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Detecting a plurality of consecutive heartbeat related waves using one or
more electrodes integrated within the wearable device.

200

Detecting a specific wave characteristic of each heartbeat refated wave,
of the plurality of consecutive heartbeat related waves.

201
Triggering an event when each specific wave characteristic crosses a
trigger point.

202
Recording a time value for each event.

203

l

Determining and recording an interval for each time value to generate a
temporal interval array (e.g. a temporal R-R interval array).

204

Continue to FIG. 4B

FIG. 4A
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Continued from FIG. 4A
1
|
i
\'4
Detecting a presence of one or more ectopic beats from the plurality of

consecutive heartbeat related waves.

2

(W}

Correcting each interval and time value associated with each ectopic

beat

Determining the suitability for application of each time value and each
interval for a set of predetermined or dynamically set conditions.

I
le)

NI
~I

Determining one or more HRV measurements and one or more HR
measurements from the based on data in the temporal interval array

(206)

Continue to FIG. 4C
FIG. 4B
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Continued from FIG. 4B
H

Determining, against limits and a
user specific baseline, the state of
HR and HRV under pre-established
or dynamically determined
conditions

209

Indicates
positive
determination

Indicates
negative
determination

Determining ane or more CA measurements and
associated FoMs surrounding the based on data in
the temporal interval array {204)

3

NS
>
[}

Determining, against limits and a user specific baseline, the real time
state of (as appropriate) HR, HRV, CA parameter FoM(s) and other

- specified parameters under pre-established or dynamically determined
conditions

N3
Py

1

v

Combining the one or more HRV measurements with one or more
additional predetermined or dynamically set inputs to determine when
an alert is sent to one or more pre-determined parties via a real-time
notification,

i

NS

FIG. 4C
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Detecting a plurality of consecutive heartbeat related waves using one or
more electrodes integrated within the wearable device.

200

l

Detecting a specific wave characteristic of each heartbeat related wave,
of the plurality of consecutive heartbeat related waves.

201

l

Triggering an event when each specific wave characteristic crosses a

trigger point.

Recording a time value for

203

each event.

Determining and recording
an interval for each time
value to generate a
temporal interval array {e.g.
a temporal R-R interval

array).
204

Determining CA waveform
time windowing related to
each event for specified
characteristics

2

)

!

Determining waveform
compliance to baseline and
norms each specified CA
characteristic

N
I
B

l

Continue to FIG. 5B

FIG. 5A

US 2018/0296105 A1
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i Continued from FIG. 5A

o — -

v
Detecting a presence of one or
more ectopic beats from the Determining specified CA
plurality of consecutive parameters from each event
heartbeat related waves. centric waveform
205 225
* l
Correcting each interval and
time value associated with Analyzing one or more
each ectopic beat determined values of a
206 specified CA parameter
v 226
Determining the suitability for l'
application of each time value
and each interval for a set of Determining a figure of merit
predetermined or dynamically (or figures of merit) (s) for
set conditions. each specified CA parameter
207 227

v

Determining one or more HRV
measurements and one or
more HR measurements from
the based on data in the
temporal interval array {206)
208

A 4
Cantinue {o FIG. 5C

FIG. 58
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Continued from FIG. 5B

G =

Determining, against limits and a user specific baseline, the real time
state of (as appropriate) HR, HRV, CA parameter FoM(s) and other
specified parameters under pre-established or dynamically determined
conditions

Combining the one or more HRV measurements, HR, CA FoM(s) and one
or more additional predetermined or dynamically set inputs to
determine when an alert is sent to one or more pre-determined parties
via a real-time notification.

11

1

N

FIG. 5C



US 2018/0296105 A1

Oct. 18,2018 Sheet 13 of 16

Patent Application Publication

V9 "Oid

uone|Hgy [BLle Jo BARRDIPUE ST (Bh{BA SWQE {BUilicy

pue auljeseq o} paiedwoo se) uojeinp aaem-d jO uogensg
eirayiAyLe Jenouusa Buipassid qi-e jegusiod

30 BARBOIPUL ‘aulaseq 0} paiedwiod sk ‘aaem-d Jo BoUSSqY
{apou Ay 01 opou yS) uonezuejodap

[e14E jeLIou SOIE0IPUL SABM-¢ [BOI0A] DUlRSE] JO DOUDISIXT

ucHeINp SWQR AllSULON

$10108) BUIAIBA Ylim duleseq

JBSN SB PaysyqeIss saem-d JO UCIBIND pUE 80USSaId
{suonipuoco

82u8LIN000 sseduiooud 0] pejosies adoPeAus) SWNST
10} aaem ¥ Buipadaid pousd J0 SISAlBUR WOPABAA

SUIpg AHBUELLION
BABA- JO DOUBSBI

BABM-d

SISAJEUE LLLIDJOABM PUE BUljPSE]

suebe pauiquiod uaum Ageisedss ‘sewuyiAyire Bupuadus
J0 siopeoiput Buoss jegusiod sie sanbiuyne] Jeaul-UuoN
BuiBesane pur Buydwes Ag painosgo

usyo ~ BlUUIAULIE DBIPIED JO aAeSIpUl Aanp Ajjenusiod
{auljeseq JO SPISING) UCHRUBA AXHM 1U18) JOYS AioA 4B
UOIHPUOD

epayjAysie sepaed jeiusiod Jo aaedIpUl NNYQS MO0
Jojoe) Buedipul U Sf eulBsEg 211I08ds 1asn

WO UoieIAGD B S (ANjIGeUEA LIS HOUS [BARIU M-H) AMM
LBISAS SNOAISU DILIOLOINE JO asuadsey

ss0108) Buifren ylim paysHgeIse auljdseq Josn
UJNZZN4 10 UgzZZn4 ‘ugdwes ‘uldy ‘uuosuel ]
HOGitH B ‘ZaS/1L.AS8 Z2as LGS H4H/HT H4H 4T

AIA XNNG 'NNLL ‘NNYGS '0SOS ‘aSSWY ‘NNGS

SIBAIBILUL W) UF UOIRIBA
weoyubls Aeonspels

AxdH

sepupAlLe [BUOHOUNR] 1O SBIULIAYLIE JBINOIUSA
‘SeiuylAYLe jBUlR ‘SeILIAYLE BpoU SDUS ‘asuodsal
{eoibojoisAyd RULIOU S1EDIpUl UBD 8184 Jeay Ul SUOBUEA
joroey Bugenipul ue Agenualod st auneseq Siy) Wwa
HOfIBIAGD ~ SUOIPUDD [BULOU 18pun abues oyinads esn

2 519§ uoljeneA Ajiapoe jsuiefe auloseq e Jo Jusuiysyge}s]
{spuooss

2’1 01 9°0) W8 001 01 09 ussmieq st ajel Buses jeLLoN
{sunesey 19817 JO UCIRIBPISUCD HliMm)

1594 1B JING 09 M0eq JiB) Weay AQ peledipul eipieaApeig
{suiiBsEQ 485N 10} UOHREIBPISUOT LlIM 1S83

12 Ndg 001 Buipaesoxa el esy Ag pajedipul eipiesAyde ]
BIDIEOADEI] puUB BipIesAy0e] JO J0IROIpU 108

siojoe) Buthzea yim paUsHIeISe auljeseq Jesn
{uogeuLLSIED
ajes pesy Swi {eas a'l) SONEA jealalll Y-y abesony

SUOHIPUOD

SNOLIEA JBpun ajel

Beey sbeise io/pue sles
uesy sbeieae Duisay

SJel LB

ererlAy Iy owipie) oy digsuoneey woneziwmRy) 0O




US 2018/0296105 A1

Oct. 18,2018 Sheet 14 of 16

Patent Application Publication

49 "Old

(SWI0U JO BUBSEY J18SH W0}

ARl 17D PORUBIXS UB AQ PaledipUl St SWOIPUAS 11 HuoT

158438 DRIRIRD USPPNS

Wdg
09 0 8B4 Hesy e ul swogy 0 dn Afeuiwiou st 21D

leasoll 1S 8L pue

240 ut Buginsau

1038} UOIIDLIO Saanbal

pUE BB LESY UM SBUEBA
aneM | 9y} JO Pus ayl pue
xa8idios SO JY} Jo LS

‘BRUSYDS) “@sEas AJBusiad sinoe CH 8) suopuaa
DBIPIED [BULQUGE 91BDIPUL UBD BUIBSE] WY Uoneirsd

SUOIIPUOT fRULIOU
Japun wewbes §S jO uoSOd SUHBSE] WY UOHEIASC

weauwbes 1g
30 uoissedBpR JO UOHBART

puUeE | A 104 J0J0B1MSL B St frasaiut (D 1D) LD pabuojoid uawbas oHD 8y Buissediuoous SISAIBUE MUDIBABA, | SU} USaMISE [BAIBIU UL {EAISIU} 1O
SWQZE S UOHBANP PRUBON SREM |
abueyd jueoyubis AIOACORI JBINDUIUSA JO SATEDIPUI St 9ABM-] | ap 10 pua 8y} 0} {xajdad
Uim uopuos esubis Afjesiulo jenueiod g se1edipul uoneInp aAem-} 1O SisAjeur SHD 8 JO pue) wiod
‘fenssiul 11D eyl ut Buiinsed jeAIsiul SHD SUl UM P3UIqIOD UUOIBARM U pue Wwewbes g ayj Jo UoRBUIgUIOD  BYJ L0 [BAJOIW DUIEL Aol 18
sedojs piemumcp
(uonoiBUL jEIpJeDoAtu pue piemdn yip sapen uoissaudag

10 UogEeABIT
wewbseg i

SWNZ L O] 08 Si UoHBIND [BUIION
SODLIIUBA
Y} 0 UORRZUBIOJED JO UOREIND S} JO DANEDSIPU]

anBM
-1 e jopels 8y pue

fenssul srem- | aiy jo Buuuibeqg x2(dwod SH 24l Jo pua
15 BY3 8UiLLIBISP O} UOEIND BABM-] 8] YUM PBUIqWoD ay} ybnouyl [eubis QU 1S0d JO SISAJEUR WHOIBABAA | B4} UBemiaq [BAISIU awit] wewbeg i g
SUNZL 01 08 AlIBUIIOU STRAISIL BU L
{Aliagoe [puLiou ‘jset ©6°9)
SUORIPUOD Paijiveds iSpun auldseEq wWol UogeIrs(
siEABIUE SHD ur (suoisuaixe) ‘SO[OUINBA
sebuByD PUB UOHIOISID WIOJRABM JO SAISTHOUI ~ BRUYIAYLIE Ya1 pue 1ybu ey Jo uoyeZIR|OdeR B JO BAIBIIPU]
JEINOLUBA JO 2AREDIPUL $1 XS{dINOD SHTD B JO UORIOISIQ ‘adeys pue spnjijduie jo UoBZUSIoRIBYD 3uljRsEq xajdwos gD | wewbes gHO
AAIOE JRINCLRUSA jelliougE Sa1e0pUl (AlAgOR J2ULOU ‘1S9 SE {{oM SE UCHEIND S]B0IpY} Ued SisAleuy "©0 3 e 4o Byl O YSIuy pue pels pue {BasolUl
£ 8) sUOIIPUOS paynads Japun suUBsEq WICH UoRRIAS(] | uoROas jueuRLIOP (AjjersuaB) ayl JO sisAjeur WICIBABAL | 24} uSBMIBY [BAIOIW swil] | Xadwiod SHD
SWNZL-0S Ajeuinou wewbas Hd ‘swigg
Afleuiou aaem-d ‘UORBINP SWQNZ-0Z L AlBURUON
wigAys snuss Bunoeye si0108) Buyien yim suleseq Jesn se peysiqelse “x2|diL0d
afeso0iq 10 sARBP UOHINPUOS JO SAIIBIIPU S| (Sulou Jualubas yd pue eagm-d JO UONRIND PUE B0UBSAld | gy au} jo BuwtiBeq sy
JO SuUjBsSEq WO UolRIND papuslxe Ajeioadse) sebueyn SWOCZ-001 0} @AM o jo BuuuBag
UOHOUNY 8POU A O UOHEDIpUL POaD B §] [eAISTUl Md Jo} anem o Bupaosid pousd JO SISAIRUE LWIOIBABAA WO} [RASBRW SUTY 1eAIBIU} Yd

pIUIAYLY oripie)) 03 diysuone|ay uopezuepriey) OO




US 2018/0296105 A1

Oct. 18,2018 Sheet 15 of 16

Patent Application Publication

L °9Old

23

-

1°0/99S ¢

X

ek U



8 'Old

US 2018/0296105 A1

Oct. 18,2018 Sheet 16 of 16

aoiaied [eonieue - IBPIACIG -
BIBD ‘Sulen {BUCISSB{0I [BOIBOI -
‘PazHBULD wea ] 2B -

1Sy -

JSYIG 30 PROLD

<i9

Patent Application Publication



US 2018/0296105 A1l

WEARABLE PHYSIOLOGICAL
MONITORING AND NOTIFICATION
SYSTEM BASED ON REAL-TIME HEART
RATE VARIABILITY ANALYSIS

CROSS REFERENCE

[0001] This application is a continuation-in-part and
claims benefit of U.S. application Ser. No. 15/592,566, filed
May 11, 2017, which is a continuation-in-part and claims
benefit of U.S. patent application Ser. No. 15/004,345, filed
Jan. 22, 2016, now U.S. Pat. No. 9,655,532, which is a
non-provisional and claims priority to U.S. Provisional
Patent Application No. 62/182,261, filed Jun. 19, 2015, the
specification(s) of which is/are incorporated herein in their
entirety by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to methods, systems,
and devices for real-time monitoring of heart rate variability
(HRV), more particularly to HRV monitoring systems and
devices that are adapted to give immediate feedback to the
subject concerning their current physiological condition and
any pertinent changes in their physiology.

BACKGROUND OF THE INVENTION

[0003] Heart Rate Variability (“HRV”) has been widely
used as a scientific measurement for monitoring the physi-
ology of both human and animal subjects. HRV is the
physiological characteristic of the variation in timing
between heartbeats. The heartbeat originates in specialized
tissue in the heart called the sino-atrial (“SA”) node, con-
tinuously generating an electrical impulse that spreads
throughout the heart muscle. This initiates the process of
heart muscle contraction, a well-synchronized pump that
sequentially constricts all 4 chambers of the heart (two atria
and two ventricles.)

[0004] The SA node signals (approximately 100-120
impulses per minute when the heart is at rest) are regulated
by the autonomic nervous system (“ANS”) by inhibiting
some of the electrical impulses. The net effect results in a
normal resting heart rate (in healthy individuals) of about 55
to 100 beats per minute (at rest). This autonomic nervous
system is the part of the nervous system that is not under
conscious control. It controls the organs and systems of the
body that are rhythmic, regular, and automatic such as
breathing, digestion, and heart rate. There are two branches
of the autonomic nervous system: sympathetic and para-
sympathetic.

[0005] The sympathetic nervous system provides the basal
heartbeat (“HB”) rhythm based on overall need. This
response of the heart rate to normally encountered levels of
sympathetic stimulation is modulated by parasympathetic
stimulation. This heartbeat response to the parasympathetic
nervous system, in contrast to the sympathetic nervous
system, occurs rapidly and frequently. The deceleration of
the heartbeat is almost instantaneous. It only takes 1 or 2
heartbeats to see these changes take place, slowing the heart
rate.

[0006] HRV analysis can be used in both clinical and
non-clinical applications for a diverse range of evaluations.
In healthy individuals, the HR is variable. It fluctuates and,
generally, greater variability (or HRV) correlates with better
health. Higher HRV indicates a healthy autonomic nervous

Oct. 18, 2018

system, and in particular, healthy balance between the
sympathetic and parasympathetic systems. A decreased
HRV is an early, accurate indicator that the autonomic
nervous system is out of balance. The lower the HRV, the
greater the imbalance in autonomic control and the greater
the likelihood of poor health, both now and in the future,
although, while a lower HRV may indicate a poorer health
state, there can be exceptions. Such exceptions are often
related to normal response mechanisms including, but not
limited to stress, intense physical activity, and fatigue.

[0007] Clinical applications for HRV analysis are related
to cardiac health, and are indications that are shown to
directly relate to health changes with many chronic and
critical health conditions. Included are, but not limited to,
risk of a cardiac event, occurrence of diabetes, episodic and
chronic mental health conditions, sleep apnea, SIDS, expo-
sure to and incidence of allergic reactions.

[0008] In non-clinical applications, it has been shown that
HRYV is effective in indicating a variety of physiological
conditions. During vigorous exercise, HRV has been shown
to be a marker for entering lactate threshold or anaerobic
metabolism. Further, it is shown to be an indicator of
physical fatigue, exercise capacity, endurance, and overall
fitness. Application has been found to be useful in assessing
physiological-behavioral conditions, such as stress in trainee
stock market traders and driver fatigue.

[0009] There are several ways to measure and analyze
HRV. Heart rate signals are obtained through electrocardio-
gram (“ECG”) or by pulse wave measurement called “Pho-
toplethysmography” (“PPG”). The most accurate clinical
determination of HRV is derived from measuring the dura-
tion of the intervals between contractions of the heart, called
interbeat intervals, on ECG (or EKG). In contrast, PPG is
less invasive, simpler to apply, and can conveniently access
capillaries in a fingertip or the earlobe. Using differential
light absorption characteristics and an optical sensor, PPG
detects changes in the pulse waves generated by blood flow
through the microcirculation. In this way an accurate esti-
mate of HRV can be obtained.

[0010] The present invention features a device and method
for real-time HRV monitoring. The HRV systems and
devices of the present invention are adapted to give imme-
diate feedback to the subject concerning their current physi-
ological condition and any pertinent changes in their physi-

ology.

[0011] A few studies that outline some applications of
HRYV benefiting from real-time feedback include, but are not
limited to, clinical applications with real time relevance such
as anticipation of mood changes in patients with Bipolar
Disorder, alerting the onset of infant physiological dysfunc-
tion during sleep, early warning of epileptic seizure, food
allergy alerting, and sleep apnea; and non-clinical applica-
tions with real time relevance such as predicting the onset of
lactate threshold in endurance athletes, warning of physi-
ological effects of pollution, particularly volatile organic
compounds (“VOCs”), alerting the onset of driver fatigue,
and monitoring professionals in high stress occupations
(e.g., air traffic controllers). These scenarios and many
others may benefit from the accurate monitoring, analysis
and real time alerting, to a relevant change in physiology as
indicated by a change in HRV.
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SUMMARY OF THE INVENTION

[0012] The present invention features a device providing
determination, analysis, and feedback of HRV data to users
on a real-time basis. In addition to the detection, analysis,
and assessment of HRV data against a pre-determined appli-
cation or user need, it has the ability to provide real time
notifications based on the system’s assessment of a user’s
heart rate variability and, in particular, changes in heart rate
variability that may be pertinent to a specific application of
this invention. This invention may further help a user to take
appropriate action based on his/her specific needs.

[0013] One aspect of this invention is to provide monitor-
ing and assessment of the impact of HRV when incorporated
with other relevant factors, historical baselines, and tempo-
ral changes. Further, such temporal changes, of either or
both HRV and other factors, are assessed for the providing
of significant indication of occurring or impending clinical
or non-clinical conditions for a user.

[0014] According to one embodiment, the invention fea-
tures a wearable device for real-time detection, analysis, and
application of heart rate variability (HRV). The device may
comprise a chest strap integrated with one or more strap
electrodes to detect a plurality of consecutive QRS waves
and a battery-powered and self-contained processing circuit.
The circuit may comprise a microprocessor configured to
receive at least one additional input unrelated to the QRS
waves detected by the strap electrodes, an ECG analog front
end circuit coupled between the microprocessor and one or
more one strap electrodes to provide a signal gain control to
a strap electrode output such that the microprocessor
receives signals with a desired amplitude, a non-volatile
memory storing computer-readable instructions, and a noti-
fication means to receive a real-time notification to generate
a user alert. The notification means may be a haptic indica-
tor, an audio indicator or a visual indicator. When the
computer-readable instructions are executed by the micro-
processor, the microprocessor can perform operations com-
prising detecting a peak, a rising edge or a declining edge of
an R-wave from each of the QRS waves detected; triggering
an interrupt when the peak, the rising edge, or the declining
edge crosses a trigger point, where the trigger point is a
predetermined or dynamically adjusted value; recording a
time value each time the interrupt is triggered; determining
an R-R interval each time the time value is recorded;
generating a temporal R-R interval array, the R-R interval
array being stored within the memory and comprising a
plurality of determined R-R intervals and corresponding
time values; generating an HRV measurement based on the
temporal R-R interval array; and comparing the determined
HRV measurement to an HRV threshold and outputting a
real-time notification when the HRV threshold is reached.
The HRV threshold can be determined at least by the
additional input unrelated to the QRS waves.

[0015] Not wishing to limit the present invention, tempo-
ral interval arrays may comprise of, but is not limited to,
unique intervals other than R-R interval arrays, such as the
P wave interval, PR interval, QRS interval, ST interval, or
QT interval. Further, arrays may also comprise additional
parameters of the ECG signal, including specific wave
characterization (e.g., p-wave, t-wave) as well as non-wave
characterization (e.g., S-T segment depression or elevation).
[0016] While there are many configurations and imple-
mentations of HRV analytical systems, this invention pro-
vides unique improvements and capabilities offering signifi-

Oct. 18, 2018

cant advantages over existing systems. One such
improvement is the feature of employing an analog voltage
comparator to detect specified characteristics of the QRS
wave. This feature is critical because. traditionally, the QRS
wave is sampled by an analog to digital converter (“ADC”")
disposed within the microcontroller and peak detection
algorithms are executed by the microcontroller to determine
the duration of the R-R interval, as can be seen in Scott
(2010/0274308) and Kaiser (2007/0021815). This tradi-
tional approach requires additional signal processing to
obtain sufficient resolution and accuracy for determining the
specific heartbeat timings and, consequently, the duration of
R-R intervals. The approach of the present invention pro-
vides a marked improvement over existing methods and
accounts for greater capture eflicacy and more responsive
adaptation to unusual circumstances (e.g. a leads off situa-
tion), while maintaining the integrity of the data set used for
calculation of the HRV values. By virtue of the stability
provided by the device disclosed herein, it is thus sometimes
unnecessary to provide for additional signal analysis and
correction of the basic QRS complex waveform exclusively
for the purposes of determining the R-R timing.

[0017] Any feature or combination of features described
herein are included within the scope of the present invention
provided that the features included in any such combination
are not mutually inconsistent as will be apparent from the
context, this specification, and the knowledge of one of
ordinary skill in the art. Additional advantages and aspects
of the present invention are apparent in the following
detailed description and claims.

Definitions

[0018] As used herein, the trigger point is the voltage level
at which the R-wave triggers an interrupt.

[0019] As used herein, the HRV threshold is the level the
selected HRV measurement crosses in order to generate an
alert.

[0020] As used herein, the R-R interval is the time
between two consecutive R-waves (usually expressed in
milliseconds).

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 shows an example of a wearable HRV
monitoring device (e.g., compact, integrated, portable, bat-
tery powered, etc.).

[0022] FIG. 2 shows a detailed block diagram of the
front-end detection in a HRV device of the present invention.
[0023] FIGS. 3A-3D are a table showing exemplary HRV
measurements and associated sample applications involving
each specific measurement. Fach one of these calculations
vields a single measurement. In steady state conditions,
these measurements remain fairly constant, but can change
with changes in the physiology of the subject. For example,
if there is a rapid increase in the value of HF preceding an
epileptic seizure, or during exercise, the subject crosses his
or her lactate threshold as the value of SD1 drops below 3.0.
[0024] FIGS. 4A-4C are a logic flow diagram for an
embodiment of the method of the present invention. This
embodiment provides for the determination of parameters
potentially significant for cardiac arrhythmia based on heart
rate and HRV determination.

[0025] FIGS. 5A-5C are a logic flow for an alternate
embodiment of the method of the present invention. This
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embodiment provides for the determination of parameters
potentially significant for cardiac arrhythmia along with
heart rate and HRV determination.

[0026] FIGS. 6A-6B is a table showing exemplary ECG
Characterization Relationships to Cardiac Arrhythmia (char-
acteristics and measurements). Each one of these character-
istics yields a single determination. Under stable health
conditions, establishing a user baseline for appropriate char-
acteristics allows for the real time determination of changes
in a characteristic. such change can be expressed as a figure
of merit for the specific characteristic. These changes and
resulting figures of merit may be highly indicative of a
change in cardiac condition, especially when combined with
other factors. When combined with HRV and other deter-
mining factors, this indication may indicate the early onset
of a significant cardiac event.

[0027] FIG. 7 shows a typical, normal ECG waveform
with call outs for the various referenced intervals, segments
and waveforms.

[0028] FIG. 8 shows an example of an embodiment of this
invention, describing a multiplicity of real time notification
paths.

[0029] One skilled in the art will recognize that various

implementations and embodiments of the invention may be
practiced in accordance with the specification. All of these
implementations and embodiments are intended to be
included within the scope of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0030] In the following description, for the purpose of
explanation, specific details are set forth in order to provide
an understanding of the present invention. The present
invention may be practiced without some or all of these
details. The embodiments of the present invention described
below may be incorporated into a number of different
electrical components, circuits, devices, and systems. Struc-
tures and devices shown in schematic diagrams are illustra-
tive of exemplary embodiments and are not to be used as a
pretext by which to obscure broad teachings of the present
invention.

[0031] When the specification makes reference to “one
embodiment” or to “an embodiment”, it is intended to mean
that a particular feature, structure, characteristic, or function
described in connection with the embodiment being dis-
cussed 1s included in at least one contemplated embodiment
of the present invention. Thus, the appearance of the phrase,
“in one embodiment,” in different places in the specification
does not constitute a plurality of references to a single
embodiment of the present invention.

[0032] The present invention features a wearable device
(101) for real-time detection, analysis, and application of
heart rate variability (HRV). Referring now to FIGS. 1-7, in
some embodiments the device (101) is compact, battery-
powered, wearable, and portable. Not wishing to limit the
present invention, the device may comprise of a chest strap
(120) and a battery-powered, self-contained, processing
circuit (110). The processing circuit (110) may comprise a
memory (308) coupled to a microprocessor (301). In one
embodiment, one or more strap electrodes (307) may be
integrated into the chest strap (120) and configured to detect
a plurality of consecutive QRS waves. In alternate embodi-
ments, the microprocessor (301) may be a microcontroller,
a digital signal processing (DSP) circuit, a programmable
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logic circuit, a CPU, etc. The memory (308) may be a
non-volatile repository storing computer readable logic/
control codes (or instructions) and computer generated data.
In some embodiments, the microprocessor (301) and the
memory (308) are integrated into one integrated circuit.

[0033] In some embodiments, the microprocessor (301)
may be a highly integrated, processing and memory unit,
while in other embodiments, the microprocessor may be a
combination of one or more of a microcontroller, a micro-
processor, a digital signal processor, a field programmable
gate array, a mixed signal integrated circuit or a system on
a chip integrated circuit. The embodiments herein described
are meant as exemplary models and the invention is not
limited to the examples provided. One skilled in the art will
recognize that, depending upon specific application require-
ments; the embodiment of the microprocessor (301) shall be
determined to optimize the performance, size, power con-
sumption and capabilities of the invention.

[0034] In further embodiments, the processing circuit
(110) may comprise an electrocardiogram (“ECG”) analog
front end (“AFE”) integrated circuit (306) coupled between
the microprocessor (301) and the one or more strap elec-
trodes (307). The AFE circuit (306) may be configured to
provide a necessary signal gain control to one or more output
signals emerging from the one or more strap electrodes (307)
so that said signals exhibit a desired amplitude before
transmission to the microprocessor (301). In additional
embodiments, the microprocessor (301) may execute com-
puter-readable instructions stored in the non-volatile
memory (308), causing the microprocessor (301) to perform
operations such as detecting the rising edge, the peak, and/or
the declining edge of an R-wave from each QRS wave. An
event may be triggered to capture and recorded a time value
when the rising edge, the declining edge, and/or the peak of
each R-wave crosses a trigger point. In one embodiment, the
trigger point may be a predetermined value or a dynamically
adjusted value. In another embodiment, the event may be a
time capture, a real-time clock value capture, or an inde-
pendent timer value capture. Further, an R-R interval may be
determined and recorded for each time value to generate a
temporal R-R interval array, which is stored in the non-
volatile memory (308).

[0035] The plurality of consecutive heart beat related
waves, each time value, and each interval may then be
analyzed for suitability of use for HRV related applications.
To accomplish this analysis, additional operations executed
by the microprocessor (301) may include determining a
presence of one or more ectopic beats from the plurality of
consecutive QRS waves and correcting the R-R interval and
time value associated with each ectopic beat to produce
corrected R-R intervals and time values. Correction may be
accomplished by comparing an R-R interval and time value
of an ectopic beat to a predetermined value and replacing the
R-R interval and time value with a calculated R-R interval
value and a calculated time value if the R-R interval and
time value exceed the predetermined value. One or more
HRV measurements may then be determined based on
corrected R-R intervals and time values. Non-limiting
examples of methods for generating the calculated R-R
interval values and the calculated time values comprise:
standard deviation of normal to normal R-R intervals
(“SDNN™), root mean square of successive N-N interval
differences (“RMSSD”), standard deviation of successive
differences (“SDSD”), standard deviation of averages of
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N-N intervals (“SDANN™), triangular interpolation of N-N
interval histogram (“TINN”), NN count divided by total NN
interval (“pNNx"), Hilbert Transform, approximate entropy
(“ApEn”), sample entropy (“SampEn”), fuzzy entropy
(“FuzzEn”), fuzzy measure entropy (“FuzzMEn”), or spec-
tral HRV measurements including: power in very low fre-
quency (“VLF”), power in low frequency (“LF”), power in
high frequency (“HF”), a ratio of LF to HF, standard
deviation of Poincare plot perpendicular to a line of identity
(“SD1”), standard deviation of axis of Poincare plot parallel
to the line of identity (“SD2”), or a ratio of SD1 to SD2 (see
FIGS. 3A-3D).

[0036] In addition to or along with the HRV determina-
tion, the ECG waveform, and specifically the PQRST com-
plex, may be analyzed for specific characteristics. Each
analysis is temporarily associated with an R value, allowing
for an array of values to be determined for characteristics of
interest. Non-limiting examples of characteristics include
P-wave presence and duration, Pr-R interval duration, QRS
interval duration, ST segment duration, ST segment eleva-
tion or depression, ST interval duration and the QT/QTc
interval duration.

[0037] In supplementary embodiments, the one or more
HRV measurements are combined with one or more addi-
tional predetermined or dynamically set input to determine
when an alert is sent to one or more pre-determined parties
via a real-time notification. These predetermined or dynami-
cally set inputs may comprise: respiration rate, blood pres-
sure value, body temperature, level of physical motion, heart
rate, cardiac arrhythmia characteristics, a pre-determined
condition marker (e.g. a blood sugar level), a pre-existing
condition specification (e.g., cardiac arrhythmia, diabetes,
apnea, epilepsy), or a level of electrodermal activity. In some
embodiments, the pre-existing condition specification may
comprise: sleep apnea, physical exertion, cardiac arrhyth-
mia, tendency for epileptic seizure, diabetes, or stress. The
real time notification may be a haptic indicator, an auditory
indicator, or a visual indicator disposed on the device (303).
Further, the real time notification may as well be a haptic
indicator, an auditory indicator or a visual indicator located
off of the device (309) and connected via an external
interface (304). An optional wireless interface (310) can
further transfer data between the device (101) and an exter-
nal receiver.

[0038] In said embodiments, the one or more HRV mea-
surements are combined with heart rate, one or more inputs
specific to the detection of cardiac arrhythmia (FIG. 5) as
related to sudden cardiac arrest and conditions specific to the
user. While there are several heart conditions that can lead
to sudden cardiac arrest (including but not limited to coro-
nary artery disease, enlarged heart, heart attack, valvular
heart disease, congenital heart disease, electrical problems in
the heart), such conditions can result in cardiac arrhythmia
and resulting sudden cardiac arrest. Pre-existing condition
specifications, specifically a tendency to cardiac arrhythmia,
family history, personal habits, high blood pressure, high
cholesterol, obesity, diabetes, or a sedentary lifestyle, are
combined with the measurement of HRV, one or more inputs
to assess relevant physiological changes relating to cardiac
arrhythmia and compared to patient historical baselines (for
such physiological changes) to identify the onset of poten-
tially significant cardiac arrhythmia. Such inputs to relevant
physiological changes include, but are not limited to ECG
analysis factors, including R-R interval, HRV, P-wave deter-
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mination, PR interval determination, QRS complex interval
determination, ST segment/interval determination, ST seg-
ment elevation or depression, and QT/QTc interval deter-
mination. One or any of these determinations can be com-
pared to baseline and normative values to provide a figure of
merit for the factor. The analysis of HRV, HR, and one or
more ECG factor can provide a real time determination of
suspected impending cardiac events, such a determination
with a real time notification can alert a user of the potential
of a life-threatening event.

[0039] In additional embodiments, the processing circuit
(110) may also comprise an onboard threshold set (potenti-
ometer, adjusting switch or digital control value) (305)
coupled to the microprocessor (301). The onboard threshold
set (305) may receive user inputs for the microprocessor
(301) to determine HRV measurements accordingly. The
user inputs may be an exercise status input, a health status
input, etc. The processing circuit (110) may further comprise
an optional connector (304) coupled to the microprocessor
(301), which provides the real time notification to the user
through the connector (304) and an external earpiece (au-
dio), display or light (visual) or vibratory device (haptic)
coupled to the connector (304).

[0040] Although the wearable device (100) is shown in
FIG. 1 with a chest strap (120), it is understood that other
variations may be applicable to the device as well. Such
variations could be in the form of, but not limited to, a
watch, self-adhesive patch, armband, bra, belt, shirt, pants,
earrings, socks, shoes, headphones, headsets, etc. The strap
electrodes (307) may be integrated into the chest strap (120)
such that the electrodes may be disposed at the right position
when the device is worn by the user. In other embodiments,
the electrodes could be integrated into multiple devices worn
or held by the user.

[0041] FIG. 2 shows a detail schematic view of the front-
end detection in an embodiment of the present invention.
Two chest strap electrodes (307) are coupled to the AFE
circuit (306). A non-limiting example of the AFE circuit is
an Analog chip AD8232. In some embodiments, the AFE
circuit (306) contains an internal amplifier to output a
conditioned QRS signal (413) comprising multiple QRS
complexes to a voltage comparator (409). In other embodi-
ments, the AFE circuit (306) is configured to output a Leads
off Detection (LoD) signal (403) when one or both of the
chest strap electrodes (307) have been disconnected from the
user, thereby compromising the integrity of the ECG data.
The LoD signal (403) may be coupled to a LoD interrupt
input pin (414) of a microcontroller (301). The microcon-
troller (301) can then activate a ‘Fast Restore’ feature of the
AFE circuit (306) in order to reset the internal filters so that
the AFE circuit (306) is reconfigured to immediately detect
a new R-wave. The microcontroller (301) may also use this
information to identify, reject, or correct the resulting erro-
neous R-R interval data. Additionally, an internal timer
(420) in the microprocessor (301) can monitor the LoD
(403) and in the event that the leads are off longer than a
threshold (a long period of time, such as 15 seconds), enable
the microcontroller (301) to enter a low power sleep mode,
assuming that the user has removed the device.

[0042] In some embodiments, in order to optimize the
performance of the AFE circuit (306), the microcontroller
(301) may adjust the output gain of the AFE circuit (306) to
minimize saturation via a programmable gain control (405).
Additionally, the microcontroller (301) can adjust the ref-
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erence level of the AFE circuit instrumentation amplifier
(407) in order to optimize the average level of the R pulse
baseline. This can be achieved by monitoring and averaging
the QRS signal (408) using an ADC and adjusting the
reference-in voltage (407) to maintain a very stable baseline.
[0043] Traditionally, the QRS signal is sampled by an
analog to digital converter within the microcontroller and
peak detection algorithms are executed in the microcon-
troller to determine the duration of the R-R interval. This
approach requires signal processing to obtain sufficient
resolution and accuracy in determining the specific heartbeat
timings and consequently duration of the R-R intervals.
[0044] It is an object of this invention, in some embodi-
ments, to employ an analog voltage comparator (409) to
detect a specific desired wave characteristic and use that
detection event to directly trigger an interrupt (410) on the
signal processor. The specific wave characteristic may be,
but is not limited to, the steep rising edge of the R-wave, the
peak of the R-wave, or the steep declining edge of the
R-wave complex. Each may be used to directly trigger an
interrupt on the microcontroller, with each embodiment
having its own characteristics. Combinations of specific
wave characteristics are as well possible and it is not meant
to, within this invention, to limit the use of and the combi-
nations of wave characteristics for this detection.

[0045] It is an object of this invention, in some embodi-
ments, to use HR and HRV determination as criteria for
determining cardiac arrhythmia characteristics (209).
Depending upon this determination, cardiac arrhythmia
characteristics are determined (210). Heart rate, HRV and
CA figure(s) of merit (FoMs) associated with each event of
interest can be determined and evaluated against baselines
and limits (211). As appropriate, heart rate, HRV and cardiac
arrhythmia are combined with other inputs to determine an
alert status (212) with a real time alert delivered as neces-
sary.

[0046] In other embodiments, as HRV events (202) are
determined, the ECG waveform associated with the event is
evaluated as it applies to cardiac arrhythmia (223). Specific
waveform characteristics are examined against baseline and
normal characterization (224) and specified characteristics
are determined, analyzed and a figure of merit (FoM) is
determined (225, 226, 227). Heart rate, HRV and CA
figure(s) of merit (FoMs) associated with each event of
interest can be determined and evaluated against baselines
and limits (211). As appropriate, heart rate, HRV and cardiac
arrhythmia are combined with other inputs to determine an
alert status (212) with a real time alert delivered as neces-
sary.

[0047] FIGS. 6 and 7 shows that, in some embodiments,
the specific wave characteristic may be focused on other
characteristics of the ECG output, such as the P-wave, PR
interval, QRS complex, QRS interval, QRS segment, ST
segment, ST interval, QT interval or J point, including
partial selections, upward and download sloping, segment
elevations or depressions, and unique groupings of specific
wave characteristics thereof. In other embodiments, the
specific wave characteristics or threshold intervals arrays
may be mathematically manipulated to be a derivative,
fraction, or other function of the original value prior to
characterization, detection, analysis, or alerting.

[0048] A digital to analog converter (“DAC”) (411) con-
nected to the microcontroller may be used to actively set (or
dynamically adjust) the threshold (412) based on the mag-
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nitude variation of the R-wave between different users or
historic data stored within the memory (308). The threshold
(412) is used to compare to the conditioned QRS signal
(413) by voltage comparator (409). When the conditioned
QRS signal (413) reaches the threshold (412), the voltage
comparator (409) outputs an interrupt signal (410) to the
microcontroller (301). While FIG. 2 shows discrete external
components, this is not meant to limit a desired embodiment,
as this capability may be discrete or integrated into the
microcontroller. It is herein provided for greater clarity of
explanation.

[0049] The interrupt (410) is used by the microcontroller
(301) to obtain a time value from a timer (420) that was reset
on the last occurrence of a valid interrupt. The obtained time
value is then the most recent R-R interval. This direct and
temporal determination of the R-R interval for HRV pro-
vides a highly accurate determination of the R-R interval
while lowering power requirements, computational require-
ments, memory storage and timing limitations for compu-
tationally intense digitizing/analysis methods. The obtained
R-R interval array is stored within the memory (308) for
further analysis and history data output when applicable.
The precision and accuracy of this determination is only
limited by the timing capabilities of the microcontroller
(301) and is often provided with sub-millisecond resolution
and accuracy.

[0050] By virtue of the stability provided by the above
described technique, it is sometimes unnecessary to provide
for additional signal analysis and correction of the basic
QRS complex waveform exclusively for the purposes of
determining the R-R timing. Even with this stability, there
are advantages to enhanced error detection, improved noise
rejection and verification of the specific wave characteristics
expected. It is a further object of this invention to enable
enhancements in these validations of the base R-R interval
determination.

[0051] This additional analysis is valuable to provide for
the confirmation of viable heartbeat (HB) and HRV data and
to determine consistency and viability of the assessment.
[0052] As used herein, the term “about” refers to plus or
minus 10% of the referenced number.

[0053] As is described in the preferred and supplemental
embodiments of this invention, real time notification is
essential to provide the user with information that can
potentially be used to address significant events or episodes
at an early, therapeutically advantageous time preceeding
the presentation of other symptoms. This real time notifica-
tion can be delivered via a variety of means, including but
not limited to haptic, visual, aural and messaged stimulation.
Further, since the information may be indicative of a sig-
nificant health event or episode, the invention allows for the
simultaneous, real time notification of the user, real time
notification of a personal health care team (a user’s family
or other personal relation directly involved in the user’s
health care), and the real time notification of a health care
provider (a physician, health care provider or caregiver) or
any combination of these.

[0054] The above described real time notification capabil-
ity is as described herein and as depicted in FIG. 8 herein.
In some instances, the real time path may be directly to the
user via a worn device (101). While this is a preferred
embodiment of this invention, in other instances, in addition
to (or as a replacement of) the worn device’s notification, the
invention may provide real time notification via wireless
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communication (614, 615) to a device or a network (611) or
a cloud computing system, or a centralized computing
system, or a data analytical service (612), with notification
delivered (617) via this capability through a computer, smart
phone, smart watch or other data connected device (613) or
notification delivered through a computer, smart phone,
smart watch or other data connected (614) device (611)
without utilizing a cloud computing system, or a centralized
computing system, or a data analytical service (612).
[0055] As is described in the preferred and supplemental
embodiments of this invention, real time notification, taking
the form of multiple, tiered notifications, is intended. This
multiple, tiered, real time notification enables the notifica-
tion at the earliest indication of potential events or episodes
and supports subsequent detection, analysis and further real
time notifications to optimize the interaction with a user
and/or their care team. A first notification may inform the
user, and with training, specific instruction and/or specific
messaging, may cause the user to change behavior, enabling
further and/or modified detection, analysis and real time
notification with modified conditions facilitating the reduc-
tion or elimination of false positive or negative analysis and
enhanced detection, analysis and notification. Such
improvement enhances the efficacy of the invention.
[0056] In example, a person known to have propensity for
cardiac arrhythmia monitors routinely for heart rate and
HRV using the device as described herein. The monitor is,
per the described invention, capable of determining heart
rate, HRV, activity (through motion monitoring) and can
derive respiration from the ECG waveform.

[0057] A persistent anomaly is detected in the HRV mea-
surement, while average heart rate, activity and respiration
are determined to be nominally normal for low to moderate
activity. Specifically, HRV (e.g., SDNN, RMSSD, SDSD,
SDANN) is indicated to be elevated. In view of the known
propensity for cardiac arrhythmia, an abnormal and persis-
tent elevated HRV indicates potential onset. The subject is
provided with a ‘detect’ signal—a signal that advises the
cessation of current activity and assuming a resting state.
[0058] Continued monitoring of HRV continues to indi-
cate the abnormal condition. The device can switch to an
intensive analysis (a multi-tiered approach to detection and
analysis) of the ECG signal (or, depending upon the embodi-
ment, conduct parallel analysis) specifically assessing for
P-wave conditions, QRS interval deviations and Q-T inter-
val variance. Such analysis can be accomplished real time,
and, should such further analysis indicate anomalous con-
ditions consistent with CA, the subject can receive a second
real time notification—indicating a need to seek further
medical attention.

[0059] In other instances, average heart rate is elevated
(tachycardia) or depressed (bradycardia), potentially with a
lowering of HRV (e.g., SDNN, RMSSD, SDSD, ApEn,
SampEn, FuzzEn, FuzzMEn). In either case, when com-
bined with patient propensity, activity and respiration, each
condition can be detected as an onset of cardiac arrhythmia.
The subject is provided with a “detect’ signal—a signal that
advises the cessation of current activity and assuming a
resting state. Again, utilizing a parallel or multi-tiered
approach, the ECG can be analyzed in real time, and, should
such further analysis indicate anomalous conditions consis-
tent with CA, the subject can receive a second real time
notification—indicating a need to seek further medical atten-
tion.
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[0060] 1In the need to detect and action false negatives and
false positive responses (as the greatest impact on efficacy),
this multiple tier approach to detection, analysis and noti-
fication provides for mitigation of potential noise or mis-
leading analysis by minimizing spurious input from motion
or unusual activity. It further facilitates the progressive
awareness of the subject to a potential condition, providing
incremental notification and interaction to facilitate proper
action on the part of the subject. Such a multiple tier
approach also facilitates the reduction of false positive
analysis as non-consequential variability is reduced by the
subject. It is further possible to utilize standard thresholds,
dynamic thresholds and/or user specific thresholds at each
tier, refining the detection and analysis to be accurate, user
specific and real-time responsive.

[0061] It is notable to recognize that in utilizing this
multiple tier approach to detection and analysis, the device
is capable of changing modes of operation including sensi-
tivity, resolution, acquisition rate, sampling and other char-
acteristics that can positively impact detection and analysis.
This is an aspect of this invention.

[0062] In monitoring HRV, a person with diabetes (diabe-
tes mellitus) can identify changes in their systemic condition
potentially indicating the onset of a diabetic episode. First
order monitoring (e.g., continuous BGM) is an emerging
capability, however, is expensive and only used for the most
intensive care protocols.

[0063] A person with diabetes (the subject) utilizes the
invention herein described to monitor, analyze and receive a
real time alert in the event of a lowered HRV (e.g., SDNN,
SDANN, RMSSD, pNNS50, HF, LF, LF/HF). A systemic,
gradual decrease in HRV can indicate a deteriorating con-
dition over time, while a sudden decrease (inconsistent with
other factors such as heart rate, respiration, and activity) is
potentially indicative of the onset of a diabetic episode.

[0064] When such a sudden decrease is identified, further
monitoring is called for—e.g., for determining hyperglyce-
mia or hypoglycemia. A real time notification, for the subject
and for the subject’s care team, as said condition is detected,
provides the opportunity to immediately deliver corrective
action to control blood sugar levels. Through real time
monitoring, a substantial diabetic episode can be averted.

[0065] In the case of long term HRV reduction, while
diabetic autonomic neuropathy rarely causes severe symp-
toms, it has been identified as strongly associated with a
substantial mortality risk. Specifically, cardiac autonomic
neuropathy, frequently detected as a reduction in HRV, has
been associated with increased mortality in diabetes, car-
diovascular disease, and aging. Autonomic imbalances
affecting sympathetic and parasympathetic nervous system
function may be the strongest predictors of poor cardiovas-
cular outcome and the risk of sudden death. With diabetes as
a primary contributor to cardiovascular disease, the relation-
ship of HRV, diabetes and cardiovascular health and the
monitoring of HRV is indicative of a maintaining or a
deteriorating condition.

[0066] Severe allergies affect millions of individuals and
can cause a severe drop in blood pressure, cardiac arrest or
anaphylaxis. Such reactions can be caused by common food
allergies (e.g., peanut) with only trace amounts of allergens
causing fatal and near fatal reactions.

[0067] A person monitoring HRV (e.g., SDNN, RMSSD,
pNNx) when an allergic reaction is encountered may expe-
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rience a lowering of HRV and an increase in heart rate,
unassociated with, for example, increased physical activity.
[0068] A child, with a peanut allergy, attending school
may inadvertently contact a food allergen. Through such
monitoring and analysis, early, real time notification of
impending reactions are provided. Real time notification in
a system providing both local (i.e., subject) notification and
connected alerting (e.g., via cloud connectivity) provides
alerts to the child (directly), their instructor, school person-
nel and parents. Such a system allows for decision and
treatment time to be managed effectively. It is often neces-
sary to administer treatment immediately; such monitoring
provides early detection, analysis and real time notification.
With such notification, treatment can be effectively admin-
istered by qualified personnel.

[0069] A person in a stress situation, monitoring HRYV,
may show similar monitoring profiles to an allergic reaction.
It is of consequence to utilize prior knowledge of a person’s
allergic susceptibility (e.g., peanut, tree nut) and situational
conditions (e.g., work stress) to identify causal HRV effects
and to take appropriate action. Early real time notification of
HRYV depression combined with other parameters allows for
the effective addressing of potentially critical situations.
[0070] The determination of metabolic response (blood
lactate) and autonomic response (HRV) provides for the real
time detection and analysis of the anaerobic threshold (AT)
during physical exertion. Such a determination is useful for
athletes (training and competition) and for patients (e.g.,
cardiac rehabilitation).

[0071] A subject, using the herein described invention,
detects, analyzes and receives real time notification of the
crossing of the anaerobic threshold while under exertion.
The device, monitoring HRV (e.g., SDNN, SD1) in combi-
nation with heart rate and activity, analyzes the HRV level
against pre-determined, dynamically determined and/or user
specific limits and notifies the user that AT has been crossed.
[0072] For dedicated athletes, HRV can be used to train to
achieve higher VO2max levels and, during competition, to
maximize cardiovascular performance. For a recovering
cardiac patient, the herein described invention can provide
for therapy at the correct level to optimize recuperation. One
advantage of the invention is that in providing direct, real
time feedback to the user, it directly impacts the user’s
desired behavior by providing detection, analysis and feed-
back for their physiological state.

[0073] Monitoring epilepsy via HRV potentially provides
an opportunity to forewarn the user of an impending seizure.
Real time monitoring enables a user to prevent injury
resulting from the surprise onset of seizure.

[0074] A user receives real time notification of a potential
impending episode by monitoring HRV (SDNN, LF, HF,
LEF/HF, SD1, SD2, SD1/SD2) with heart rate and activity. By
characterizing and maintaining user specific limits, detection
and analysis can utilize standard thresholds, dynamic thresh-
olds and/or user specific thresholds for real time notification.
By employing a multiple tier approach, a user can be advised
to reduce risk of injury (e.g., from a fall) while continued
monitoring and analysis continues.

[0075] HRYV, heart rate and activity as co-parameters for
the detection, analysis and notification of chronic pain,
effective mitigation and mis-use of pain medication is being
studied. There is a direct, substantial correlation of pain to
HRV (HF, LF, pNNxx, LF/HF) and it is indicated (literature)
that HRV can be a marker for chronic pain. Opioid use for
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pain alleviation correlates with changes in HRV. In the
absence of pain, the changes and correlation has potentially
different characteristics.

[0076] A patient (e.g., chronic pain sufferer) monitors
HRV across varying conditions (e.g., un-treated, under anal-
gesic therapy). The described device builds a user profile for
varying conditions. Correlation to these conditions (and
associated therapy) would be used to support optimized pain
management and mitigate therapy mis-use. Real time noti-
fication, combined with care team notification and record
keeping supports effective therapy.

[0077] Inkeeping with the need to substantially reduce the
impact of false negative and false positive notifications to
fulfill safety and efficacy requirements, the approach of
multiple tier detection, analysis and notification is vital. The
device, as described herein, is capable of changing data
collection, filtering, analysis and the approach to parameter
inclusion, as well as the method, means and type of real time
notification. Further, as a connected, albeit self-contained
device, there is further mitigation from failure due to exter-
nal communication, interference and system reliability,
while maintaining the ability to incorporate a broader system
(e.g., cloud based, external device—smart phone based)
architecture.

[0078] Various modifications of the invention, in addition
to those described herein, will be apparent to those skilled in
the art from the foregoing description. Such modifications
are also intended to fall within the scope of the appended
claims. Each reference cited in the present application is
incorporated herein by reference in its entirety.

[0079] Although as described in the preferred embodiment
of the present invention, it will be readily apparent to those
skilled in the art that modifications may be made thereto
which do not exceed the scope of the appended claims.
Therefore, the scope of the invention is only to be limited by
the following claims. Reference numbers recited herein are
exemplary and for ease of review by the patent office only,
and are not limiting in any way. In some embodiments, the
figures presented in this patent application are drawn to
scale, including the angles, ratios of dimensions, etc. In
some embodiments, the figures are representative only and
the claims are not limited by the dimensions of the figures.
In some embodiments, descriptions of the inventions
described herein using the phrase “comprising” includes
embodiments that could be described as “consisting of”, and
as such the written description requirement for claiming one
or more embodiments of the present invention using the
phrase “consisting of” is met.

What is claimed is:

1. A method for real-time detection, analysis, and appli-
cation of heart rate variability (HRV) using a wearable
device, the method comprising:

(a) detecting a plurality of consecutive heartbeat related
waves and recording a plurality of consecutive time
values for each wave (200, 201, 202, 203);

(b) determining and recording a plurality of consecutive
of time intervals between the time values to generate a
temporal interval array (204),

(c) analyzing the plurality of consecutive heart beat
related waves, time values, and time intervals for
suitability of use for HRV related applications (207);

(d) detecting ectopic beats and correcting the time values
and temporal intervals in the temporal interval array
associated with the ectopic beats (205, 206),
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(e) computing one or more HRV measurements from the
plurality of consecutive temporal intervals in the tem-
poral interval array (208);

(D) analyzing said HRV measurements against one or more
user established thresholds to determine one or more
HRV measurement excursions from said established
user limit(s) (209);

wherein the one or more HRV measurements and the one or
more HRV measurement excursions are combined with one
or more additional predetermined or dynamically set inputs
(210, 211) to determine when an alert is sent to one or more
pre-determined parties via a real-time notification (212).

2. The method of claim 1, wherein the one or more user
established limits (211) comprises upper limits, lower limits
or variability limits.

3. The method of claim 1, wherein the one or more user
established limits (211) comprises predetermined limits or
dynamically determined limits.

4. The method of claim 1, wherein the one or more
additional predetermined or dynamically set inputs (212) are
user inputs, application specific inputs or dynamically deter-
mined inputs.

5. The method of claim 1, wherein the method of gener-
ating one or more HRV measurements from the based on
data in the temporal interval comprises one or more of:
standard deviation of normal to normal R-R intervals
(“SDNN”), root mean square of successive N-N interval
differences (“RMSSD”), standard deviation of successive
differences (“SDSD”), standard deviation of averages of
N-N intervals (“SDANN™), triangular interpolation of N-N
interval histogram (“TINN”), NN count divided by total NN
interval (“pNNx"), Hilbert Transform, approximate entropy
(“ApEn”™), sample entropy (“SampEn”), fuzzy entropy
(“FuzzEn”), fuzzy measure entropy (“FuzzMEn”), or spec-
tral HRV measurements including: power in very low fre-
quency (“VLF”), power in low frequency (“LF”), power in
high frequency (“HF”), a ratio of LF to HF, standard
deviation of Poincare plot perpendicular to a line of identity
(“SD1”), standard deviation of axis of Poincare plot parallel
to the line of identity (“SD2”), or a ratio of SD1 to SD2.

6. The method of claim 1, wherein the one or more
predetermined or dynamically set inputs comprise: respira-
tion rate, blood pressure value, body temperature, level of
physical motion, heart rate, cardiac arrhythmia, a pre-deter-
mined condition marker, a pre-existing condition specifica-
tion, or a level of electrodermal activity.

7. The method of claim 6, wherein the one or more
pre-determined or dynamically set inputs includes one or
more figures of merit for cardiac arrhythmia, including at
least one of rapid heart rate, slowed heart rate, irregular heart
rate, long QT syndrome, or fibrillation, when such an input
is analyzed as deviating from an established baseline.

8. The method of claim 7, wherein the said one or more
figures of merit for cardiac arrhythmia is related to PQRST
wave analysis for heart rate, p-wave, P-R interval, QRS
complex interval, ST segment elevation or depression, or
QTc interval.

9. The method of claim 1, wherein the one or more
predetermined parties comprises: the user, the user’s care
team, a medical professional, or a medical provider.

10. The method of claim 1, wherein the real-time notifi-
cation comprises one or more of: a haptic indicator, an
auditory indicator, or a visual indicator.
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12. A wearable device (101) for real-time detection,
analysis, and application of heart rate variability (HRV), the
device comprising;

(a) a chest strap (120) or wearable article integrated with
one or more strap electrodes to detect a plurality of
consecutive PQRST waves; and

(b) a battery-powered, self-contained processing circuit
(110) with a microprocessor, an electrocardiogram
(“ECG”) analog front end, an onboard parameter set
capability (305), a non-volatile memory (308); and

(c) computer readable instructions executable by said
microprocessor (301) causing the microprocessor (301)
to:

(1) detect a plurality of consecutive heartbeat related
waves and recording a time value for each wave;

(i1) determine and record an interval for each time value
pair to generate a temporal interval array;

(i) analyze the plurality of consecutive heart beat
related waves, each time value, and each interval for
suitability of use for HRV related applications;

(iv) correct each time value and temporal interval
associated with ectopic beats;

(v) determine one or more HRV measurements from the
based on data in the temporal interval array;

(vi) analyze said HRV measurements against one or
more user established limits to determine one or
more HRV measurement excursions from said estab-
lished user limit(s);

wherein the one or more HRV measurements and the one or
more HRV measurement excursions are combined with one
or more additional predetermined or dynamically set inputs
to determine when an alert is sent to one or more pre-
determined parties via a real-time notification.

13. The device of claim 12, wherein the one or more user
established limits comprises upper limits, lower limits or
variability limits.

14. The device of claim 12, wherein the one or more user
established limits comprises predetermined limits or
dynamically determined limits.

15. The device of claim 12, wherein the one or more
additional predetermined or dynamically set inputs are user
inputs, application specific inputs or dynamically deter-
mined inputs.

16. The device of claim 12, wherein the method of
generating one or more HRV measurements from the based
on data in the temporal interval comprises one or more of:
standard deviation of normal to normal R-R intervals
(“SDNN”), root mean square of successive N-N interval
differences (“RMSSD”), standard deviation of successive
differences (“SDSD”), standard deviation of averages of
N-N intervals (“SDANN”), triangular interpolation of N-N
interval histogram (“TINN™), NN count divided by total NN
interval (“pNNxX"), Hilbert Transform, approximate entropy
(“ApEn”), sample entropy (“SampEn”), fuzzy entropy
(“FuzzEn™), fuzzy measure entropy (“FuzzMEn™), or spec-
tral HRV measurements including: power in very low fre-
quency (“VLF”), power in low frequency (“LF”), power in
high frequency (“HF”), a ratio of LF to HF, standard
deviation of Poincare plot perpendicular to a line of identity
(“SD1”), standard deviation of axis of Poincare plot parallel
to the line of identity (“SD2”), or a ratio of SD1 to SD2.

17. The device of claim 12, wherein the one or more
predetermined or dynamically set inputs comprise: respira-
tion rate, blood pressure value, body temperature, level of
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physical motion, heart rate, cardiac arrhythmia, a pre-deter-
mined condition marker, a pre-existing condition specifica-
tion, or a level of electrodermal activity.

18. The device of claim 17, wherein the one or more
pre-determined or dynamically set inputs includes one or
more figures of merit for cardiac arrhythmia, including at
least one of rapid heart rate, slowed heart rate, irregular heart
rate, long QT syndrome, or fibrillation, when such an input
is analyzed as deviating from an established baseline.

19. The device of claim 18, wherein the said one or more
figures of merit for cardiac arrhythmia is related to PQRST
wave analysis for heart rate, p-wave, P-R interval, QRS
complex interval, ST segment elevation or depression, or
QTec interval.

20. The device of claim 12, wherein the one or more
predetermined parties comprises: the user, the user’s care
team, a medical professional, or a medical provider.

21. The device of claim 12, wherein the real-time notifi-
cation comprises one or more of: a haptic indicator, an
auditory indicator, or a visual indicator.

22. A system for real-time detection, analysis, and appli-
cation of heart rate variability (HRV), the device compris-
ing:

a. The wearable device of claim 12, and

b. A communications means to send and/or receive data to

one or more external devices (611), and
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c. a real-time notification to the user via said one or more
external devices (611).

23. The system of claim 22 with communications (615,
616) to transfer data to one or more of the Internet cloud, a
centralized data store, or an analytical data service.

24. The system of claim 23 with communications (617) to
transfer data to one or more external devices (613) with said
devices (613) capable of delivering notifications or infor-
mation to one or more of a user, a care team, a medical
professional or a medical provider.

25. A method of providing real time notification to a user
for monitoring events, conditions or episodes, wherein this
real time feedback can be in multiple tiers:

a. a first tier indicating initial detection, analysis and
identification of a potential impending event, episode
or condition based upon the user’s real time behavior

b. a subsequent tier or tiers of notification indicating
detection, analysis and identification of a potential
impending event, episode or condition based upon the
user’s modified real time behavior—said modified
behavior initiated by training, informing or specifying
such modifications as a result of the first tier detection,
analysis and identification of a potential impending
event, episode or condition and/or modified detection,
and/or analysis and and/or identification techniques.
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