I*I Innovation, Sciences et Innovation, Science and CA 2914666 C 2022/11/15

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 9 1 4 666
12y BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépo6t PCT/PCT Filing Date: 2014/06/04 (51) ClLInt./Int.Cl. A67B 5/0245(2006.01),
(87) Date publication PCT/PCT Publication Date: 2014/12/11 A61B 5/0295(2006.01)
" . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2022/11/15 BRUMFIELD, ANNE M., US:
(85) Entrée phase nationale/National Entry: 2015/12/04 BERKOW, JAN K., US
(86) N° demande PCT/PCT Application No.: US 2014/040890 | (73) Propriétaire/Owner:
(87) N° publication PCT/PCT Publication No.: 2014/197582 INTELOMED, INC., US
(30) Priorité/Priority: 2013/06/04 (US61/830,821) (74) Agent: BORDEN LADNER GERVAIS LLP

(54) Titre : SEVERITE DU RISQUE HEMODYNAMIQUE BASEE SUR LA DETECTION ET LA QUANTIFICATION DU
COMPORTEMENT DE DYSRYTHMIE CARDIAQUE EN UTILISANT UNE FORME D'ONDE DE VOLUME
D'IMPULSION

(54) Title: HEMODYNAMIC RISK SEVERITY BASED UPON DETECTION AND QUANTIFICATION OF CARDIAC
DYSRHYTHMIA BEHAVIOR USING A PULSE VOLUME WAVEFORM

pecemEPusE e sl P

l

ICENTFY PEAXA IN PULSE WAVE SIGNAL

Pt

AN 4
IDENTIFY PEAK AMFLITUDE HDENTIFY PEAK 1I¥E OOCURRENCE

é l

CALCULATE AVIPLITULEE DIFFERENCES CALOULATE THIE QIFFERENCES

443
a5

]

COMPARE THE DIFFERENGE 45
TE THRESHOLD

UDE DIFFERENCE
THRESHOLD

(57) Abrégé/Abstract:

A method for identifying cardiac dysrhythmia behavior may include acquiring pulse volume wave data from a sensor associated
with a patient, and calculating metrics associated with peaks detected therein. The metrics may include differences in amplitudes of
successive pulse volume peaks and differences in the times of occurrence of successive pulse volume peaks. A dispersion
analysis of the time differences, obtained during a defined time window, may result in one or more time difference dispersion
metrics. Amplitude differences may be compared to an amplitude baseline, and time differences may be compared to a time
baseline. Cardiac dysrhythmia behavior may be identified by a combination of an amplitude difference outside of the amplitude
baseline, a corresponding time difference outside of the time baseline, and the values of one or more time difference dispersion
metrics.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191




20147197582 A1) 0000 10100 ORI O 00

<

W

(43) International Publication Date

CA 02914666 2015-12-04

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/197582 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

11 December 2014 (11.12.2014) WIPO | PCT
International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
A61B 5/0245 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
. L i HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
International Application Number: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
PCT/US2014/040890 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
International Filing Date: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
4 June 2014 (04.06.2014) SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
Filing Language: English ZW.
Publication Language: English (84) Designated States (unless otherwise indicated, for every
Priority Data: kind of regional protection available): ARIPO (BW, GH,
61/830.821 4 June 2013 (04.06.2013) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Applicant: INTELOMED, INC [US/US]; 2500 Brooktree TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Road, Suite 203, Wexford, Pennsylvania 15090 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
) . . . MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Inventors: BRUMFIELD, Anne M.; 325 Windgap Drive, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Cranberry  Township, Pennsylvania 16066  (US). KM. ML. MR. NE. SN. TD. TG
BERKOW, Jan K.; 4284 Lampl Lane, Allison Park, > ’ ? P - TG).
Pennsylvania 15101 (US). Published:

Agents: LEVIN, Paul D. et al.; Pepper Hamilton LLP, 500
Grant Street, Suite 5000, Pittsburgh, Pennsylvania 15219

(US).
Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: HEMODYNAMIC RISK SEVERITY BASED UPON DETECTION AND QUANTIFICATION OF CARDIAC DYS-

RHYTHMIA BEHAVIOR USING A PULSE VOLUME WAVEFORM

did
PO 11 1)

FIG. 3B
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HEMODYNAMIC RISK SEVERITY BASED UPON DETECTION AND
QUANTIFICATION OF CARDIAC DYSRHYTHMIA BEHAVIOR USING A PULSE

VOLUME WAVEFORM

[0001]

BACKGROUND

[0002] Cardiac electrophysiology refers to the orchestration of electrical pulses that
cause the myocardium to contract in a coordinated manner to efficiently pump blood into the
arterial tree. Suboptimal physiological alterations that effect the cardiac myocyte milieu can
compromise the myocyte function and adversely affect the electrical conduction tissue. As a
result, the clectrical pulse sequences of the heart may be altered leading to abnormal cardiac
sinus rthythms thereby causing dysynchronous or suboptimal myocardial contractile
behaviors.

[0003] The electrical pulse sequences of the heart may be monitored using an
electrocardiography (ECG) device. An ECG device may use multiple electrodes placed
across the thorax to obtain millivolt level electrical changes associated with the
depolarization of the myocardium and subsequent contraction of the myocardial cells.
Typical ECG patterns representing sequences of myocardial repolarization/depolarization

events may be referred to as a PQRST ECG tracing.
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[0004] Contractile abnormalities, as observed in ECG traces, can be characterized as
irregular heartbeats or arrhythmias that may manifest as tachycardia, bradycardia,
palpitations, or fibrillation. Practitioners having domain expertise in electrocardiology may be
able to differentiate abnormal ECG patterns from normal ECG patterns. Practitioners may
also be adept at recognizing specific types of arrhythmias via PQRST ECG tracing patterns or
behaviors. These ECG patterns provide clues as to the nature or cause of the arrhythmia for
purposes enabling treatment that may be part of cardiac health management. For example,
arrhythmias can be used to identify numerous forms of physiological dysfunction that include
thryroid dysfunction, anemia, myocardial ischemic conditions, and multiple electrical
pathways that result in poor cardiac function. In these examples, the recognition of an
arrhythmia serves as part of a patient assessment to either diagnose a pathology, thereby
enabling its treatment, or top predict onset of a pathology, thereby enabling overall patient
management.

[0005] Alternatively, cardiac arrhythmias can result from myocardial ischemic
conditions and result in decreased cardiac output. Decreased cardiac output may contribute to
a hemodynamically unstable physiological state and predispose a patient to life threatening
conditions. Therefore, a second purpose of arrhythmia detection may be to serve as part of a
real-time hemodynamic monitoring tool. Integral to facilitating this clinical utility can be the
ability to characterize the dysrhythmia behavior in terms of the severity of its adverse effect
on cardiovascular hemodynamics. Use of physiological feedback of dysfunctional cardiac
behavior in concert with other hemodynamic parameters can provide valuable information to
characterize the overall physiologic behavior or state of a patient. Measures related to
severity of cardiac related hemodynamic instability measures can provide valuable real-time
feedback as a part of a hemodynamic monitor to manage patient stability and/or determine

appropriate intervention for this purpose.
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[0006] The pulse waveform obtained [rom a pulse oximeter, also referred to as a
photoplethysmograph, is a mature technology that can be used as a standalone monitor or
readily integrated as part of a hemodynamic monitoring system. The photoplethysmograph is
not capable of capturing electrophysiology signals. However, patterns based upon temporal
alterations of the pulse waveform features can be used to recognize the severity of the
adverse hemodynamic impact that the cardiac dysfunction exibits based upon the degree of
specific waveform feature abnormality and frequency of incidence. The resultant clinical
utility may be to provide either a standalone or component of a hemodynamic monitoring
device that enables real-time feedback as a hemodynamic instability monitor based upon pre-

identified photoplethysmograph pulse waveform features.

SUMMARY

[0007] In an embodiment, a method for identifying a cardiac dysrhythmia behavior
may include receiving, by a computing device, a biological signal emulating an arterial pulse
wave from a sensor in data communication with a human body, identifying, by the computing
device, a plurality of signal peaks within the biological signal, identifying, by the computing
device, a peak amplitude for each of the plurality of signal peaks, identifying, by the
computing device, a time occurrence for each of the plurality of signal peaks, calculating, by
the computing device, a plurality of amplitude differences. in which each amplitude
difference of the plurality of amplitude differences is calculated from a first peak amplitade
of a first peak and a second peak amplitude of a second peak, calculating, by the computing
device, a plurality of time differences, in which each time difference of the plurality of time
differences is calculated from a first time occurrence of the first peak and a second time
occurrence of the second peak, calculating, by the computing device, at least one time

difference dispersion metric from the plurality of time differences, and identifying, by the
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computing device, a cardiac dysthythmia behavior of the biological signal from the at least
one time difference dispersion metric, if at least one anomalous amplitude difference
calculated from a first anomalous peak and a second anomalous peak exceeds an amplitude
threshold and at least one anomalous time difference calculated from the first anomalous

peak and the second anomalous peak exceeds a time threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A depicts a normal human ECG tracing in accordance with some
embodiments.

[0009] FIG. 1B depicts a human ECG tracing illustrating premature ventricular
contractions in accordance with some embodiments.

[0010] FIG. 1C depicts a human ECG tracing illustrating ventricular fibrillation in
accordance with some embodiments.

[0011] FIG. 1D depicts a human ECG tracing illustrating supraventricular tachycardia
in accordance with some embodiments.

[0012] FIGS. 2A and 2B depict a porcine ECG tracing and corresponding pulse
volume waveform, respectively, in accordance with some embodiments.

[0013] FIG. 2C depicts a human pulse volume waveform showing both normal peaks
and peaks corresponding to premature ventricular contractions showing quadrigeminy in
accordance with some embodiments.

[0014] FIG. 2D depicts a human pulse volume waveform corresponding to a wide
range of cardiac dysrhythmias in accordance with some embodiments.

[0015] FIG. 2E depicts an expanded view of a portion of the porcine pulse volume

waveform of FIG. 2B.
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[0016] FIG. 3A depicts a display of pulse volume wavelorm peak amplitude
differences in accordance with some embodiments.

[0017] FIG. 3B depicts a display of pulse volume waveform peak time differences in
accordance with some embodiments.

[0018] FIGS. 4A and 4B are flow charts for a method of identifying a cardiac
dysrhythmia behavior in accordance with some embodiments.

[0019] FIG. 5 depicts a schematic of a computing device in accordance with some
embodiments.

[0020] FIG. 6A depicts a normal human time difference dispersion histogram in
accordance with some embodiments.

[0021] FIG. 6B depicts a human time difference dispersion histogram illustrating
quadrigeminy premature ventricular contractions in accordance with some embodiments.

[0022] FIG. 6C depicts a time difference dispersion histogram illustrating a large
variation in peak time differences in accordance with some embodiments.

[0023] FIG. 6D depicts a time difference dispersion histogram illustrating
supraventricular tachycardia in accordance with some embodiments.

[0024] FIG. 7 depicts an annotated output display of pulse volume waveform data
showing increasing numbers of premature ventricular contractions in accordance with some
embodiments.

[0025] FIG. 8A depicts human pulse volume waveforms and ECG traces associated
with quadrigeminy premature ventricular contraction patterns in addition to the pulse volume
and ECG dispersion histograms in accordance with some embodiments.

[0026] FIG. 8B depicts human pulse volume waveforms and ECG traces associated
with a large variation in peak time differences in a patient with atrial fibrillation in addition to

the pulse volume and ECG dispersion histograms in accordance with some embodiments.
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[0027] FIG. 9 depicts an annotated output display ol patient data for a patient

undergoing dialysis therapy in accordance with some embodiments.

DETAILED DESCRIPTION

[0028] As disclosed above, transient or prolonged myocardial ischemia may be one of
the frequent causes of arrhythmias. In some instances, myocardial ischemia, and the
concomitant arrthythmias, may result from hypovolemic shock such as induced during
hemodialysis. Additionally, segmental myocardial ischemia during hemodialysis may result
in left ventricular regional wall motion abnormalities manifested by inconsistent left
ventricular contractility patterns. While an ECG trace may be used by a health care provider
to monitor and diagnose the specific electrocardio-behavior responsible for specific
arrhythimias, such a device may not provide information regarding anomalies in the
hemodynamics of patient blood-flow.

[0029] A pulse oximeter is a sensor capable of detecting the pulsatile flow of blood
through the vasculature and producing a pulse wavelorm that can emulate an arterial pulse
wave from a patient. Such a sensor can be used as a standalone monitoring device or may be
readily integrated in a hemodynamic monitoring system. One non-limiting example of a pulse
oximeter may include a photoplethysmograph. The pulse oximeter may not be capable of
capturing cardiac electrophysiology signals. However, cardiac dysrhythmia may be deduced
from alterations in normal pulse waveform patterns due to the effects of cardiac dysrhythmia
on blood flow. The severity of the impact of such cardiac dysrhythmia on patient
hemodynamic functions may be characterized by anomalous features in the pulse waveform
patterns. In some non-limiting examples, the impact of cardiac dysrhythmia on hemodynamic
functions may be characterized by specific anomalous pulse waveform features and the

frequency of their occurrence. Methods of analyzing pulse volume waveform features derived
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from pulse oximeters (or similar devices) may be used by a health care provider to monitor
hemodynamic instability in a patient, for example during a therapeutic procedure. Such
methods may be embodied either in a standalone device or as a non-limiting component of a
hemodynamic monitoring system.

[0030] Disclosed below are embodiments of a real-time method to detect and quantify
specific types of cardiac dysrhythmias by applying an algorithm-based "toolkit" to a pulse
waveform captured from a photo-plethysmograph (PPG) or other source producing a pulse
volume waveform. The toolkit may include functions to assess changes in one or more
features of a patient’s pulse volume waveform morphology to identify specific dysrhythmia
patterns typically recognized using an ECG trace. Non-limiting examples of pulse waveform
features may include a pulse amplitude and an inter-pulse occurrence time. In some
embodiments, such features may be compared to one or more of such features maintained in
one or more feature databases. In one non-limiting example, a feature database may be
derived from data obtained from a population of patients demonstrating such features. In
another non-limiting example, a feature database may be derived from one or more animal
models. In yet another non-limiting example, a feature database may be derived from data
obtained from the same patient over time. In still another non-limiting example, a feature
database may be derived from one or more mathematical models.

[0031] Some non-limiting examples of dysrhythmias potentially characterizable by
the disclosed method may include supraventricular arrhythmia, ventricular arrhythmia, and
bradyarrhythmia. Examples of supraventricular arrhythmias may include, without limitation,
premature atrial contraction, paroxysmal supraventricular tachycardia, bypass tract
tachycardia, AV nodal reentrant tachycardia, atrial tachycardia, atrial {lutter, and atrial
fibrillation. Examples of ventricular arrhythmias may include, without limitation, premature

ventricular contraction, ventricular tachycardia, ventricular fibrillation, and long QT
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syndrome. Some ventricular arrhythmias may include multi-geminal premature ventricular
contraction, such as bigeminal premature ventricular contraction, trigeminal premature
ventricular contraction, or quadrigeminal premature ventricular contraction.
Bradyarrhythmias may include sinus node dysfunction and heart block.

[0032] FIGS. 1A through 1D illustrate various ECG trace patterns.

[0033] IFIG. 1A depicts a typical normal human ECG trace, illustrating features often
used by health care providers to assess the nature of cardiac contractility. The ECG trace is
frequently described in terms of the PQRST features, as indicated in FIG. 1A. The P feature
generally corresponds to the depolarization of the atria of the heart, and is typically initiated
at the sinoatrial node. The QRS complex typically corresponds to the ventricular
depolarization, and typically is initiated at the atrioventricular node. The P-R time interval
generally represents an electrical conduction time lag between the onset of atrial contraction
and the onset of ventricular contraction. The Q-R time interval generally is the total time
required for complete ventricular electrical depolarization and hence ventricular contraction.
The T feature corresponds (o the repolarization of the ventricular tissue, and the S-T interval
is a lag time between ventricular depolarization and the onset of ventricular re-polarization.
Other features may be found in an abnormal ECG depending on the pathology. Not shown in
FIG. 1A is an R-R interval that generally corresponds to the time between successive
ventricular contractions. For a normally functioning heart, the R-R interval is related to the
heart rate.

[0034] FIG. 1B illustrates an ECG trace of a premature ventricular contraction (PVC)
cardiac event. In FIG. 1B, three normal PQRS'T teatures (110a,b,c) may be observed. In
addition, a group of sequential ventricular depolarizations 120 are illustrated. It may be noted
that the ventricular contractions may be considered a group of QRS complexes without either

a leading P wave (indicating atrial contraction) or following T wave (indicating complete
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ventricular repolarization). In FIG. 1B, three such sequential ventricular depolarizations 120
are depicted, a condition typically termed ventricular tachycardia.

[0035] FIG. 1C illustrates an ECG trace resulting from ventricular fibrillation. In FIG.
1C, no normal PQRST features may be observed, and the ECG trace indicates that the
ventricular tissue rapidly depolarizes without any observable thythm.

[0036] IG. 1D illustrates an ECG trace related to supraventricular tachycardia. In
some instances, a generally normal but narrowed QRS feature may be observed and the R-R
interval may be decreased. In FIG. 1D, the P wave and T wave may be merged. In some
cases, the supraventricular tachycardia may be caused by a re-entrant stimulation at the
sinoatrial node. FIG. 1D may depict such a sinoatrial re-entrant tachycardia.

[0037] FIGS. 2A and 2B illustrate a porcine ECG tracing and corresponding pulse
volume waveforms (for example, from a plethysmograph), respectively. The ECG tracing in
FIG. 2A illustrates number of normal ECG waveforms 205 along with three abnormal ECG
waveforms (210a, 210b, and 210¢). The corresponding pulse volume waveforms in FIG. 2B
illustrates normal pulse volume waveforms 215 along with three abnormal pulse volume
waveforms (220a, 220b, and 220¢). The structure of the abnormal pulse volume waveforms
(220a, 220b, and 220¢) may demonstrate premature ventricular contractions that may be
manifested as ectopic or missed beats. It may be appreciated that at least some abnormal ECG
waveforms (210a, 210b, and 210¢) may present equivalent abnormal pulse volume
waveforms (220a, 220b, and 220¢) in the pulse volume trace.

[0038] FIG. 2C illustrates a group of normal pulse volume waveforms 215 followed
by a group of abnormal pulse volume wavetorms 230. The apparent triplet structure
manifested in the abnormal pulse volume waveform 230 may demonstrate premature
ventricular contractions indicating quadrigeminy. In contrast to the pulse volume waveform

trace depicted in FIG 2B, in which isolated abnormal pulse waveforms are observed, the
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pulse volume waveform trace depicted in FIG. 2C may indicate that the anomalous heart
depolarizations are maintained over some period of time and may therefore represent a
pathological condition.

[0039] FIG. 2D illustrates a group of abnormal pulse volume wavetorms that do not
appear to show any rhythmic or amplitude regularity. Such irregular pulse volume waveforms
may be an indication for atrial fibrillation.

[0040] FIG. 2E depicts an expanded view of some pulse volume waveforms
illustrated in FIG. 2B. While the ECG structure may be complex, as indicated by the PQRST
waveforms as depicted in FIG. 1, pulse volume waveforms 215a,b may appear to have a
simpler morphology. Such pulse volume waveforms 215a,b may generally be described as a
plurality of single peaks, cach of which is characterizable by a peak amplitude 240a,b
(corresponding to peaks 215a and 215b, respectively) and a time of peak occurrence 250a,b
(corresponding to peaks 215a and 215b, respectively). Additional characterizations may
include a measure of peak width (such as halt-width at half-maximum or full-width at half-
maximum) and a measure of peak symmetry about the peak maximum. Other more complex
characterizations of a single or multiple pulse volume waveforms may also be contemplated.
As one non-limiting example, a pulse volume waveform peak amplitude difference may be
calculated as the difference in peak amplitude between successive peaks 215a,b. As one
example, a pulse volume waveform peak difference may be calculated as a difference
between the peak amplitude 240b of pulse volume peak 215b and the peak amplitude 240a of
pulse volume peak 215a. As another non-limiting example, a pulse volume waveform time
occurrence difference may be calculated as the difference in peak time occurrence between
successive peaks 215a,b. As an example, a pulse volume wavelorm time occurrence
difference may be calculated as a difference between the peak occurrence time 250b of pulse

volume peak 215b and the peak occurrence time 240a of pulse volume peak 215a.
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[0041] A time course display of successive peak amplitude differences and peak time
occurrence differences may be used as an indication of patient cardiac status. FIGS. 3A and
3B depict non-limiting examples of such displays showing variations in peak amplitude
differences (FIG. 3A) and peak time occurrence differences (FIG. 3B). It may be observed
that significant changes in peak amplitude differences and peak time occurrence differences
may occur at about the same time. However, significant changes in peak amplitude
differences and peak time occurrence differences may also occur independently of each other.

[0042] FIGS. 4A and 4B together constitute a flow chart of a method for identifying
cardiac dysrhythmia behavior from a plurality of pulse volume waveforms.

[0043] A biological signal, emulating a plurality of arterial pulse volume
wavetorms, may be received 410 by a computing device from a sensor associated with a
human body such as from a patient undergoing a therapeutic procedure. Non-limiting
embodiments of such a sensor may include one or more of a plethysmograph, a transmittance
photo-optic sensor, a reflective photo-optic sensor, a pressure transducer, a tonometry device,
a strain gauge, an ultrasound device, an electrical impedance measurement device, and a
radar device. In one non-limiting example, the sensor may be a photoplethysmograph. Such
sensors may be in physical contact with the patient’s skin surface, within the patient, or may
be placed at some distance from the patient.

[0044] The computing device may identify 420 the occurrence of pulse volume
peaks within the plurality of pulse volume waveforms. In some non-limiting embodiments,
the computing device may identify 420 the pulse volume peaks based on maximum pulse
volume peak amplitudes, minimum pulse volume amplitudes, or fitting at least a portion of
one or more of the pulse volume waveforms to a mathematical model, such as a parabola.

[0045] The computing device may identify 430 or calculate a peak amplitude value

for each of the pulse volume peaks. The computing device may tfurther calculate 440 a
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difference between peak amplitudes. In some embodiments, the difference between peak
amplitudes may be calculated for any two peaks, regardless of the times of their occurrences.
In some non-limiting embodiments, the amplitude difference calculated 440 by the
computing device may correspond to an amplitude difference between succeeding peaks (that
is, a difference in amplitude between a first peak and a second peak occurring immediately
thereafter).

[0046] The computing device may also identity 435 the time at which each pulse
volume peak occurs. The computing device may further calculate 445 a difference between
peak time occurrences. In some embodiments, the difference between peak time occurrences
may be calculated for any two peaks, regardless of the times of their occurrences. In some
non-limiting embodiments, the time occurrence difference (or time difference) calculated 445
by the computing device may correspond to a time difference between succeeding peaks (that
is, a time difference between a first peak and a second peak occurring immediately
thereafter).

[0047] The computing device may compare 450 each amplitude difference with an
amplitude difference threshold. In one embodiment, the amplitude difference threshold may
be provided to the computing device by a computing device user. In another embodiment, the
amplitude difference threshold may be calculated by the computing device. In some non-
limiting examples, the computing device may calculate the amplitude difference threshold
from an amplitude difference baseline plus an amplitude difference offset. In one non-
limiting example, the amplitude difference baseline may be calculated by the computing
device from at least a portion of peak amplitude differences occurring within a data window.
The data window may be characterized by one or more of a start time, a stop time, and a
window duration. In some non-limiting examples, the data window may have a window

duration of about 1 minute to about 24 hours. Non-limiting examples of such time window
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durations may include time durations of about 1 minute, about 2 minutes, about 5 minutes,
about 10 minutes, about 20 minutes, about 30 minutes, about 1 hour, about 2 hours, about 5
hours, about 10 hours, about 20 hours, about 24 hours, and ranges between any two of these
values including endpoints. Values characterizing the data window may include static values
accessible by the computing device, one or more values supplied by a computing device user,
or a combination thereof,

[0048] In some non-limiting examples, the amplitude difference baseline may be
calculated as an average of peak amplitude differences of at least a portion of peak amplitude
differences occurring within the data window. In other non-limiting examples, the amplitude
difference baseline may be calculated as the maximum peak amplitude difference of at least a
portion of peak amplitude differences occurring within the data window. In some non-
limiting examples, the data window may be chosen to include one or more pulse volume
waveforms for a patient showing normative cardiac activity as determined either by the pulse
volume waveforms or an ECG waveform. In some non-limiting examples, the amplitude
difference offset may be calculated from the average of peak amplitude differences.

[0049] Non-limiting examples of such amplitude difference offsets may be
calculated as fractions of the amplitude difference baseline, for example the value of the
average peak amplitude difference. Examples of such fractions may include 0.05, 0.1, 0.15,
0.2,0.25, 0.3, 0.35, 0.4, 0.45, 0.5, and ranges between any two of these values including
endpoints. In some non-limiting embodiments, the fraction used to calculate the amplitude
difference offset may be derived from the variability of normative peak amplitude differences
from the patient. In another non-limiting embodiment, the fraction used to calculate the
amplitude difference offset may be derived from the variability of normative peak amplitude
differences of a group of patients. Thus, a non-limiting range in values of the amplitude

threshold may include values of about 1.05 to about 1.5 times the amplitude difference
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baseline. In some embodiments, the non-limiting range in values of the amplitude threshold
may include values of about 1.05 to about 1.5 times the average of amplitude differences. In
other embodiments, a non-limiting value of the amplitude threshold may be about 1.2 times
the peak amplitude baseline.

[0050] The computing device may compare 455 each time difference with a time
difference threshold (or time threshold). In one embodiment, the time threshold may be
provided to the computing device by a computing device user. In another embodiment, the
time threshold may be calculated by the computing device. In some non-limiting examples,
the computing device may calculate the time threshold from a peak time difference baseline
plus a peak time difference offset. In one non-limiting example, the peak time difference
baseline may be calculated by the computing device from at least a portion of peak time
differences occurring within a data window. The data window may be characterized by one
or more of a start time, a stop time, or a window duration. In some non-limiting examples, the
data window may have a window duration of about 1 minute to about 24 hours. Non-limiting
examples of such time window durations may include time durations of about 1 minute,
about 2 minutes, about 5 minutes, about 10 minutes, about 20 minutes, about 30 minutes,
about 1 hour, about 2 hours, about 5 hours, about 10 hours, about 20 hours, about 24 hours,
and ranges between any two of these values including endpoints. Values characterizing the
data window may include static values accessible by the computing device, one or more
values supplied by a computing device user, or a combination thereof.

[0051] In some non-limiting examples, the peak time difference baseline may be
calculated as the reciprocal of the patient’s average normative pulse rate. In one non-limiting
example, if a patient’s average pulse rate is 1 bpm (1 beat per minute), the peak time
difference baseline may be 1000 msec. In other non-limiting examples, the peak time

difference baseline may be calculated from a histogram of a plurality of peak time differences
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(see below). In one non-limiting example, the peak time difference baseline may be
calculated as the peak time difference having the greatest number of occurrences in the
histogram. In some non-limiting examples, the plurality of peak time differences in the
histogram may be chosen during a time window in which the patient demonstrates normative
cardiac activity as determined either by the pulse volume waveforms or an ECG waveform.
[0052] Non-limiting examples of such peak time difference offsets may be
calculated as fractions of the peak time difference baseline, for example the value of the peak
time difference having the greatest number of occurrences in the histogram. Examples of
such fractions may include 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, and ranges
between any two of these values including endpoints. In some non-limiting embodiments, the
fraction used to calculate the peak time difference offset may be derived from the width of a
peak in the time difference histogram corresponding to the patient normative pulse rate. In
another non-limiting embodiment, the fraction used to calculate the peak time difference
offset may be derived from the variability of normative pulse rates taken from a group of
patients. Thus, a non-limiting range in values of the time threshold may include values of
about 1.05 to about 1.5 times the peak time difference baseline. In other embodiments, a non-
limiting value of the time threshold may be about 1.2 times the peak time difference baseline.
[0053] In addition to comparing each of the plurality of time differences with a time
threshold, the computing device may also calculate 470 one or more time difference
dispersion metrics from at least some portion of time differences. In one non-limiting
embodiment, calculating 470 one or more time difference dispersion metrics may include
calculating a histogram from at least a portion of the plurality of time differences and
calculating, by the computing device, the at least one time difference dispersion metric from
the histogram. In one non-limiting example, the histogram may be calculated from peak time

differences occurring within a data window. The data window may be characterized by one
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or more of a start time, a stop time, or a window duration. In some non-limiting examples, the
data window may have a window duration of about 1 minute to about 24 hours. Non-limiting
examples of such time window durations may include time durations of about 1 minute,
about 2 minutes, about 5 minutes, about 10 minutes, about 20 minutes, about 30 minutes,
about 1 hour, about 2 hours, about 5 hours, about 10 hours, about 20 hours, about 24 hours,
and ranges between any two of these values including endpoints. One skilled in the art may
recognize that a number of metrics may be determined to characterize features found within a
histogram. Some non-limiting examples may include one or more of a maximum value of at
least one histogram peak, a value of a width metric of the at least one histogram peak, and a
histogram difference time corresponding to the maximum value of the at least one histogram
peak. Any one or more of such histogram metrics may be used to calculate the one or more
time difference dispersion metrics. Examples of such histograms and metrics derived
therefrom are discussed in more detail with respect to FIGS. 6A-6D, disclosed below.

[0054] It may be understood that each pair of pulse volume waveform peaks has an
associated amplitude difference and an associated time difference. Criteria 460 for identifying
a cardiac dysrthythmia behavior may include a requirement that the amplitude difference
between a pair of pulse volume waveform peaks exceeds the amplitude threshold, and the
time difference associated with the same pair of pulse volume waveform peaks exceeds the
time threshold. It may be understood that an amplitude difference exceeding the amplitude
threshold may be considered an anomalous amplitude difference. It may be further
understood that a time difference exceeding the time threshold may be considered an
anomalous time difference. Consequently, the pair of pulse volume waveform peaks giving
rise to the anomalous amplitude difference and anomalous time difference may also be

considered anomalous.
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[0055] Dysrhythmic behavior may be identified 480 based on the above criteria 460
along with the one or more time difference dispersion metrics. As one non-limiting example,
in addition to the above disclosed criteria 460, a pulse time difference that exceeds a
histogram difference time corresponding to the time difference associated with a patient
normative pulse rate may be used to identify 480 a dysrhythmia event. In another non-
limiting example, in addition to the above disclosed criteria 460, the appearance of multiple
histogram peaks may be used to identify 480 a dysrhythmia event. In another non-limiting
example, in addition to the above disclosed criteria 460, a histogram peak associated with a
patient normative pulse rate having a histogram peak width that exceeds the normative peak
width associated with the patient normative pulse rate may be used to identify 480 a
dysrhythmia event.

[0056] Additionally, the one or more time difference dispersion metrics may be used
for other purposes. In one example, an algorithm to calculate an amplitude threshold value or
a time threshold value may be chosen, by the computing device, based on the one or more
time difference dispersion metrics. Thus, as one example, the amplitude threshold value may
be calculated from an average of pulse amplitudes for one value of at least one dispersion
metric. Alternatively, the amplitude threshold value may be calculated from a maximum
value of pulse amplitudes for a different value of at least one dispersion metric.

[0057] The biological signal, along with any one or more of the amplitude
difference, time difference, time difference histograms, or time difference dispersion metrics
may be displayed 490 by the computing device.

[0058] FIG. 5 is a block diagram of an cmbodiment of at least some components
that may compose the computing device. Referring to FIG. 5, a bus 528 may serve as the
main information highway interconnecting the other illustrated components of the hardware.

CPU 502 is the central processing unit of the system, performing calculations and logic
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operations required to execute at least some calculations for the method. Read only memory
{ROM) 518 is one non-limiting example of a static or non-transitory memory device, and
random access memory (RAM) 520 is one non-limiting example of a transitory or dynamic
memory device.

[0059] A controller 504 may interface the system bus 528 with one or more optional
disk drives 508. These disk drives may include, for example, external or internal DVD
drives, CD ROM drives, or hard drives.

[0060] Program instructions for calculations or other computing device functions
may be stored in the ROM 518 and/or the RAM 520. Optionally, program instructions may
be stored on one or more computer readable media such as a compact disk, a digital disk, and
other recordable media. Alternatively, program instructions may be provided to the
computing device via a communications signal or a carrier wave. Additionally, pulse volume
waveform data or other data used by the computing device may be stored on one or more
removable memory devices that may include, as non-limiting examples, a removable disc, a
removable card, a removable memory stick, a {lash drive, a removable SIM chip, a writable
CD-ROM or DVD disk, and/or a miniature data tape. Such devices may be used to transfer
data from the computing device to another data receiving device such as a home computer.

[0061] An optional display interface 522 may permit information from the bus 528
to be displayed on a display device 524 in audio, graphic, or alphanumeric format.
Additional output interface devices may include a printer, a barcode printer, an LLCD panel
device, a touch screen device, an audio device, an LED panel, an OLED panel device, one or
more individual LEDs, either as separate displays or grouped together, and a haptic device.
Communication with external devices may occur using various communication ports 526.

[0062] In addition to the components disclosed above, the computing device may

also include an interface 512 which may allow tfor receipt of data from input devices such as
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a keyboard 514 or other input devices 516 such as a touch screen, a mouse, a reniote control,
a pointing device, a pushbutton, a haptic device, a voice recognition device, a proximity
sensor, a motion detection sensor, a directional pad, and/or a joystick.

[0063] In addition, biological signals acquired by a pulse volume sensor may be
communicated to the computing device via a sensor input 515 through the interface 512 to
the bus 528. Such biological signals may be presented to the computing device as either
analog signals or digital signals. If the pulse volume sensor provides analog biological
signals, the computing device may also include hardware components configured to convert
the analog signals into digital signals. Non-limiting examples of such hardware components
may include one or more of a sample and hold device, an analog-to-digital converter, and a
voltage reference. Such hardware components may be present as independent devices, one or
more combination devices, or one or more detachable modules that may be placed in data
communication with the sensor input 515, the interface 512,or the bus 528. If the pulse
volume sensor provides digital biological signals, the computing device may include one or
more separate digital interfaces (o receive the digital biological signals. Such digital
interfaces may include, without limitation, one or more of a parallel interface, a serial
interface, an IR interface, a radio frequency interface, and a personal area network interface.

[0064] It may be appreciated that such a computing device may receive sensor data
from additional biological signal detectors including, without limitation, an ECG device, a
patient temperature measurement device, a patient respiratory measurement device, and a
patient heart rate measurement device. In some embodiments, biclogical signal data from
these or other biological signal detecting devices may be used as part of the method for
identifying or characterizing cardiac dysrhythmia behavior.

[0065] The computing device may also be configured to receive data from

additional devices such as from one or more therapeutic devices including, for example, a
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dialysis device or a ventilator. Data from such therapeutic devices may be included in one or
more output displays by the computing device to assist a health care professional in
correlating a cardiac dysrhythmia behavior with the operation of the one or more therapeutic
devices. In some non-limiting examples, the computing device may include instructions to
predict possible cardiac dysrhythmia behavior based on data from the one or more therapeutic
devices along with biological signal data from the one or more biological signal detecting
devices.

[0066] A time difference dispersion may be defined as the amount of variation in the
time difference between the time occurrences of successive pulse waveform peaks. Time
difference dispersion may be represented graphically in any number of formats as known to
those with skill in the art. One example of a graphical display of dispersion may include a
histogram. A histogram is a graph of the number of occurrences of each of a number of data
values taken within a sample window. FIGS. 6A-D depict examples of histograms displaying
the dispersion of the time difference between successive pulse wavetorm peaks.

[0067] FIG. 6A illustrates a histogram of time differences between successive pulse
waveform peaks for a patient showing normative (typical or non-pathological) electrocardiac
behavior. The histogram in IIG. 6A is composed of a narrow primary peak 605a centered
around a primary time difference 610a of about 750 msec. The primary peak 605a may
represent a normal pulse time (reciprocal pulse rate) corresponding to a pulse rate of about 45
bpm (beats per minute). The primary peak 605a may be characterized by any number of
dispersion metrics including, for example, a primary time difference 610a and a primary
amplitude 615a. The primary pcak 605a may also be characterized by a primary pecak width
620a. A histogram peak width metric may be calculated according to any method known to
one skilled in the art including, without limitation, a half-width at half-maximum (HWHM)

or a full-width at half-maximum (FWHM). More complex metrics for the width of the
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hisogram peak may be derived from a fit of the peak to a known curve (such as a Gaussian
function) having known parameters associated with the curve spread (such as a Guassian
function ¢ parameter).

[0068] FIG. 6B illustrates a histogram of time differences between successive pulse
waveform peaks for a patient having multifocal premature ventricular beats. The histogram in
FIG. 6B is composed of a symmetric primary peak 605b centered around a primary time
difference 610b of about 900 msec along with two secondary peaks 607a,b centered around
respective secondary time differences 612a,b of about 200 msec and about 1800 msec. The
primary peak 605b may be characterized by any number of dispersion metrics including, for
example, a primary time difference 610b and a primary amplitude 615b. The primary peak
605b may also be characterized by a primary peak width 620b. In FIG. 6B, it may be
observed that the two secondary peaks 607a,b do not appear to be symmetric based on their
respective secondary peak widths 622a,b. The two secondary peaks 607a,b may be
characterized by any number of dispersion metrics including, for example, secondary time
differences 612a,b (respectively) and secondary amplitudes 617a,b (respectively). Although
a histogram peak width metric associated with the primary peak width 620b may be readily
described by a single value, such as HWHM or FWHM, a more complex description of a
histogram peak width metric for the two secondary peaks 615b,c may be required based on
the asymmetry of their respective widths 622a,b.

[0069] FIG. 6C illustrates a histogram of time differences between successive pulse
waveform peaks for a patient with atrial fibrillation showing general variability of the R-R
time interval in the ECG. The histogram in FIG. 6C is composed of a broad asymmetric
primary peak 605c¢ having a peak amplitude 615¢ located at a primary time difference 610c of
about 800 msec. The broad asymmetric primary peak 605¢ may be the only detectable peak

in the histogram. Alternatively, the primary peak 605¢ may overlap to some extent a
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secondary peak 607c. The primary peak 605¢ may be characterized by any number of
dispersion metrics including, for example, a primary time difference 610c¢ and a primary
amplitude 615¢. The primary peak 605¢ may also be characterized by a primary peak width
620c. More complex analyses of FIG. 6C may further include a decomposition of the
histogram into two overlapping peaks, each separately characterized by one or more
histogram metrics.

[0070] FIG. 6D illustrates a histogram of time differences between successive pulse
waveform peaks for a patient showing supraventricular tachycardia. The histogram in FIG.
6D is composed of a narrow symmetric primary peak 605d having a peak amplitude 615d
located at a primary time difference 610d of about 700 msec. The primary peak 605d may be
characterized by any number of dispersion metrics including, for example, a primary time
difference 610d and a primary amplitude 615d. The primary peak 605d may also be
characterized by a primary peak width 620d. At least one secondary peak 607d centered
around a secondary time difference 612¢ of about 1300 msec may also be observed.
Alternatively, the observed secondary peak 607d may be composed of two closely spaced
peaks including some overlap. The observed secondary peak 607d may be characterized by a
secondary peak amplitude 617¢ and secondary peak width 622¢. More complex analyses of
FIG. 6D may further include a decomposition of the observed secondary peak 607e into two
overlapping peaks, each separately characterized by one or more histogram metrics.

[0071] It may be understood that the histogram metrics disclosed above with respect
to FIGS. 6A-6D constitute non-limiting examples, and other metrics derived from analyses of
such histograms are also anticipated. Any one or more of the time difference histogram
metrics may be incorporated into the method as one or more time difference dispersion
metrics. Alternatively, the one or more time difference histogram metrics may be used by the

computing device to calculate additional time difference dispersion metrics.
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[0072] It may further be recognized that the sample histograms presented in FIGS.
6A-6D may be taken merely as representative histograms for each of the identified
arrhythmic behaviors, and should not be identified as being definitively diagnostic of the
identified arrhythmic behaviors. Alternative histograms may be obtained from patients
diagnosed with any of the identified arrhythmic behaviors, and patients having arrhythmic
behaviors not otherwise specified hereinabove may provide histograms similar to those
depicted in FIGS. 6A-6D.

EXAMPLES

[0073] Example 1: An Annotated Qutput Display of Pulse Waveform Data

[0074] FIG. 7 illustrates an example of at least a portion of an annotated output
display of porcine pulse waveform data. In one non-limiting embodiment, the display may be
presented to a user as an updated series of static snapshots taken during successive time
windows of pulse waveform data. In another non-limiting embodiment, the display may be a
continuously scrolling display over time. In some embodiments, the display may include a
display of data 710 calculated from the pulse waveforms obtained by the sensor. Such
displayed data 710 may include one or more of raw sensor data, filtered sensor data, and
amplified sensor data. The output display may also include a time scale 720 to indicate times
associated with features in the displayed data 710. In some non-limiting examples, the
display may be annotated with any number of indicia to provide visual information to the
user regarding the displayed data 710. Indicia may include peak indicia 730 to note the
occurrence of pulse waveform peaks. Indicia may also include dysrhythmia indicia 740 to
alert a user that of one or more coronary dysrhythmia events. In some non-limiting
embodiments, dysrhythmia indicia 740 may also include visual cues (such as color coding or

shape coding) to inform the user of the type of dysrhythmia event.
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[0075] Example 2: Pulse Volume Waveform and ECG Trace Data with Related

Dispersion Histograms

[0076] FIG. 8A illustrates an example of the relation of a pulse volume waveform
trace 810 to its associated ECG trace 820, specifically for a patient demonstrating
quadrigeminy premature ventricular contractions. The pulse volume waveform trace 8§10
begins with normal pulse volume waveforms 813 that transition to quadrigeminy premature
ventricular contractions 817 that are maintained for the duration of the trace. The ECG trace
820, taken concurrently with the pulse volume waveform trace 810, shows similar behavior.
It may be observed that the ECG trace 820 begins with ECG waveforms showing normal
morphology 823 that then transition to ECG waveforms showing anomalous morphologies
827. Although the time scale displays of the pulse volume wavetform trace 810 and its
associated ECG trace 820 are not identical, the change in the pulse volume wavelorm
morphology occurs at the same time as the change in ECG waveform morphology. In this
manner, it can be observed that the pulse volume waveforms may be used to indicate changes
in cardiac contractility.

[0077] Dispersion analyses of the pulse volume waveform trace 810 and ECG
waveform trace 820 are also depicted in I'IG 8A. A histogram of time differences between
successive pulse volume waveforms 830 depicts a broad, symmetric central peak surrounded
by two smaller and asymmetric peaks (see also FIG 6B). A histogram of R-R interval times
(from the ECG) 840 depicts a similar morphology as the time difference histogram of
successive pulse volume waveforms 830.

[0078] FIG. 8B illustrates an example of the relation of a pulse volume wavetorm
trace 850 to its associated ECG trace 860, specifically for a patient demonstrating a wide
variation in cardiac contractility. Both the pulse volume waveform trace 850 and the

concurrently obtained ECG trace 860 depict similar irregular behavior. Dispersion analyses
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of the pulse volume waveform trace 850 (see also FIG. 6C) and ECG waveform trace 860
were calculated as disclosed above. A histogram of time differences between successive
pulse volume wavetorms 870 and a histogram of R-R interval times (from the ECG) 880
were obtained by this method. While the time course variation in the pulse volume
waveforms and the ECG waveforms may be difficult to interpret, it is clear that the relevant
dispersion histograms 870 and 880 show nearly identical morphologies. It may be
appreciated, therefore, that detailed metrics regarding cardiac contractility may be obtained
by appropriate analyses of the simpler waveforms presented by pulse volume data.

[0079] Example 3: An Annotated Qutput Display of Patient Data of a Patient

Undergoing Dialysis Therapy

[0080] It may be understood that an output display may include additional
annotations including, but not limited to, date and time, patient identification information,
patient diagnosis information, warning indicators, arrhythmia grading indicators, and data
associated with a therapeutic device if the patient is undergoing a therapeutic procedure
during pulse wave monitoring. FIG. 9 illustrates a non-limiting example of a computing
device real-time output display to indicate the status of a patient undergoing dialysis.
Exemplary data presented on such a display may include patient blood pressure 910, percent
changes in patient pulse rate 930, percent changes in pulse strength 940, and patient blood
oxygen saturation levels 950.

[0081] An indicator regarding patient status, such as a warning indicator 920, may
also be provided to a user of the computing device. The warning indicator 920 may be
triggered if any data associated with patient status, including data associated with pulse
waveform peak amplitude differences, pulse waveform peak time differences, and one or
more time difference dispersion metrics meet one or more warning criteria. Such warning

criteria may be based, for example, on one or more arrhythmia grading systems. Exemplary
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arrhythmia grading systems may include the Lown grading system, the Bigger grading
system, the Morganroth grading system, or any combination thereof. The warning criteria
may be used by the health care provider as an indicator of patient hemodynamic instability or
the potential onset of such instability. The health care provider may then assess the usefulness
of continuing the therapeutic procedure or stopping it depending on the hemodynamic
instability risk of the procedure to the patient.

[0082] Additional metrics associated with patient status, such as metrics associated
with patient ventilation and patient blood chemistry (for example, additional blood gas
metrics), may also be displayed. In one non-limiting example, such displays may be
presented in real time by scrolling the data presented on the display.

[0083] Such a patient status display may also permit a health care provider and
system user to display selected data presented during defined time windows. Such time
windows may include an entire therapeutic session, a portion of a therapeutic session, or a
time window including pre-therapy time, therapy time, and post therapy time. Thus, such a
display window may display data generally over any time interval, including, without
limitation, a time window for intervals of about 1 minute to about 24 hours. Non-limiting
examples of such time window intervals may include time intervals of about 1 minute, about
2 minutes, about 5 minutes, about 10 minutes, about 20 minutes, about 30 minutes, about 1
hour, about 2 hours, about 5 hours, about 10 hours, about 20 hours, about 24 hours, and
ranges between any two of these values including endpoints,

[0084] For example, in FIG. 9, anomalous changes in pulse rate 930 may be observed
during the dialysis session between about 100 minutes and about 200 minutes of the dialysis
procedure. Such changes may indicate a pre-pathological or pathological change in patient
status as a result of a therapeutic procedure, such as due to hypovolemia during dialysis. It is

noted that warning events are displayed in the alarm indicator 920 trace during this same time
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period. A health care provider may wish to obtain further information regarding the patient’s
status during this time window, especially with respect to baseline patient status. Thus, the
health care professional may wish to observe the pulse volume waveform during a period of
patient normative (that is, typical or non-pathological) cardiovascular behavior 970a and the
pulse volume waveform during a period of patient anomalous cardiovascular behavior 970b
to better characterize the anomaly.

[0085] As exemplified in FIG. 9, a pulse volume waveform trace may be displayed
for a 1 minute window starting at time point 40 during a period of patient normative
cardiovascular behavior 970a. An additional pulse volume waveform trace may be displayed
for a 1 minute window starting at time point 193 during a period of patient anomalous
cardiovascular behavior 970b. Both normative and anomalous pulse volume waveforms may
be analyzed for metrics distinguishing the anomalous behavior from the normative behavior.
One non-limiting method to analyze the pulse volume waveforms may include a dispersion
analysis of the pulse volume peak occurrence time differences. A non-limiting example of
such a dispersion analysis may include a histogram over a time window of differences in
pulse volume occurrence times. A non-limiting example of a histogram of differences in
pulse volume occurrence times during a period of normative cardiovascular behavior 960a
may show normative features such as a narrow symmetrical peak at the reciprocal of the
patient heart rate. Alternatively, a non-limiting example of a histogram of differences in pulse
volume occurrence times during a period of anomalous cardiovascular behavior 960b may
show anomalous features such as asymmetric peaks, well resolved multiple peaks, and center
difference time values outside the normative patient values.

[0086] It may be understood that a user may control the display of patient status
information provided by the computing device, such as a display of status data, types of data

analysis results, and annotations of data analysis results. In one non-limiting example, a drop-
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down menu may be used by a user to indicate which types of information, analyses, and

annotations may be displayed.

[0087] The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of various
aspects. Many modifications and variations can be made without departing from its spirit and
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated in this
disclosure, will be apparent to those skilled in the art from the foregoing descriptions. Such
modifications and variations are intended to fall within the scope of the appended claims. The
present disclosure is to be limited only by the terms of the appended claims, along with the
full scope of equivalents to which such claims are entitled. It is to be understood that this
disclosure is not limited to particular methods, reagents, compounds, or compositions, which
can, of course, vary. It is also to be understood that the terminology used in this disclosure is
for the purpose of describing particular embodiments only, and is not intended to be limiting.

[0088] With respect to the use of substantially any plural and/or singular terms in this
disclosure, those having skill in the art can translate from the plural to the singular and/or
from the singular to the plural as is appropriate to the context and/or application. The various
singular/plural permutations may be expressly set forth in this disclosure for sake of clarity.

[0089] It will be understood by those within the art that, in general, terms used in this
disclosure, and especially in the appended claims (for example, bodies of the appended
claims) are generally intended as “open” terms (for example, the term “including” should be
interpreted as “including but not limited to,” the term “having” should be interpreted as
“having at least,” the term “includes™ should be interpreted as “includes but is not limited to,”

etc.). While various compositions, methods, and devices are described in terms of
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"comprising" various components or steps (interpreted as meaning "including, but not limited
to"), the compositions, methods, and devices can also "consist essentially of" or "consist of"
the various components and steps, and such terminology should be interpreted as defining
essentially closed-member groups.

[0090] It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in the
claim, and in the absence of such recitation no such intent is present. For example, as an aid
to understanding, the following appended claims may contain usage of the introductory
phrases "at least one" and "one or more" to introduce claim recitations. However, the use of
such phrases should not be construed to imply that the introduction of a claim recitation by
the indefinite articles "a" or "an" limits any particular claim containing such introduced claim
recitation to embodiments containing only one such recitation, even when the same claim
includes the introductory phrases "one or more" or "at least one" and indefinite articles such
as "a" or "an" (for example, “a” and/or “an” should be interpreted to mean “at least one” or
“one or more”); the same holds true for the use of definite articles used to introduce claim
recitations. In addition, even if a specific number of an introduced claim recitation is
explicitly recited, those skilled in the art will recognize that such recitation should be
interpreted to mean at least the recited number (for example, the bare recitation of "two
recitations,” without other modifiers, means at least two recitations, or two or more
recitations). Furthermore, in those instances where a convention analogous to “at least one of
A, B, and C, etc.” is used, in general such a construction is intended in the sense one having
skill in the art would understand the convention (for example, “ a system having at least one
of A, B, and C” would include but not be limited to systems that have A alone, B alone, C

alone, A and B together, A and C together, B and C together, and/or A, B, and C together,

etc.). It will be further understood by those within the art that virtually any disjunctive word

29



CA 02914666 2015-12-04

WO 2014/197582 PCT/US2014/040890

and/or phrase presenting two or more alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possibilities of including one of the terms,
either of the terms, or both terms. For example, the phrase “A or B” will be understood to
include the possibilities of “A” or “B” or “A and B.”

[0091] As will be understood by one skilled in the art, for any and all purposes, such
as in terms of providing a written description, all ranges disclosed in this disclosure also
encompass any and all possible subranges and combinations of subranges thereof. Any listed
range can be easily recognized as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-limiting
example, each range discussed in this disclosure can be readily broken down into a lower
third, middle third and upper third, etc. As will also be understood by one skilled in the art all

ke

language such as “up to,” “at least,” and the like include the number recited and refer to
ranges which can be subsequently broken down into subranges as discussed above. Finally,
as will be understood by one skilled in the art, a range includes each individual member.
[0092] From the foregoing, it will be appreciated that various embodiments of the
present disclosure have been described for purposes of illustration, and that various
modifications may be made without departing from the scope and spirit of the present

disclosure. Accordingly, the various embodiments disclosed are not intended to be limiting,

with the true scope and spirit being indicated by the following claims.
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CLAIMS

1. A method for identifying a cardiac dysrhythmia condition, the method comprising:

receiving, by a computing device, a biological signal emulating an arterial pulse wave
from a sensor in data communication with a human body;

identifying, by the computing device, a plurality of signal peaks within the biological
signal;

identifying, by the computing device, a peak amplitude for each of the plurality of signal
peaks;

identifying, by the computing device, a time occurrence for each of the plurality of signal
peaks;

calculating, by the computing device, a plurality of amplitude differences, wherein each
amplitude difference of the plurality of amplitude differences is calculated from a first peak
amplitude of a first peak and a second peak amplitude of a second peak;

calculating, by the computing device, a plurality of time differences, wherein each time
difference of the plurality of time differences is calculated from a first time occurrence of the
first peak and a second time occurrence of the second peak;

calculating, by the computing device, a histogram that is reflective of at least the plurality
of time differences wherein the histogram includes at least one peak around a primary time
difference of the plurality of time differences and further determining at least one time difference
dispersion metric associated with the time difference histogram, and

identifying, by the computing device, the cardiac dysrhythmia condition from a time
difference dispersion metric associate with the primary time difference peak of the histogram and
from at least one anomalous amplitude difference that exceeds an amplitude threshold or at least

one anomalous time difference that exceeds a time threshold.

2. The method of claim 1, wherein the sensor is a pulse volume detection sensor.

3. The method of claim 1, wherein the sensor is one or more of a plethysmograph, a

transmittance photo-optic sensor, a reflective photo-optic sensor, a pressure transducer, a

tonometry device, a strain gauge, an ultrasound device, an electrical impedance measurement
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device, and a radar device.

4. The method of claim 1, wherein the sensor is a photoplethysmograph.

5. The method of claim 1, wherein identifying the plurality of signal peaks comprises fitting

at least a portion of the biological signal to a mathematical model.

6. The method of claim 1, wherein the second peak amplitude is the peak amplitude

occurring immediately after the first peak amplitude.

7. The method of claim 1, wherein the second time occurrence is the time occurrence

occurring immediately after the first time occurrence.

8. The method of claim 1, further comprising calculating, by the computing device, the
amplitude threshold.
9. The method of claim 8, wherein calculating the amplitude threshold comprises:

calculating, by the computing device, an amplitude difference baseline from at least a
portion of the plurality of amplitude differences occurring within a data window; and

adding, by the computing device, an amplitude difference offset to the amplitude
difference baseline to yield the amplitude threshold.

10.  The method of claim 9, wherein calculating the amplitude difference baseline comprises
calculating, by the computing device, an average of peak amplitude differences of at least a

portion of the plurality of amplitude differences occurring within the data window.
11.  The method of claim 9, wherein calculating the amplitude difference baseline comprises
calculating, by the computing device, a maximum peak amplitude difference of at least a portion

of the plurality of amplitude differences occurring within the data window.

12. The method of claim 9, wherein the amplitude difference offset is calculated from an
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average of the plurality of amplitude differences.

13. The method of claim 9, wherein the amplitude threshold equals about 1.05 to about 1.5

times the amplitude difference baseline.

14. The method of claim 9, wherein the amplitude threshold equals about 1.2 times the

amplitude difference baseline.

15. The method of claim 8, further comprising selecting, by the computing device an
algorithm for calculating the amplitude threshold based on a value of the at least one time

difference dispersion metric.

16.  The method of claim 1, further comprising calculating, by the computing device, the time
threshold.
17.  The method of claim 16, wherein calculating the time threshold comprises:

calculating, by the computing device, a peak time difference baseline from at least a
portion of the plurality of time differences occurring within a data window; and

adding, by the computing device, a peak time difference offset to the peak time difference
baseline to yield the time threshold.

18.  The method of claim 17, wherein calculating the peak time difference baseline comprises
calculating, by the computing device, an average of a reciprocal of a normative pulse rate

derived from the human body.

19.  The method of claim 17, wherein the peak time difference offset is calculated from the

peak time difference baseline.

20.  The method of claim 17, wherein the time threshold equals about 1.05 to about 1.5 times

the peak time difference baseline.
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21.  The method of claim 17, wherein the time threshold equals about 1.2 times the peak time

difference baseline.

22.  The method of claim 1, wherein the portion of the plurality of time differences occur

within a data window.

23. The method of claim 22, wherein the data window has a window time of about 5 minutes

to about 24 hours.

24.  The method of claim 1, wherein the at least one time difference dispersion metric
comprises one or more of a maximum value of at least one histogram peak, a value of a width
metric of the at least one histogram peak, and a histogram primary time difference corresponding

to the maximum value of the at least one histogram peak.

25. The method of claim 1, wherein identifying the cardiac dysrhythmia condition comprises

classifying the cardiac dysrhythmia condition according to an arrhythmia grading system.

26.  The method of claim 25, wherein the arrhythmia grading system comprises one or more
of a Lown grading system, a Bigger grading system, a Morganroth grading system, or a
combination thereof.

27.  The method of claim 1, further comprising displaying, by the computing device on an
output device, a representation of a portion of the biological signal along with at least one
annotation identifying the cardiac dysrhythmia condition.

28.  The method of claim 27, wherein displaying the representation of the portion of the
biological signal comprises updating the representation of the portion of the biological signal

over time.

29.  The method of claim 27, wherein the annotation is an arrhythmia indicator.
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30. The method of claim 27, wherein the annotation is an indicator of one or more criteria
from a Lown grading system, a Bigger grading system, a Morganroth grading system, or a

combination thereof.

31.  The method of claim 1, further comprising issuing, by the computing device, a warning
to a user if the cardiac dysrhythmia condition indicates an emergent condition associated with the

human body.
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