, especially when associated with poor quality
ECG signals. The presence of AF can also be confirmed
through a far field view 53 of R-R interval data, in which the
R-R intervals assume superficially appearing disorganized,
spread-out and decentralized scattered cloud 72 along the
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x-axis, in comparison to a concentrated, darkened line
typical of a more organized cardiac rhythm.

[0062] FIG. 8 is a diagram showing, by way of example,
a diagnostic composite plot 80 for facilitating the diagnosis
of 3:1 atrial flutter (AFL) transitioning into SR with frequent
premature ectopic atrial beats. In the initial part of the R-R
interval plot, the R-R intervals have a discernible aggregated
line in the middle of the cloud 81 when the rhythm has yet
to stabilize into a set pattern, not quite AF and not quite AFL.
Immediately thereafter, a dense line representing firm 3:1
atrial flutter stabilizes the rhythm prior to the transition into
SR associated with the presence of two seesawing baselines
that result from frequent atrial ectopy causing short coupling
intervals and then compensatory long coupling intervals. SR
is indicated by the middle of the three lines with a low heart
rate line consistent with the compensatory pause (long
coupling interval) and a high heart rate line with the shortest
coupling interval representing the series of atrial premature
beats 82, and thus, at a faster heart rate.

[0063] FIG. 9 is a diagram showing, by way of example,
a diagnostic composite plot 90 for facilitating the diagnosis
of atrial trigeminy. Atrial trigeminy is characterized by three
heartbeat rates appearing intermittently yet reasonably regu-
larly. Although atrial trigeminy can be diagnosed by viewing
a near field view 51 of ECG data, the pattern and its clinical
impact and frequency is significantly more recognizable in
a far field view 53 of R-R interval data, in which a repeating
pattern of three distinct heartbeat lines are persistently
present and clearly visible 91. This view also provides the
physician with a qualitative feel for the frequency of the
event troubling the patient that is not discernible from a
single ECG strip.

[0064] FIG. 10 is a diagram showing, by way of example,
a diagnostic composite plot 100 for facilitating the diagnosis
of maximum heart rate in an episode of AF during exercise.
In a far field view 50 of R-R interval data, AF manifests
through a dispersed cloud of dots (Gaussian-like distribu-
tion) without a discernible main heart rate line representing
regular heartbeats 101. Under exercise, the maximum heart-
beat can be located by an increase in heart rate clustered
about the cloud 102. In addition, individual dots above the
200 bpm range throughout the entire 40-minute range indi-
cates the maximum heart rate during exercise. The very
rapid rise in heart rate can be critical to patient management,
as such bumps in rate by exercise can prove dangerous and
even trigger cardiac arrest by inducing ventricular fibrilla-
tion. Their very presence is easily visualized in the R-R
interval data plot, thereby allowing the physician to alter
therapy sufficiently to control such potentially damaging
rises in heart rate.

[0065] FIG. 11 is a diagram showing, by way of example,
a diagnostic composite plot 110 for facilitating the diagnosis
of SR transitioning into AFL transitioning into AF. In a far
field view 53 of R-R interval data, SR manifests as an
uneven main heart rate line with a fluctuating height 111. At
the onset of AFL, the main heart rate line breaks away at a
lower heart rate than the SR main heart rate line 112. The
episode of AFL further evolves into AF as characterized by
a dispersed cloud of irregular heartbeats without concen-
trated heart rate lines 113. This view provides critical
information to the physician managing AF patients in that,
at a glance, the view provides data that tells the physician
that the patient’s AF may be the consequence of AFL. Such
knowledge may alter both drug and procedure therapies, like
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catheter ablation details of intervention. These two disorders
are not interchangeable and generally demand different drug
and different catheter ablation approaches.

[0066] FIG. 12 is a diagram showing, by way of example,
a diagnostic composite plot 120 for facilitating the diagnosis
of sinus tachycardia and palpitations that occurred during
exercise accompanied by a jump in heart rate. In a far field
view 50 of R-R interval data, sinus tachycardia is indicated
by the presence of a baseline heart rate of about 60 bpm 121
that spikes up to around 100 bpm 122 and gradually slopes
down with a wide tail 123, reflecting a sharp rise of heart
rates followed by a gradual decline. The associated ECG
data in the near field and intermediate field views (not
shown) can confirm the rhythm as sinus rhythm and a
normal response to exercise. This rhythm, although super-
ficially obvious, was associated with symptoms of palpita-
tions and demonstrates a sensitivity to heart rate fluctua-
tions, rather than a sensitivity to an arrhythmia. This
common problem is often dismissed as merely sinus tachy-
cardia, rather than recognizing the context of a changing rate
that generated the patient’s complaint, a problem, visible
only in the R-R interval data plot.

[0067] FIG. 13 is a diagram showing, by way of example,
a diagnostic composite plot 90 for facilitating the diagnosis
of bradycardia during sleep and a R-R interval pattern
characteristic of sleep. Bradycardia refers to a resting heart
rate of under 60 bpm. Bradycardia during sleep is often
tempered with occasional spikes of rapid heart rate, which
can be a secondary compensatory response to dreaming,
snoring or sleep apnea. In a far field view 50 of R-R interval
data, bradycardia manifests as the presence of a base line
heart rate in the range of about 50 bpm 131, coupled with
multiple spikes of dots 132 representing intermittent epi-
sodes of elevated heart rate. Such elevations in heart rate
during a pre-dominantly slower rate may be signs of a
cardio-respiratory disorder. Still other applications of the
diagnostic composite plot 80 are possible.

[0068] The diagnostic composite plots are a tool used by
physicians as part of a continuum of cardiac care provision-
ing that begins with ECG monitoring, continues through
diagnostic overread and finally, if medically appropriate,
concludes with cardiac rhythm disorder treatment. Each of
these steps involve different physical components that col-
laboratively allow physicians to acquire and visualize R-R
interval and ECG data in a way that accurately depicts heart
rate variability over time. Further, the data represented by
the diagnostic composite plots can be provided to analysis
software for cardiac event detection, and patient diagnosis or
confirmation. FIG. 14 is a block diagram showing a system
140 for facilitating diagnosis of cardiac rhythm disorders
with the aid of a digital computer 150 in accordance with
one embodiment. Fach diagnostic composite plot 151 is
based on ECG data 166 that has either been recorded by a
conventional electrocardiograph (not shown) or retrieved or
obtained from some other type of ECG monitoring and
recording device. Following completion of the ECG moni-
toring, the ECG data is assembled into a diagnostic com-
posite plot 151, which can be used by a physician to
diagnosis and, if required, treat a cardiac rhythm disorder, or
for other health care or related purposes.

[0069] Each diagnostic composite plot 151 is based on
ECG data 166 that has been recorded over a period of
observation, which can be for just a short term, such as
during a clinic appointment, or over an extended time frame
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of months. ECG recordation and, in some cases, physiologi-
cal monitoring can be provided through various types of
ECG-capable monitoring ensembles, including a standard-
ized 12-lead ECG setup (not shown), such as used for
clinical ECG monitoring, a portable Holter-type ECG
recorder for traditional ambulatory ECG monitoring (also
not shown), or a wearable ambulatory ECG monitor.

[0070] One form of ambulatory ECG monitor 142 par-
ticularly suited to monitoring and recording ECG and physi-
ological data employs an electrode patch 143 and a remov-
able reusable (or single use) monitor recorder 144, such as
described in commonly-assigned U.S. Pat. No. 9,345,414,
issued May 24, 2016, cited supra, and also, further described
in detail below with respect to FIGS. 15-18. The electrode
patch 143 and monitor recorder 144 are synergistically
optimized to capture electrical signals from the propagation
of low amplitude, relatively low frequency content cardiac
action potentials, particularly the P-waves generated during
atrial activation. The ECG monitor 142 sits centrally (in the
midline) on the patient’s chest along the sternum 169
oriented top-to-bottom. The ECG monitor 142 interfaces to
a pair of cutaneous electrodes (not shown) on the electrode
patch 143 that are adhered to the patient’s skin along the
sternal midline (or immediately to either side of the sternum
169). The ECG monitor 142 has a unique narrow “hour-
glass™-like shape that significantly improves the ability of
the monitor to be comfortably worn by the patient 141 for an
extended period of time and to cutaneously sense cardiac
electric signals, particularly the P-wave (or atrial activity)
and, to a lesser extent, the QRS interval signals in the ECG
waveforms indicating ventricular activity.

[0071] The electrode patch 143 itself is shaped to conform
to the contours of the patient’s chest approximately centered
on the sternal midline. To counter the dislodgment due to
compressional and torsional forces, a layer of non-irritating
adhesive, such as hydrocolloid, is provided at least partially
on the underside, or contact, surface of the electrode patch,
but only on the electrode patch’s distal and proximal ends.
To counter dislodgment due to tensile and torsional forces,
a strain relief can be defined in the electrode patch’s flexible
circuit using cutouts partially extending transversely from
each opposite side of the flexible circuit and continuing
longitudinally towards each other to define in ‘S’-shaped
pattern. In a further embodiment, the electrode patch 143 is
made from a type of stretchable spunlace fabric. To counter
patient bending motions and prevent disadhesion of the
electrode patch 143, the outward-facing aspect of the back-
ing, to which a (non-stretchable) flexible circuit is fixedly
attached, stretches at a different rate than the backing’s
skin-facing aspect, where a skin adhesive removably affixes
the electrode patch 143 to the skin. Each of these compo-
nents are distinctive and allow for comfortable and extended
wear, especially by women, where breast mobility would
otherwise interfere with ECG monitor use and comfort. Still
other forms of ECG monitoring and recording assembles are
possible.

[0072] When operated standalone, the monitor recorder
142 senses and records the patient’s ECG data 166 and
physiological data (not shown) into a memory onboard the
monitor recorder 144. The recorded data can be downloaded
using a download station 147, which could be a dedicated
download station 145 that permits the retrieval of stored
ECG data 166 and physiological data, if applicable, execu-
tion of diagnostics on or programming of the monitor
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recorder 144, or performance of other functions. To facilitate
physical connection with the download station 145, the
monitor recorder 144 has a set of electrical contacts (not
shown) that enable the monitor recorder 144 to physically
interface to a set of terminals 148. In turn, the download
station 145 can be operated through user controls 149 to
execute a communications or data download program 146
(“Download”) or similar program that interacts with the
monitor recorder 144 via the physical interface to retrieve
the stored ECG data 166. The download station 145 could
alternatively be a server, personal computer, tablet or hand-
held computer, smart mobile device, or purpose-built device
designed specific to the task of interfacing with a monitor
recorder 144. Still other forms of download station 145 are
possible. In a further embodiment, the ECG data 166 from
the monitor recorder 144 can be offloaded wirelessly.

[0073] The ECG data 166 can be retrieved from the
download station 145 using a control program 157 (“Ctl”) or
analogous application executing on a personal digital com-
puter 156 or other connectable computing device, via a hard
wired link 158, wireless link (not shown), or by physical
transfer of storage media (not shown). The personal digital
computer 156 may also execute middleware (not shown)
that converts the ECG data 166 into a format suitable for use
by a third-party post-monitoring analysis program. The
personal digital computer 156 stores the ECG data 166 along
with each patient’s electronic medical records (EMRs) 165
in the secure database 64, as further discussed infra. In a
further embodiment, the download station 145 is able to
directly interface with other devices over a computer com-
munications network 155, which could be a combination of
local area and wide area networks, including the Internet or
another telecommunications network, over wired or wireless
connections.

[0074] A client-server model can be employed for ECG
data 166 analysis. In this model, a server 62 executes a
patient management program 160 (“Mgt™) or similar appli-
cation that accesses the retrieved ECG data 166 and other
information in the secure database 164 cataloged with each
patient’s EMRs 165. The patients> EMRs can be supple-
mented with other information (not shown), such as medical
history, testing results, and so forth, which can be factored
into automated diagnosis and treatment. The patient man-
agement program 160, or other trusted application, also
maintains and safeguards the secure database 164 to limit
access to patient EMRs 165 to only authorized parties for
appropriate medical or other uses, such as mandated by state
or federal law, such as under the Health Insurance Portability
and Accountability Act (HIPAA) or per the European
Union’s Data Protection Directive. Other schemes and safe-
guards to protect and maintain the integrity of patient EMRs
165 are possible.

[0075] In a further embodiment, the wearable monitor 142
can interoperate wirelessly with other wearable or implant-
able physiology monitors and activity sensors 152, such as
activity trackers worn on the wrist or body, and with mobile
devices 153, including smart watches and smartphones.
Wearable or implantable physiology monitors and activity
sensors 152 encompass a wide range of wirelessly intercon-
nectable devices that measure or monitor a patient’s physi-
ological data, such as heart rate, temperature, blood pres-
sure, respiratory rate, blood pressure, blood sugar (with or
without an appropriate subcutaneous probe), oxygen satu-
ration, minute ventilation, and so on; physical states, such as
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movement, sleep, footsteps, and the like; and performance,
including calories burned or estimated blood glucose level.
Frequently, wearable and implantable physiology monitors
and activity sensors 152 are capable of wirelessly interfacing
with mobile devices 153, particularly smart mobile devices,
including so-called “smartphones” and “smart watches,” as
well as with personal computers and tablet or handheld
computers, to download monitoring data either in real-time
or in batches through an application (“App™) or similar
program.

[0076] Based on the ECG data 166, physicians can rely on
the data as medically certifiable and are able to directly
proceed with diagnosing cardiac rhythm disorders and deter-
mining the appropriate course of treatment for the patient
141, including undertaking further medical interventions as
appropriate. The ECG data 166 can be retrieved by a digital
computer 150 over the network 155. A diagnostic composite
plot 151 that includes multiple temporal points of reference
and a plot of R-R interval data is then constructed based on
the ECG data 166, as discussed in detail supra with reference
to FIG. 3, and displayed or, alternatively, printed, for use by
a physician.

[0077] In a further embodiment, the server 159 executes a
patient diagnosis program 161 (“Dx”) or similar application
that can evaluate the ECG data 166 to form a diagnosis of
a cardiac rhythm disorder. The patient diagnosis program
161 compares and evaluates the ECG data 166 to a set of
medical diagnostic criteria 167, from which a diagnostic
overread 162 (“diagnosis™) is generated. Each diagnostic
overread 162 can include one or more diagnostic findings
168 that can be rated by degree of severity, such as with the
automated diagnosis of atrial fibrillation. If at least one of
the diagnostic findings 168 for a patient exceed a threshold
level of tolerance, which may be tailored to a specific client,
disease or medical condition group, or applied to a general
patient population, in a still further embodiment, therapeutic
treatment (“Therapy”) to address diagnosed disorder find-
ings can be generated and, optionally, programmed into a
cardiac rhythm therapy delivery device, such as an IMD (not
shown), including a pacemaker, implantable cardioverter
defibrillator (ICD), or similar devices.

[0078] Facilitating diagnosis of cardiac rhythm disorders
first requires the collection of ECG data from a patient. In
one embodiment, the data can be collected via a wearable
ambulatory ECG monitor having an electrode patch and a
monitor recorder. The electrode patch is adhered to the
patient’s skin along the sternal midline or immediately to
either side of the sternum to collect the data. A monitor
recorder is then snapped into place on the electrode patch
using an electro mechanical docking interface to initiate
ECG monitoring. FIG. 15 is a perspective view showing an
ambulatory ECG monitor 212 having an extended wear
electrode patch 215 with a monitor recorder 214 inserted.
The body of the electrode patch 215 is preferably con-
structed using a flexible backing 220 formed as an elongated
strip 221 of wrap knit or similar stretchable material about
145 mm long and 32 mm at the widest point with a narrow
longitudinal mid-section 223 evenly tapering inward from
both sides. However, other lengths and widths are possible.
A pair of cut-outs 222 between the distal and proximal ends
of the electrode patch 15 create a narrow longitudinal
midsection 223 or “isthmus” and defines an elongated
“hourglass”-like shape, when viewed from above, such as
described in commonly-assigned U.S. Design Pat. No.
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D744659, issued Dec. 1, 2015, the disclosure of which is
incorporated by reference. The upper part of the “hourglass”
is sized to allow an electrically non-conductive receptacle
225, that sits on top of the outward-facing surface of the
electrode patch 215, to be affixed to the electrode patch 215
with an ECG electrode placed underneath on the patient-
facing underside, or contact, surface of the electrode patch
215; the upper part of the “hourglass™ has a longer and wider
profile (but still rounded and tapered to fit comfortably
between the breasts) than the lower part of the “hourglass,”
which is sized primarily to allow just the placement of an
ECG electrode of appropriate shape and surface area to
record the P-wave and the QRS signals sufficiently given the
inter-electrode spacing.

[0079] The electrode patch 215 incorporates features that
significantly improve wearability, performance, and patient
comfort throughout an extended monitoring period. The
entire electrode patch 215 is lightweight in construction,
which allows the patch to be resilient to disadhesing or
falling off and, critically, to avoid creating distracting dis-
comfort to the patient, even when the patient is asleep. In
contrast, the weight of a heavy ECG monitor impedes
patient mobility and will cause the monitor to constantly tug
downwards and press on the patient’s body that can generate
skin inflammation with frequent adjustments by the patient
needed to maintain comfort.

[0080] During every day wear, the electrode patch 215 is
subjected to pushing, pulling, and torsional movements,
including compressional and torsional forces when the
patient bends forward, or tensile and torsional forces when
the patient leans backwards. To counter these stress forces,
the electrode patch 215 incorporates crimp and strain reliefs,
such as described in commonly-assigned U.S. Pat. No.
9,545,204, issued Jan. 17, 2017, the disclosure of which is
incorporated by reference. In a still further embodiment, tabs
224 can respectively extend an additional 8 mm to 12 mm
beyond the distal and proximal ends of the flexible backing
220 to facilitate with adhering the electrode patch 215 to or
removing the electrode patch 215 from the sternum 213.
These tabs 224 preferably lack adhesive on the underside, or
contact, surface of the electrode patch 215. Still other
shapes, cut-outs and conformities to the electrode patch 215
are possible.

[0081] The monitor recorder 214 removably and reusably
snaps into an electrically non-conductive receptacle 225
during use. The monitor recorder 214 contains electronic
circuitry for recording and storing the patient’s electrocar-
diography as sensed via a pair of ECG electrodes provided
on the electrode patch 215. The non-conductive receptacle
225 is provided on the top surface of the flexible backing
220 with a retention catch 226 and tension clip 227 molded
into the non-conductive receptacle 225 to conformably
receive and securely hold the monitor recorder 214 in place.
[0082] The electrode patch 215 is generally intended for a
single use and is meant to be replaced periodically through-
out an extended period of monitoring. However, some types
of monitoring may not extend over a period of time long
enough to necessitate replacement of the electrode patch
215. In those situations, the monitor recorder 214 and
electrode patch 215 can be combined into a single integral
assembly.

[0083] The monitor recorder 214 includes a sealed hous-
ing that snaps into place in the non-conductive receptacle
225. FIG. 16 is a perspective view showing the monitor
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recorder 214 of FIG. 15. The sealed housing 250 of the
monitor recorder 214 can have a rounded isosceles trapezoi-
dal-like shape, when viewed from above, such as described
in commonly-assigned U.S. Design Pat. No. D717955,
issued Nov. 18,2014, the disclosure of which is incorporated
by reference. The edges 251 along the top and bottom
surfaces are rounded for patient comfort. The sealed housing
250 is approximately 47 mm long, 23 mm wide at the widest
point, and 7 mm high, excluding a patient-operable tactile-
feedback button 255. However, other sizes of the sealed
housing are possible.

[0084] The sealed housing 250 can be molded out of
polycarbonate, ABS, or an alloy of those two materials. The
button 255 is waterproof and the button’s top outer surface
is molded silicon rubber or similar soft pliable material. A
retention detent 253 and tension detent 254 are molded
along the edges of the top surface of the housing 250 to
respectively engage the retention catch 226 and the tension
clip 227 molded into non-conductive receptacle 225. Other
shapes, features, and conformities of the sealed housing 250
are possible.

[0085] The electrode patch 215 is intended to be dispos-
able, while the monitor recorder 214 is designed for reuse
and can be transferred to successive electrode patches 215 to
ensure continuity of monitoring, if so desired. The monitor
recorder 14 can be used only once, but single use effectively
wastes the synergistic benefits provided by the combination
of the disposable electrode patch and reusable monitor
recorder. The placement of the wearable monitor 212 in a
location at the sternal midline (or immediately to either side
of the sternum) benefits long-term extended wear by remov-
ing the requirement that ECG electrodes be continually
placed in the same spots on the skin throughout the moni-
toring period. Instead, the patient is free to place an electrode
patch 215 anywhere within the general region of the ster-
num.

[0086] As a result, at any point during ECG monitoring,
the patient’s skin is able to recover from the wearing of an
electrode patch 215, which increases patient comfort and
satisfaction, while the monitor recorder 214 ensures ECG
monitoring continuity with minimal effort. A monitor
recorder 214 is merely unsnapped from a worn out electrode
patch 215, the worn out electrode patch 215 is removed from
the skin, a new electrode patch 215 is adhered to the skin,
possibly in a new spot immediately adjacent to the earlier
location, and the same monitor recorder 214 is snapped into
the new electrode patch 215 to reinitiate and continue the
ECG monitoring.

[0087] During use, the electrode patch 215 is first adhered
to the skin in the sternal region. FIG. 17 is a perspective view
showing the extended wear electrode patch 215 of FIG. 15
without a monitor recorder 214 inserted. A flexible circuit
232 is adhered to each end of the flexible backing 220. A
distal circuit trace 233 from the distal end 230 of the flexible
backing 220 and a proximal circuit trace (not shown) from
the proximal end 231 of the flexible backing 220 electrically
couple ECG electrodes (not shown) with a pair of electrical
pads 234. In a further embodiment, the distal and proximal
circuit traces are replaced with interlaced or sewn-in flexible
wires. The electrical pads 234 are provided within a mois-
ture-resistant seal 235 formed on the bottom surface of the
non-conductive receptacle 225. When the monitor recorder
214 is securely received into the non-conductive receptacle
225, that is, snapped into place, the electrical pads 234
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interface to electrical contacts (not shown) protruding from
the bottom surface of the monitor recorder 214. The mois-
ture-resistant seal 235 enables the monitor recorder 214 to
be worn at all times, even during showering or other
activities that could expose the monitor recorder 214 to
moisture or adverse conditions.

[0088] In addition, a battery compartment 236 is formed
on the bottom surface of the non-conductive receptacle 225.
A pair of battery leads (not shown) from the battery com-
partment 236 to another pair of the electrical pads 234
electrically interface the battery to the monitor recorder 214.
The battery contained within the battery compartment 235 is
a direct current (DC) power cell and can be replaceable,
rechargeable or disposable.

[0089] The monitor recorder 214 draws power externally
from the battery provided in the non-conductive receptacle
225, thereby uniquely obviating the need for the monitor
recorder 214 to carry a dedicated power source. FIG. 18 is
a bottom plan view of the monitor recorder 214 of FIG. 15.
A cavity 258 is formed on the bottom surface of the sealed
housing 250 to accommodate the upward projection of the
battery compartment 236 from the bottom surface of the
non-conductive receptacle 225, when the monitor recorder
214 is secured in place on the non-conductive receptacle
225. A set of electrical contacts 256 protrude from the
bottom surface of the sealed housing 250 and are arranged
in alignment with the electrical pads 234 provided on the
bottom surface of the non-conductive receptacle 225 to
establish electrical connections between the electrode patch
215 and the monitor recorder 214. In addition, a seal
coupling 257 circumferentially surrounds the set of electri-
cal contacts 256 and securely mates with the moisture-
resistant seal 235 formed on the bottom surface of the
non-conductive receptacle 225. The battery contained within
the battery compartment 236 can be replaceable, recharge-
able or disposable. In a further embodiment, the ECG
sensing circuitry of the monitor recorder 214 can be supple-
mented with additional sensors, including an SpO, sensor, a
blood pressure sensor, a temperature sensor, respiratory rate
sensor, a glucose sensor, an air flow sensor, and a volumetric
pressure sensor, which can be incorporated directly into the
monitor recorder 214 or onto the non-conductive receptacle
225,

[0090] ECG data collected via the ambulatory ECG moni-
tor, such as described above, or another monitor can be
provided to a post-monitoring analysis program for cardiac
event detection and patient diagnosis. However, prior to
analysis by a program, noise can optionally be removed to
refine the ECG data for more accurate detection and diag-
nosis results. For example, ECG data is often interspersed
with events that occur while recording and represent device-
related events, such as low battery warnings or reset events,
which are not interesting to the analysis of the data. Detec-
tion and removal of noise not only increases data quality, but
reduces an amount of data necessary for analysis, which can
result in more accurate and quicker results. Additionally,
areas of recorded data near a period of time when the patient
presses the feedback button tends to look like noise, but is
extremely important for consideration and analysis since the
patient believes a cardiac event may be occurring.

[0091] Noise detection and removal can be performed
prior to any processing of the ECG data or after some
processing has occurred. FIG. 19 is a flow diagram showing
a method 270 for ECG data classification for facilitating
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diagnosis of cardiac rhythm disorders with the aid of a
digital computer. Cutaneous action potentials of a patient are
monitored and recorded (block 271) as ECG data over a set
time period. Upon completion of the monitoring petiod, the
ECG and any physiological data are downloaded or
retrieved into a digital computer (block 272).

[0092] Some recorded signals within the collected ECG
data are low amplitude and can be incorrectly detected as
noise. Optionally, automatic gain control can be applied
(block 273) to the recorded signals to place as many as the
ECG signals as possible within a normal range, such as from
0.5 to 1.8 mV peak-to-peak, such as described in commonly-
assigned U.S. Pat. No. 9,345,414, issued May 24, 2016, the
disclosure of which is incorporated by reference. Automatic
gain control is generally provided through an AGC module
that is implemented as part of a suite of post-processing
modules, although automatic gain control could also be
provided through standalone software or as part of other
forms of ECG visualization and interpretation software. The
automatic gain control can be run prior to or after noise
detection. If prior, gain control is used to regularize the
signal amplitude for noise detection; however, if run after,
gain control is used to control the signal amplitude seen by
the noise detection analysis software. Alternatively, the
signal amplitude is controlled manually by a reading tech-
nician.

[0093] The gain can be determined by defining a temporal
window for automatic gain control. The temporal window
has to be long enough to capture at least one heart beat; a
five-second temporal window is used, although other dura-
tions are possible. The peak-to-peak voltage of each ECG
data segment is computed and a single gain factor is applied
to the entire signal such that the average signal falls in the
center of the preferred range. Alternatively, other statistical
values could be used to represent the correlation of the
peak-to-peak voltages in the preferred range, either in lieu of
or in addition to the average voltage, such as maximum or
minimum observed voltage, mean voltage, and so on. Each
ECG value in a segment is then processed in an iterative
loop. The ECG values are dynamically gained. In one
embodiment, the preferred range falls from about 2 mV to 10
mV, although other values could be chosen.

[0094] Subsequently, noise detection can optionally be
performed (block 274) to refine the ECG data for analysis
and use in patient diagnosis. The noise detection can include
classifying segments of the ECG data as noise or valid data,
as further described below with reference to FIGS. 19-25. A
potentially-actionable cardiac event within a vector of the
ECG data can be optionally identified and the ECG data
during, prior to and after the event can be selected (block
275), as described supra with respect to FIG. 3. In one
example, the vector of ECG data can represent a 40-minute
(or other duration) time span that is used in constructing the
plot of R-R interval data, although other pre-event and
post-event time spans are possible. The event could be
identified with the assistance of a software package, such as
Holter LX Analysis Software, licensed by NorthEast Moni-
toring, Inc., Maynard, Mass.; IntelliSpace Cardiovascular
Image and Information management system, licensed
Koninklijke Philips N.V., Amsterdam, Netherlands; MoMe
System, licensed by InfoBionic, Lowell, Mass.; Pyramis
ECG Management, licensed by Mortara Instrument Inc.,
Milwaukee, Wis.; ICS Clinical Suite, licensed by Spacelabs
Healthcare Inc., Snoqualmie, Wash.; or a customized soft-
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ware package. Alternatively, the potentially-actionable car-
diac event could be identified by a physician or technician
during review of the ECG data.

[0095] Based on the vector of ECG data, a plot of R-R
interval data is constructed (block 276) and can be displayed
with both near field and far field contextual views of the
ECG data, as a diagnostic composite plot, as described supra
with respect to FIG. 6. Both views are temporally keyed to
an extended duration R-R interval data view that, in one
embodiment, is scaled non-linearly to maximize the visual
differentiation for frequently-occurring heart rate ranges,
such that a single glance allows the physician to make a
diagnosis. All three views are presented simultaneously,
thereby allowing an interpreting physician to diagnose
rhythm and the pre- and post-contextual events leading up to
a cardiac rhythm of interest.

[0096] If not previously performed, noise detection can
optionally be performed (block 277) on the R-R interval data
to remove data segments classified as noise, as further
described below with respect to FIG. 20, to refine the data
for further analysis. After, a diagnosis of a cardiac rhythm
disorder can optionally be formed (block 278) based on
findings made through interpretation of heart rate variability
patterns in the diagnostic composite plot. For instance, the
heart rate variability patterns in the diagnostic composite
plot could be provided to a system that programmatically
detects AF by virtue of looking for the classic Gaussian-type
distribution on the “cloud” of heart rate variability formed in
the plot of R-R interval data, which can be corroborated by
the accompanying contextual ECG data. Finally, therapy to
address diagnosed disorder findings can optionally be pro-
grammed into a cardiac rhythm therapy delivery device (step
279), such as an implantable medical device (IMD) (not
shown), including a pacemaker, implantable cardioverter
defibrillator (ICD), or similar devices.

[0097] A presence of noise in the ECG data can pose
problems for cardiologists when diagnosing and caring for
patients with possible cardiac arrhythmias. In contrast, iden-
tifying and removing noise by classifying segments of the
data can greatly increase accuracy of identifying a valid
cardiac event. FIG. 20 is a flow diagram showing a method
290 for noise detection. Prior to classification of ECG data,
an adaptive noise detector is trained (block 291). In one
example, the adaptive noise detector can be implemented by
a convolutional neural network that represents a processing
device, such as an algorithm executed by a computer pro-
cessor or actual hardware. Other types of systems are
possible.

[0098] During training, segments of the ECG data are
annotated with a classification of noise or valid data by
software analysis or human review. Training is further
described in detail below with respect to FIG. 21. Once
trained, further ECG data collected from a patient via an
ambulatory ECG monitor, such as the monitor described
above with respect to FIGS. 15-18, is segmented and pro-
vided (block 292) to the trained adaptive noise detector for
classification (block 293). However, data from other types of
ECG monitors can be used.

[0099] Classification of the ECG data segments includes
assigning a designation of valid data or noise to each
segment. Subsequently, the ECG data segments that corre-
spond with a time frame during which a patient feedback
button on the ECG ambulatory monitor is pressed are
identified. Those segments classified as noise and that over-
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lap with the timeframe are trimmed (block 294) to remove
the data corresponding with the button press. Defining the
time frame is further described in detail below with refer-
ence to FIG. 23. Finally, all segments classified as noise can
be removed from the ECG data prior to further processing.
In a further embodiment, the noise data segments can remain
with the ECG data; however, during review by analysis
software, those segments classified as noise can be ignored.
[0100] Accurate classification of the ECG data segments is
dependent on training accuracy. FIG. 21 is a flow diagram
showing, by way of example, a method 300 for training an
adaptive noise detector. ECG training data is obtained (block
301) as data files from ambulatory ECG monitors associated
with a group of patients. The patients can be selected
randomly or identified based on patient condition. In one
embodiment, between 200 and 250 files can be collected
from different ECG ambulatory monitors and used as train-
ing data. The ambulatory monitors used to collect the ECG
data can include the monitor described above with respect to
FIGS. 15-18, as well as other types of monitors. The data file
collected from each ECG ambulatory monitor can each
include up to or more than 64 MB of data.

[0101] The training data is divided (block 302) into seg-
ments, and regions of the training data are annotated (block
303) with markers for valid data or noise by software
analysis, human review, or a combination of software analy-
sis and human review. Specifically, each file from one of the
ambulatory ECG monitors is divided into segments. For
example, the ECG data from a single file can be divided into
over 1500 segments, such that each segment includes
between 9-10 seconds of data. However, other numbers of
segments and data times represented by each segment are
possible, such as segments of data between 2 and 12
seconds. The data can be divided into contiguous segments
or alternatively, into overlapping segments. In one embodi-
ment, a neural network views only one segment at a time for
detection and thus, each segment should include enough
data for a determination of noise. The periodicity of heart
activity is an important indicator of non-noise so each
segment should include at least a few beats. However, the
larger the segment becomes the more good signal will be
mis-marked as noise on either side of a real noise identifi-
cation.

[0102] Optionally, a portion of the data at the beginning of
each training segment can be removed (block 304) since
such data often includes or resembles noise, which could
lead to misclassification of the data in that segment. The
training data segments are then provided (block 305) to the
adaptive noise detector. In one embodiment, the segments of
the training data are each provided and run through the
adaptive noise detector once. In a further embodiment, the
training segments are run multiple times.

[0103] After the training data has been run through the
adaptive noise detector, testing can be performed (block
306) to determine classification accuracy of the adaptive
noise detector. During testing, a set of testing data, such as
collected from ECG ambulatory monitors, is run through the
trained adaptive noise detector, which classifies the testing
data. Additionally, the testing data is annotated manually or
via a different program with classifications for noise or valid
data. A comparison is made between the annotation of the
data and the results of the adaptive noise detector. A number
of samples correctly classified is determined and an average
accuracy of the testing data is determined. In one embodi-
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ment, the average accuracy can be determined and reported
after every n number of batches of ECG data. For example,
n can represent 100 batches; however, other numbers of
batches are possible. The batches can be determined based
on an amount of ECG data, a number of ECG ambulatory
monitors providing the data, as well as by other metrics. In
one embodiment, the batch should be small enough to fit in
the memory available, but large enough to amortize startup
time. An accuracy threshold can be applied to the average
accuracy values and if an average accuracy value or a
predetermined number of average accuracy values are below
the threshold, further training can be performed (block 307)
to increase the accuracy of the adaptive noise detector.

[0104] Once the adaptive noise detector is accurately
trained, further ECG data is collected and provided to the
detector for classification. FIG. 22 is a flow diagram show-
ing, by way of example, a method 310 for classification of
ECG data. The collected ECG data is segmented into blocks,
such as described above with respect to the training data of
FIG. 21. The ECG data segments are then received (block
311) by the adaptive noise detector, which can be imple-
mented by a convolutional neural network utilizing, for
example, a one dimensional formulation for use with ECG
data. Additionally, the adaptive noise detector can include
hidden layers for performing the classification. In the
example described below, two convolutional or pooling
hidden layers, and two fully-connected hidden layers are
utilized. However, other number of layers are possible.

[0105] During the first convolution layer, ECG trace fea-
tures are identified (block 312) using, for example, sliding
filters. Examples of ECG trace features can include two R
waves with three P waves located between the R waves and
R wave spikes, as well as other types of features that are
indicative of a cardiac event, such as an arrhythmia. The
features can be automatically learned during the training
process and take any form that is learned to be associated
with noise or the ECG. In one embodiment, filters for at least
32 features are run against the ECG data. During the second
convolution layer, repeating patterns of the features are
identified (block 313), including, for example, identifying
high numbers of successive R wave spikes.

[0106] Next, the data obtained from the second convolu-
tion layer is provided to a first fully connected cross-
connection layer, which builds (block 314) a matrix with the
repeating features representing the columns and matrix
multipliers representing rows. An intersection value for each
combination of the repeating features and matrix multipliers
are listed in the matrix as cross connection weights. Spe-
cifically, the intersection value can be determined by mul-
tiplying each repeating feature value with a matrix multiplier
and scaling the product by a predetermined factor. However,
other methods for determining the intersection values are
possible.

[0107] The second fully connected cross-connection layer
utilizes the cross-connection weights from the first fully
connected cross-connection layer and multiplies the cross-
connection weights by further weights to calculate (block
315) final cross-connection values for each ECG data seg-
ment. The final cross-connection values include a noise
classification value and a valid data classification value. The
noise classification value and the valid data classification
value indicate a likelihood that the data segment, respec-
tively, includes noise or does not include noise.
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[0108] Based on the final cross-connection values, a deter-
mination is made as to whether the noise classification value
for each data segment exceeds (block 316) the valid data
classification value, and if so, the noise classification is
assigned (block 317) to that data segment. Otherwise, if the
noise classification value does not exceed (block 316) the
valid data classification value, a valid data classification is
assigned (block 318) to that data segment. As described
above, with respect to FIG. 20, the segments classified as
noise are removed from the ECG data and the remaining
valid data segments are provided for further analysis and
patient diagnosis.

[0109] However, prior to such analysis, patient identified
cardiac events are identified and considered. Patient identi-
fied cardiac events are important for use in diagnosis since
the patient generally provides feedback when she feels
uncomfortable, ill, or is experiencing symptoms resembling
a cardiac event. Such feedback is obtained when the patient
applies physical pressure to the feedback button located on
the monitor recorder of the ECG ambulatory monitor, as
shown in FIG. 16.

[0110] Often times, though, the physical pressure, from
the patient, causes the button press to appear as noise in the
recorded data. Due to the importance of the data prior to,
during, and after the button press, if the data collected at the
time of the button press is marked as noise, some or all of
the related data will be removed from further analysis. Thus,
to maintain data related to the button press, segments with
data that overlap a button press event and that are classified
as noise are trimmed to remove the data related to the button
from being classified as noise.

[0111] The trimming can be performed based on defined
button press windows. FIG. 23 is a flow diagram showing,
by way of example, a method 320 for trimming data
segments classified as noise. Within the ECG data for one or
more ECG ambulatory monitors, presses of the patient
feedback button are identified (block 321) and marked. For
each button press event, a button window is generated (block
322) by identifying a predetermined time before and after
each button press event and designating the span of time as
a button window. In one example, the predetermined times
before and after a button press event can be the same, such
as five minutes for a 10 minute window, or a different
amount of time. However, in a further embodiment, each of
the predetermined time before and after can differ.

[0112] The data segments classified as noise are identified
(block 323) and compared with the button press windows to
further identify (block 324) those noise data segments that
overlap a button press window. The overlapping noise data
segments are trimmed (block 325) to align with a start or end
of the button press window, such that the noise data segment
includes no ECG data within the button press window. In
one embodiment, the data removed from the noise data
segment can be assigned a valid data classification to ensure
the data is later reviewed. Further, a noise classification
assigned to any data segment that is fully encompassed by
the button window is removed so that the data can be
considered. Finally, the data segments classified as noise are
removed from the ECG data, leaving only the data segments
classified as valid and the data associated with the button
presses for further analysis and use in patient diagnosis.
[0113] The button press windows can be displayed in a
diagnostic composite plot for analysis by a medical profes-
sional. FIG. 24 is a diagram showing, by way of example, a
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diagnostic composite plot 340 showing data from a button
press window. The diagnostic composite plot 340, as
described above with respect to FIG. 6, includes an ECG
plot presenting a near field (short duration) view 51, an ECG
plot presenting an intermediate field (medium duration)
view 52, and an R-R interval data plot presenting a far field
(extended duration) view 53. A temporal point of reference,
such as a button press event, is identified and centered on the
x-axis in all three views. The button press event is associated
with a button press window 341, which is displayed on the
intermediate field view. In a further embodiment, all button
presses in the ECG data recording can be displayed. FI1G. 25
is a diagram showing, by way of example, a summary graph
350, showing instances of button presses. A summary graph
350 maps all ECG data recorded by the ECG ambulatory
monitor over a period up to seven days. The data is displayed
and button presses can be identified via an icon 351.
Identifying all instances of button presses over a recording
period can be useful to identify patterns of symptoms
experienced by the patient, which can assist in making a
diagnosis.

[0114] Returning to the composite plot 340 of FIG. 24, the
placement of a single button press window in the middle of
the x-axes on all three views enables the ECG data to be
temporally keyed to the R-R interval data appearing in the
center of the R-R interval data view 53, with a near field
view 51 of an ECG displayed at normal (paper-based)
recording speed and an intermediate field view 52 that
presents the ECG data occurring before and after the center.
As a result, the near field view 51 provides the ECG data
corresponding to the R-R interval data at the center (or
another location), while the intermediate field view 52
enables presentation of the broader ECG data context going
beyond the borders of the near field view 51. In a further
embodiment, the center can be slidably adjusted backwards
and forwards in time, with the near field view 51 and the far
field view 52 of the ECG data automatically adjusting
accordingly to stay in context with the R-R interval data
view 51. In a still further embodiment, multiple temporal
points of reference can be identified with each temporal
point of reference being optionally accompanied by one or
more dedicated sets of ECG data views.

[0115] The intermediate field view 52 also displays data
segments 342, d,, which each represent a grouping of ECG
data that has been classified as valid or noise. In one
embodiment, the classification for each data segment 342
can also be displayed. The segments 342 that are assigned a
noise classification are compared with the button press
window 341. Those noise data segments that overlap with
the button press window 341 are trimmed. For example, data
segment d8 overlaps with the button press window 341.
Accordingly, the overlapping data 343 at the beginning of
the button press window is removed from the data segment
that is classified as noise, thus trimming the noise data
segment. The trimmed data can be added to the next
consecutive segment or form a new segment.

[0116] Subsequently, in one embodiment, a noise thresh-
old can be applied to the data segments classified as noise to
prevent shorts bursts of noise within one such segment from
requiring all data in that segment to be removed, since some
types of arrhythmias can resemble noise. If the data identi-
fied as noise within the noise segment occurs over a period
that meets or exceeds the noise threshold, then that noise
data segment is removed from the ECG data prior to
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analysis. However, if the data identified as noise within the
noise data segment occurs over a period less than the noise
threshold, the noise classification can be removed and the
data remains with the ECG data. In one embodiment, each
segment is assigned a noise determination of yes or no, with
a yes determination indicating noise is present and a no
determination indicating no noise is present in the segment.
The threshold can be applied to one or more segments and
can, in one instance, be equal to the length of a predeter-
mined number of segments. For example, the threshold can
be set to 20 seconds based on two 10 second segments of
data and can be applied to multiple consecutive segments of
data.

[0117] Finally, the data segments classified as noise are
removed from the ECG data, leaving only the valid data
segments and data associated with the button press windows
for further analysis. In one embodiment, such data is pro-
vided for software analysis or human review for patient
diagnosis, including identification of one or more cardiac
events.

[0118] While the invention has been particularly shown
and described as referenced to the embodiments thereof,
those skilled in the art will understand that the foregoing and
other changes in form and detail may be made therein
without departing from the spirit and scope.

What is claimed is:

1. A system for ECG data classification for use in facili-
tating diagnosis of cardiac rhythm disorders, comprising:

a database to store ECG data obtained via an electrocar-

diography monitor shaped for placement on a patient’s
chest; and

a server comprising a central processing unit, memory, an

input port to receive the ECG data from the database,

and an output port, wherein the central processing unit

is configured to:

divide the ECG data into segments;

apply noise detection analysis to the ECG data seg-
ments;

assign one of a noise classification and a valid classi-
fication to each segment of ECG data;

identify at least one ECG data segment assigned the
noise classification that includes ECG data that cor-
responds with feedback from the patient via the
electrocardiography monitor;

remove the ECG data that corresponds with the patient
feedback from the identified ECG data segment with
the noise classification; and

removing the ECG data segments assigned the noise
classification from further analysis.

2. A system in accordance with claim 1, wherein the
central processing unit assigns the valid classification to the
ECG data that corresponds with the patient feedback.

3. A system in accordance with claim 1, wherein the
central processing unit removes a portion of the ECG data
located at a beginning of each segment prior to performing
the noise detection analysis.

4. A system in accordance with claim 1, wherein the
central processing unit calculates a noise data classification
value and a valid data classification value for each segment
during the noise detection analysis and performs one or
more of?

assigning the noise classification to one of the segments

when the noise data classification value exceeds the
valid data classification value; and
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assigning the valid classification when the noise data
classification value fails to exceed the valid data clas-
sification value.

5. A system in accordance with claim 1, wherein the
central processing unit identifies the ECG data that corre-
sponds with the patient feedback, comprising:

generating a window by identifying a predetermined time

before and after one such instance of feedback from the
patient; and

selecting the ECG data that corresponds with the window

as the ECG data for removal from the identified ECG
data segment.

6. A system in accordance with claim 5, wherein the
predetermined time before and after the patient feedback
comprises one of the same time and different times.

7. A system in accordance with claim 5, wherein the
central processing unit removes the noise classification from
one such segment of ECG data when the window is the same
length as or longer than the segment.

8. A system in accordance with claim 5, wherein the
patient feedback comprises a press of a feedback button on
the electrocardiography monitor.

9. A system in accordance with claim 1, wherein the ECG
data segments are one of overlapping and contiguous.

10. A system in accordance with claim 1, wherein the
noise detection analysis is performed via a convolutional
neural network.

11. A method for ECG data classification for use in
facilitating diagnosis of cardiac rhythm disorders, compris-
ing:

receiving ECG data obtained via an electrocardiography

monitor shaped for placement on a patient’s chest;
dividing the ECG data into segments;

applying noise detection analysis to the ECG data seg-

ments;

assigning one of a noise classification and a valid classi-

fication to each segment of ECG data;

identifying at least one ECG data segment assigned the

noise classification that includes ECG data that corre-
sponds with feedback from the patient via the electro-
cardiography monitor;

removing the ECG data that corresponds with the patient

feedback from the identified ECG data segment with
the noise classification; and

removing the ECG data segments assigned the noise

classification from further analysis.

12. A method in accordance with claim 11, further com-
prising:

assigning the valid classification to the ECG data that

corresponds with the patient feedback.

13. A method in accordance with claim 11, further com-
prising:

removing a portion of the ECG data located at a beginning

of each segment prior to performing the noise detection
analysis.

14. A method in accordance with claim 11, further com-
prising:

calculating a noise data classification value and a valid

data classification value for each segment during the
noise detection analysis; and

performing one or more of:

assigning the noise classification to one of the segments
when the noise data classification value exceeds the
valid data classification value; and



US 2019/0231210 Al Aug. 1,2019
15

assigning the valid classification when the noise data
classification value fails to exceed the valid data
classification value.

15. A method in accordance with claim 11, further com-
prising:

identifying the ECG data that corresponds with the patient

feedback, comprising:

generating a window by identifying a predetermined
time before and after one such instance of feedback
from the patient; and

selecting the ECG data that corresponds with the win-
dow as the ECG data associated with the patient
feedback.

16. A method in accordance with claim 15, wherein the
predetermined time before and after the patient feedback
comprises one of the same time and different times.

17. A method in accordance with claim 15, further com-
prising:

removing the noise classification from one such segment

of ECG data when the window is the same length as or
longer than the segment.

18. A method in accordance with claim 15, wherein the
patient feedback comprises a press of a feedback button on
the electrocardiography monitor.

19. A method in accordance with claim 11, wherein the
ECG data segments are one of overlapping and contiguous.

20. A method in accordance with claim 11, wherein the
noise detection analysis is performed via a convolutional
neural network.
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