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Atrial fibrillation (AF) is a cardiac rhythm disorder associated with increased morbidity and mortality. It is the leading risk factor for
cardioembolic stroke and its early detection is crucial in both primary and secondary stroke prevention. Continuous monitoring of
cardiac rhythm is today possible thanks to consumer-grade wearable devices, enabling transformative diagnostic and patient
management tools. Such monitoring is possible using low-cost easy-to-implement optical sensors that today equip the majority of
wearables. These sensors record blood volume variations—a technology known as photoplethysmography (PPG)—from which the
heart rate and other physiological parameters can be extracted to inform about user activity, fitness, sleep, and health. Recently,
new wearable devices were introduced as being capable of AF detection, evidenced by large prospective trials in some cases. Such
devices would allow for early screening of AF and initiation of therapy to prevent stroke. This review is a summary of a body of work
on AF detection using PPG. A thorough account of the signal processing, machine learning, and deep learning approaches used in
these studies is presented, followed by a discussion of their limitations and challenges towards clinical applications.
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INTRODUCTION

Atrial fibrillation (AF) is an abnormal cardiac rhythm characterized
by a disorganized atrial activity. AF is recognized in the
electrocardiogram (ECG) as an irregularly irregular rhythm lasting
more than 30s, with no discernible P-waves preceding the QRS
complex.! AF prevalence is age, gender, and race dependent.” It is
particularly high in the elderly population, reaching 10-17% in
subjects 80 years and older.? In addition, AF is more prevalent in
males and in the white population.> AF is associated with
significant morbidity and mortality. One in five strokes is
associated with AF and one-third of cardiac arrhythmias
hospitalizations are due to AF-related complications. AF has been
associated with a twofold increase in the risk of death.’
Additionally, the aging population in the US and worldwide is
leading to a markedly increasing AF prevalence®”

The high prevalence of asymptomatic AF has significant clinical
implications on the diagnosis and management of AF.° Inter-
mittent ECG evaluation during clinical visits has a low likelihood of
detecting paroxysmal AF. Continuous monitoring would increase
the chances of AF detection, thereby allowing appropriate primary
and secondary stroke prevention strategies to reduce the high
morbidity and mortality of stroke.

For patients with acute ischemic stroke or transient ischemic
attack, approximately 10% will have new AF detected during their
hospital admission.””® Continuous ECG monitoring for 30 days is
recommended in case of an embolic stroke of undetermined
cause (cryptogenic).” Novel non-intrusive approaches for cardiac
rhythm monitoring can potentially enable early and accurate
detection of asymptomatic paroxysmal AF and create a shift in AF
management.'®'" Especially for asymptomatic AF cases, new tools

that allow the AF detection will help make the appropriate clinical
decisions.'®

Photoplethysmography (PPG) has emerged as a low-cost and
non-intrusive modality for continuous monitoring of heart rate. A
variety of wearable devices offer PPG-based monitoring, including
smartphones and smartwatches. A photoplethysmogram is a
pulse pressure signal resulting from the propagation of blood
pressure pulses along arterial blood vessels. Measured on the
periphery, it carries rich information about the cardiac activity,
cardiovascular condition, the interaction between parasympa-
thetic and sympathetic nervous systems, and hemoglobin level.'?
Many physiological parameters can be derived from PPG,
including oxygen saturation, heart rate, blood pressure, and
cardiac output.® These capacities of PPG open the door to
develop new ambulatory diagnosis tools enabling early screening
of heart conditions, including arrhythmia.'

This review provides an account of the approaches used in PPG-
based AF detection. A brief overview of the technology behind
PPG is first presented, followed by a summary of methods and
algorithms developed for PPG-based AF detection. Recognizing
the importance of using PPG to detect AF at scale, the motivation
of this review is to guide the future development of algorithms
towards clinical-grade applications.

PHOTOPLETHYSMOGRAPHY

PPG signal

PPG waveform is generated during a cardiac cycle and typically
measured at a peripheral site. Therefore, it is essentially a pulse
pressure waveform that originates from the heart contraction and
propagates through the vascular tree. As blood flow is controlled
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by neural, cardiac, and respiratory interactions, various physiolo-
gical parameters could theoretically be extracted from analyzing a
PPG signal."® For this reason, the PPG signal has rich information
about physiological conditions.'?

PPG waveforms have typical morphological components
corresponding to landmark events in the cardiac cycle. During
the contraction of the left ventricle, blood is ejected out of the
heart and propagates along the arterial tree, this corresponds to
the initial positive slope of a PPG pulse. The systolic peak marks
the maximum of the waveform. A decrease in amplitude following
the systolic peak is marked by a local minimum, or the dicrotic
notch, which corresponds to the closing of aortic valves
separating the systolic and diastolic phases. In some cases, a
third peak following the dicrotic notch can be identified. It
corresponds to a reflected component of the forward wave from
various reflection sites including vessel bifurcations.'®

Clinical parameters

One primary clinical application of PPG is arterial blood oxygen
saturation (Sp0O2) estimation through pulse oximetry.'” Sp02 is
defined as the percentage of oxygen saturation in the arterial
blood, which can be measured by the ratio of oxygenated
hemoglobin concentration to the total hemoglobin concentration,
with a normal range between 97% and 98%.'® Recently, new
applications of PPG have emerged for the continuous estimation
of valuable cardiovascular parameters in ambulatory settings.
Heart rate, blood pressure, and respiratory rate could be closely
monitored for fitness or health assessment.'® Advanced diagnostic
applications of PPG were also envisaged. Cardiac function, arterial
stiffness, autonomic nervous system (ANS) responses, and apnea
are among conditions that could potentially be detected or
evaluated using PPG.

Changes in blood volume are synchronous with the heart beats,
such synchrony is manifested by the concordance of inter-beat
intervals (RR intervals) measured in PPG and time-synchronized
ECG.*° Heart rate variability (HRV) is an indirect measurement of
ANS, and it has also been considered as a surrogate parameter of
the interaction between the brain and cardiovascular system.?'
HRV metrics can be derived from analyzing RR intervals in time
and/or frequency domain as well as using nonlinear dynamic
analysis approaches.?” Respiratory rate is one of the fundamental
vital signs and can be determined from the time-frequency
representation of a PPG signal.?

Some hemodynamic parameters such as augmentation index
(Alx) and pulse wave velocity (PWV) are important biomarkers of
arterial stiffness, which is a direct cause of hypertension and a
maior risk factor for cardiovascular events such as mvocardial
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PPG signal acquired using a wearable device and typical waveforms representing NSR, AF, and noise artifact.

infarction and stroke. Both Alx and PWV could be derived from
PPG,>*** Subendocardial Viability Ratio (SEVR %) and Ejection
Time Index (ETI) are two hemodynamic parameters used in the
evaluation of cardiac workload that can be estimated with PPG
analysis.?> Additionally, some studies claim that arterial blood
pressure could be estimated using advanced analysis of PPG."”

Modes of PPG measurement

A PPG signal has two main components: a quasi-static direct
current (DC) component, which represents light reflected/trans-
mitted from static arterial blood, venous blood, skin and tissues;
and pulsatile alternate current (AC) component which arises from
modulation in light absorption due to changes in arterial blood
volume. PPG measurement can be carried out using two modes:
transmission and reflectance. In transmission mode, the light
transmitted through the medium is detected by a photodetector
(PD), which is positioned in the opposite site of the light source.
The sensor must be located on the body at a site where
transmitted light can be detected. The measurement site is limited
to the extremities of the body, such as the fingertip or earlobe.
The greatest disadvantage of the transmission mode is the
location of the device that can interfere with daily routine
movements.?® In reflectance mode, the PD detects light that is
back scattered or reflected from tissues, bone, and/or blood
vessels, which means the light source and PD are positioned on
the same side. Unlike the transmission mode, the measurement
sites are not restricted to any particular location, which facilitates a
user-friendly monitoring approach. The wrist, forearm, ankle, and
forehead are common measurement sites.*’

Since the basic form of PPG technology requires only a few
optoelectronic components (a light source and a PD: to measure
the variations on the light reflected/transmitted by the tissues), it
can be easily and inexpensively incorporated in various digital
devices such as watches, smartphones, or wearables.®® The
ubiquitous availability of PPG in a wide range of wearable digital
devices has motivated the search for new applications and the
development of novel biomedical solutions.

PPG-BASED AF DETECTION

In a PPG signal, AF is manifested as varying pulse-to pulse intervals
and pulse morphologies. On the other hand, a normal sinus
rhythm (NSR) is recognizable through regularly spaced PPG pulses
with similar morphologies between consecutive pulses. Recogniz-
ing an arrhythmia in a PPG signal can sometimes be challenging in
the presence of artifacts. Common sources of artifacts are motion
and poor sensor contacts. Artifacts can be misinterpreted as
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Fig.2 Overview of the main features extracted from PPG signals used in the studies reviewed (see Tables 1-3). SpO2 oxygen saturation,

PRbpm pulse rate (beats per minute).

physiological abnormalities. Motion artifacts can be identified
using accelerometry data. Most modern wearable devices include
accelerometry sensors that measure acceleration forces along
different spatial directions. It is a common practice to discard PPG
contaminated with an artifact. Figure 1 depicts samples of PPG
with NSR, AF, and artifact.

ECG remains the gold standard for the electrophysiological
definition and recognition of arrhythmias,' including AF diag-
nosis.? In a recent study, new deep learning approaches achieved
cardiologist-level AF detection of 12 types of arrhythmia (F1 score =
0.84 vs F1 score = 0.78) when 91,232 single-lead ECGs from 53,549
patients were analyzed>* Compared to ECG, PPG-based AF
detection is more challenging but also rewarding in situations
where longer monitoring time and lower cost beyond what ECG
offers is needed, e.g., screening AF at scale.

Recent advances in sensor technologies and wearable devices
have increased the role that a PPG-based solution could play in
the assessment of health status. Electronics capable of recording
PPG signals with relatively high signal-to-noise ratio (SNR) may
warrant reliable PPG monitoring and screening of arrhythmia.'"'

In a typical AF detection algorithm, features (temporal, spectral,
or morphological) are extracted from the acquired PPG signal and
analyzed by the detection algorithm to inform if an AF rhythm is
detected. In some approaches, image representation of the
temporal waveform has been considered. The derived image
would then be analyzed using conventional image processing or
artificial intelligence-based methods (Fig. 2).2** Traditionally,
prominent features were derived from the tachogram (RR
intervals) since it is a reliable measure of heart beats.>® Realizing
that PPG waveforms may carry physiological information beglond
heart rate, new features beyond RR intervals were derived.>® The
use of PPG time series and their imaaes representation (e.a. raw
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plot of the signal, fast Fourier transform spectrum, or wavelet
spectrogram—represented in the Fig. 2 in PPG representation
part) were used with promising results in the detection of
physiological events,**37% Images for PPG representation in Fig. 2
is a general depiction of the format types of information used by
the different algorithms.

In the following sections, we review studies of PPG-based AF
detection. A body of white papers and peer-reviewed works
indexed by PubMed, Scopus, IEEE Xplore, and Web of Science up
to June 2019 was selected based on the following search
expression: (PPG “OR” Photoplethysmography) “AND” (atrial
fibrillation “OR” AF “OR” AFib) "AND" (detection “OR" recognition).
Each study is reviewed with respect to the size, the number of
patients, and recording settings of data analyzed, the PPG device
and site of recording, the AF detection algorithm, and its
performance. Figure 2 summarizes the main features examined
in these studies, described with more details in Tables 1-3.

Performance metrics

AF detection algorithms can be evaluated using several perfor-
mance metrics. It is common for many studies to report sensitivity,
specificity, and accuracy. Sensitivity is defined as the probability to
detect true AF events, while the specificity measures the
proportion of actual Non-AF instances correctly identified as such.
Accuracy is a balanced metric of sensitivity and specificity. The
accuracy of an AF detection algorithm is its ability to differentiate
between AF and Non-AF cases.*® Generally, accuracy is the most
common reported metric, along with the area under the curve
(AUQ) of the receiver operating characteristic (ROC). A ROC for
differentiating AF vs Non-AF is generated by plotting sensitivity vs
(1-specificity) _at different classification thresholds. AUC is a

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Jo abeiane ‘uoneinap LLF89 4V yum
606'0 =ds D0y 1599 10} plepueis ‘uoijelien LLFSy LT 'spdlqns Ayeay
‘606'0 = USS  SINJEJ) JO SDN[BA  JO JUSIDYD0D) 'SaINedy 10suas Hdd ‘LLFP9 €1 4V Yum g€ 46(£100)
‘TS6'0 =22V  Ploysaiys paale@ S9LSS sawll Yy wanedu aqojuea 3|6uls ulw g ‘TLFGE ‘spafgns Ayyesy vy pE AsaL ££ e 39 Aouo) |
(seanmeay Adonua
s|dwes ay3 Jo xew
9} pue ujw ‘uolieINSP
pJiepueis 3y} JO UOISIaA
1SNQOJ ‘uoieInap
psepuels ‘Adonua
o|dwes) sainiesy sales
sawin gy + NND 3y3
wloJj paulelqo sainjesy
—uwojsuel) 19[9AeM
$6'0 =DNVY |opow d1si60o| Jo uonejuasaidal puequis bunsweg (4YV) swyikyd Jsyzo <(£107) "2 1
‘8L6°0 =22V 89U dnise| [e130ads abewl Hdd jusnedul 9DIASP UIOM-ISUM S0€ - YUM €G 4V Yum G 86 Jewnyiyseys
9/6'0 =ds
'€€£°0 = USS
‘096'0 =22V
“DAd '086'0 =dS
£99'0 = USS
'666'0 =20V
Ovd 's€6'0 =ds DOY 1599 40} 10]d asedulod ‘Adonug
‘046'0=USS  sainjesy Jo sanjea uouueys ‘assNY suoyduews DAd YIM S Dvd £6(9107) "2 19
‘1S6°0 =20V 4V  PIOYSaiyl paALSQ S2IN1ed) SaLI9S sawll Yy jusnedu| JO BIBWED O3PIA ulw g 99  YuM S| 4V YIMm 86 1zl snue\dPW ‘'d
10|d a1edUl0d 9Y)
056'0 =ds DOY 159q 10}  WOI) PRIdLIIXd XdpUl rodypayd
‘0660 = U9S  SaIN1ed4 JO sanjeA  zAdS/LAS Pue ASSY juanedino suoydyuews 4v 26(9107) e 1
= 'LEE0=DNY PIOYSaIyl PaALSQ  $94N1e3) SILISS Sawlll HY pue -u] 4O elswed O9pIA ulwg £¥G/8+08 -UON OF 4V YIM O 08 ulSIsyd3 °f
@ S|npow Buuoyuopy
g juswIRINSeaW Uuono
m €00F660=ds [opow AoxIeW snonuIuod pue oipJe) sdijiyd SN L1 “49mny 0s(9100)
& ‘CO'0F L6°0 =USS 91B1S-| | JOPIO-1SIl4 SDINIeD) SOLSS SoWIl HY —juanedinQ —JOSUSS S qeILIM-ISIIN S0E  OVLFTS9 [erie | 4y yum ¢ 9l  ‘|e 19 lwouog
= uoneIASp plepuels
1SNQOJ ‘UoieINnIpP
piepuess ‘(zugdwes
pue Luzdwes) ¢
660 =DNY pue ‘| = w suoisuswip
'v6'0 =ds Buippaquia ayy
/60 = USS |]opow dnsibo| yum Adonus sjdwes puequis bunswes snewoldwAs 2c(9107)
'S6'0 = JdY 19N D1ISB|3  SDINeD) SIS SaWIY YY jusnedu| 9JINSP UIOM-ISLIM ulw G'g 0} G'E - -UOU |€ 4V Yum G| 9v  ‘|e 19 newsN
(aseqgeieg
eIy Yy
HIg-LIW + 4SN HIg
Adonus uouueys pue -LIN + 4V HIg-LIW)
6£56'0=ds DOY 1594 10y SuOI1duUNy DUIBYOD saseqelep dlignd
‘9L/6°'0 =U3S  S3IN3ed} JO San|eA Buikien swi| suoydyiews + uolisianolpied 16(€10T)
‘SP96'0 =20V  PIOYSaIyl PaALRQ  S2IN1ed) S9LI9S sawWll Yy jusnedu| JO BIBWED O3PIA ulw g - J19ye pue Joud {/ v/ ‘le 12 997
uond919p
SwWYIAya 1oy Suol}puod syjuswbas  uopendod sjyuaned [J24] (1e3A)
S1|NS3J SDUBWIOID KBojopoyray elep nduj uonisinboy 9DIASP JUBWISINSEIN Ddd Yyibua jo aby sainjesy 19seleg  JO JaquinpN Joyiny
‘saydeoudde sisAjeue [eonsiels buisn uondalep 4y paseq-AydeibowsAyiajdoloyd uo ssipms  °| ajqeL

np)

DOCKET

A

Find authenticated court documents without watermarks at docketalarm.com.

LARM



https://www.docketalarm.com/

np)

T. Pereira et al.

S|eAJaUL YY JO Jaquinu |e30) dY) AQ SW O/ 10 Ot JO GE PaPRIXD 1BYL YY DAISSIIINS JO S9dUIRYIP Jo dbejuadiad 0ZNNd/OrNNI/SENN ‘uondeuod [euie ainjewsald
DVd ‘SUOIIdRIIUOD JBINDLIUSA 3injewsaid HA4 ‘A3pydads ds ‘ANAINSUSS Uas ‘AdeINDDE DD ‘SAIND S} JSPUN B3R DY ‘SeIYIAYLIR JRNDLIIUSA ¥/ ‘SeIWYIAYLIR JSYI0 YYY ‘WYIAYL SNUIS [BLWIOU YSN ‘[BAISIUL Y O Y HY

Adonus
a|dwes jo Jua1dYJ20d
pue ‘Adonua sjdwes

‘0ZNNd ‘0¥NNd ‘QSSWY

086'0 =ds D0y 1599 104 pszijewiou ‘QSSNY  JusWIINsesw »,(8107)
‘¥86'0 = USS  S3INJEJ JO SdN|eA ‘Adosnyus uouueys snonupuod olp.ed sdijiyd €LF/9 ‘|e 12 2.0
186'0 =20V  PIOYSaIY} PIALSQ S3INJedy SaLRS sawn Yy  —iusnedinQ SDIASP UIOM-ISLIM sozl ‘L0L ¥ 69 dv-uou 61 4V 8 Vid op ‘WH
€166'0 =ds 'PITUQ3SINd  HY SAINDISUOD €8F8VL (8100)

'S¥86'0 = USS [SPOW AOXJIBI\  S9INJED} SOLISS SDWI HY wanedu 9IASP UIOM-ISHM 0C L0LFS/9 4V Yum L "ISN Sl 6C ‘le 1S nlsdluie]
(3ys) Adosnug uouueys
pue @SSy :uohdaisp
spjoysaiy 4y abueyd sisonny
uondaepP pue ‘sabueyd oiel s19[gns yijeay
v1/6'0=ds 4V ‘sploysaiyy uiod bujuiny ‘sabueyd L L uoisidnolpIed
'S9/6°0 = UdS :uondalep  2dojs |eubis :uoidLlLp iodxdayd suoydyuews Jaye pue soud «(8107)
'/996'0 =20y  JUSWSAOW/3SION JUSWISAOWI/3SION —iuanedinQ JO BJISWED O3PIA ulw g - 4V yum swusned gg 66 ‘le 3@ Buoyd
(Adouyua ajdwes
pue Adosyus uouueys
‘ASSINY) S21n1ed) saLas
SauIydew J01d3A SaWI} Yy :uoId3Lp
1oddng :uonodssp 4V ‘uonejnpowsp
4V ‘sploysaiyy xa|dwod A>uanbauy
:uondLP d|gelIeA (UOoIIIIP wjodydayd suoydyiews plo sieak st +o(8107)
9LL6'0 =20y  JUSWSAOW/ISION JUSWISAOWI/3SION —uanedinQ JO BIBWED O3PIA SQE  ueyl Jap|0 - 00Z ‘[e 19 Jeyseg
ones juiod
Buiuiny pue ‘Adosyus
uouueys :spoylaw
|eonAjeue JeaujjuoN 4H
pue 47 jo onel ay) pue
‘(4H) @bues Louanbauy
-ybiy ayy ur samod ‘(47)
abues Louanbaiy-mo|
:utewop Aduanbaiy
€/6'0=DNVY "aSSWY pue ‘uoneinsp
ulwi-o| pJiepueils ‘ueswl
‘2460 = DNV ulW-g sisjeue  :ujewop awi] ‘sanjesy uwoL  8YLFE99 4V-UoN syuaned ap(£100)
‘6¥6°0 = DNV :UlW-| UOISSa16aJ d13sI6oT EENEEIRY| juanedu| Jojluow apispag uwez ‘uw | ‘8ZLFSYL 91G 4V YUM QS 40J1s 999 ‘le 3@ Buel
SENNd :1e9g-01
-1e3q Ul 9JU3IdYIP dY)
[[e]iEIETe}
SWIYIAYJ 10y SUOIIPUOD syjuswbas  uonendod sjyuaned [J24] (1e3KA)
S1|NS3J 9OUBWIOLID KBojopoyia|y elep ndu| uonisinboy 921ASp JUBWISINSEIN Ddd Yibua jo aby sainiesy 19seleg  JO JaquinN loyiny

panunuod | ajqeL

DOCKET

A

Find authenticated court documents without watermarks at docketalarm.com.

LARM



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




