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Abstract
Background:	Detecting	asymptomatic	and	undiagnosed	atrial	 fibrillation	 (AF)	 is	 in‐
creasingly important. Recently, we developed a wristwatch‐based pulse wave moni‐
tor	 (PWM;	Seiko	Epson,	 Japan)	capable	of	 long‐term	recording,	with	an	automatic	
diagnosis algorithm that uses frequency‐based pulse wave analysis. The aim of this 
study was to evaluate the validity of continuous pulse wave monitoring for detection 
of	AF.
Methods:	During	the	electrophysiological	study	(EPS)	in	patients	with	AF,	simultane‐
ous	 pulse	 wave	 monitoring	 and	 Holter	 electrocardiograms	 (ECG)	 were	 recorded	
(n	=	136,	mean	age	62.7	±	10.9	years).	The	diagnostic	accuracy	of	the	PWM	for	AF	
was	compared	to	the	Holter	ECG	diagnosis.	Standard	performance	metrics	(sensitiv‐
ity	[Se],	specificity	[Sp],	positive	predictive	value	[PPV],	and	negative	predictive	value	
[NPV])	were	calculated.	The	duration‐based	measurements	were	based	on	the	diag‐
nosis concordance ratios for the duration of time between diagnosis detected by the 
PWM	and	true	diagnosis	by	the	Holter	ECG	(AF	or	not	AF).	The	episode‐based	per‐
formance metrics were based on the proportion of episodes appropriately detected 
with	the	PWM	relative	to	episodes	determined	by	the	Holter	ECG.
Results:	The	total	recording	time	was	1,542,770	s	(AF:	270,945	s).	A	high	diagnostic	
Sp	(patient	average:	96.4%,	cumulative:	97.7%)	and	NPV	(patient	average:	95.1%,	cu‐
mulative:	96.8%)	were	obtained	in	the	duration‐based	results.	In	the	episode‐based	
metrics,	all	indices	significantly	improved	with	longer	AF	episode	durations.
Conclusions: Continuous pulse wave monitoring can provide accurate and depend‐
able	information	to	aid	in	AF	diagnosis.	A	high	validity	in	confirming	freedom	from	AF	
was	shown	by	a	high	NPV.

K E Y W O R D S

atrial fibrillation, monitoring, pulse wave

www.wileyonlinelibrary.com/journal/anec
https://orcid.org/0000-0001-9562-8981
mailto:
https://orcid.org/0000-0001-9311-6245
mailto:kusanokengo@hotmail.com


2 of 8  |     KASHIWA et Al.

1  | INTRODUC TION

Atrial	fibrillation	(AF)	is	one	of	the	most	common	arrhythmias	encoun‐
tered	in	medical	practice.	The	estimated	number	of	patients	with	AF	is	
over	30	million	worldwide	and	is	expected	to	grow	in	the	coming	years	
(Kirchhof	et	al.,	2016).	In	Japan,	AF	is	estimated	to	affect	1–2	million	indi‐
viduals.	AF	is	associated	with	impaired	quality	of	life,	poorer	cardiac	he‐
modynamics,	and	an	increased	risk	of	heart	failure	and	embolic	events,	
including	 strokes,	 or	 vascular	 dementia,	 resulting	 in	 severe	 sequela.	
Such	 consequences	 also	 carry	 an	 economic	 burden.	 Antithrombotic	
therapy	can	prevent	60%	of	ischemic	strokes	in	patients	with	AF	(Hart,	
Pearce,	&	Aguilar,	2007).	Therefore,	early	detection	of	AF	and	 initia‐
tion of appropriate treatment with antithrombotic therapy are crucial. 
However,	AF	 is	often	asymptomatic,	 so‐called	 “silent	AF,”	which	can	
cause	cryptogenic	strokes	as	well	as	devastating	large	strokes.	Among	
patients	with	AF‐associated	stroke,	about	25%	of	those	had	newly	di‐
agnosed	AF	only	after	the	stroke	event	occurred	(Friberg	et	al.,	2014).	
The	2016	European	Society	of	Cardiology	(ESC)	guidelines	recommend	
screening	with	continuous	electrocardiogram	(ECG)	monitoring	for	AF	
in	high‐risk	populations,	 those	over	the	age	of	65,	and	 in	all	patients	
with	a	history	of	transient	ischemic	attack	(Kirchhof	et	al.,	2016).

Despite	a	need	for	early	detection	of	AF,	there	remains	no	estab‐
lished	screening	device.	Traditional	Holter	ECG	monitoring	for	up	to	
72	hr	does	not	sufficiently	detect	AF	(Liao,	Khalid,	Scallan,	Morillo,	&	
O’Donnell,	2007).	However,	modern	noninvasive	devices	are	expected	
to	be	useful	for	AF	screening.	The	effectiveness	of	patient‐activated	
event recorders, smartphone‐based applications using photoplethys‐
mography	(PPG)	(Chan	et	al.,	2016),	and	handheld	recording	single	lead	
ECG	has	been	reported	(Klein‐Wiele	et	al.,	2016)	(Kaasenbrood	et	al.,	
2016).	However,	such	devices	are	able	to	diagnose	heart	rhythms	only	
at the precise moment when patients use them; therefore, these de‐
vices	are	unable	to	reliably	detect	silent	AF.	The	performance	of	pulse	
wave	technology	as	a	long‐term	recording	method	remains	unknown.	
Longer	term	recording	is	known	to	have	a	better	detection	rate	than	
short‐term	recordings	(Dussault	et	al.,	2015).	An	implantable	cardiac	
monitor is appealing with respect to longevity and diagnostic ability 
(Sanders	et	al.,	2016),	but	remains	costly	and	invasive,	such	that	it	is	
not suitable for general screening. Noninvasive, low cost, and long‐
term screening devices are still needed.

A	 novel	 wristwatch‐based	 pulse	 wave	 monitor	 (PWM;	 Seiko	
Epson,	Japan),	with	an	automatic	AF	diagnosis	algorithm,	in	which	an	
analysis	of	the	pulse	wave	frequency	is	used	to	identify	AF,	has	been	
introduced	in	Japan.	This	noninvasive	wearable	device	is	capable	of	
long‐term	recording.	However,	the	validity	of	the	algorithm	has	not	
been well investigated. This study aimed to evaluate the diagnostic 
performance of a wristwatch‐based PWM.

2  | METHODS

2.1 | Study design

This was a prospective single‐center study coordinated by the 
National	 Cerebral	 and	 Cardiovascular	 Center,	 Japan.	 The	 study	

protocol was reviewed and approved by the institutional ethics com‐
mittee	(M26–134–5).	Written	informed	consent	was	obtained	from	
each participant.

One	hundred	 thirty‐six	consecutive	patients	with	AF	were	en‐
rolled	between	May	2015	and	October	2016	in	this	study.	The	pa‐
tient	inclusion	criteria	for	enrollment	were	as	follows:	(a)	a	diagnosis	
of	AF	in	accordance	with	the	2014	AHA/ACC/HRS	guidelines	on	the	
management	of	patients	with	atrial	fibrillation	(January	et	al.,	2014),	
and	(b)	patients	who	underwent	an	electrophysiological	study	(EPS)	
and radiofrequency catheter ablation or cryothermal energy balloon 
ablation	for	AF.	The	exclusion	criteria	were	as	follows:	(a)	structural	
heart	 disease	 and	use	of	 antiarrhythmic	 drugs,	 (b)	 use	 of	 implant‐
able	pacing	device	including	pacemaker	and	ICD,	and	(c)	a	previous	
pulmonary	vein	ablation	for	atrial	fibrillation.	No	age‐	or	sex‐related	
criteria were set for this study.

2.2 | Data collection from patients in 
electrophysiological study

Patients	were	treated	with	oral	anticoagulants	for	at	 least	30	days	
before the procedure. Transesophageal echocardiography was per‐
formed	 to	 exclude	 the	 presence	 of	 atrial	 thrombi	 before	 ablation.	
During the procedure, intravenous heparin was used to maintain 
a	 target	 activated	 clotting	 time	 of	 >300	s.	All	 patients	 underwent	
the	EPS	undersedation	with	a	continuous	 infusion	of	propofol	and	
dexmedetomidine.	 Surface	 electrocardiographic	 leads	 and	 bipolar	
intracardiac electrograms were recorded with a polygraph (EP‐lab, 
Bard	Electrophysiology	Division,	Lowell,	MA,	USA).	If	sinus	rhythm	
continued from the beginning of the procedure, arrhythmia was 
induced using atrial programmed stimulation or burst pacing with 
isoproterenol.

Before	the	procedure,	we	placed	the	PWM	on	the	patient’s	left	
or	right	wrist	and	the	Holter	ECG	monitor	and	started	both	record‐
ings.	For	the	Holter	ECG	recording,	a	Spiderview	device	(Ela	Medical,	
Sorin	Group,	Italy)	was	used,	which	provides	a	digital	ECG	signal	at	
a	 sampling	 frequency	of	200	Hz.	We	 recorded	2	 channels	using	5	
electrodes in this study.

2.3 | Annotation of Holter and PWM recordings

Two	trained	reviewers	interpreted	the	Holter	ECG	for	the	presence	
of	AF	and	marked	it	on	the	record.	Continuous	atrial	flutter	episodes	
were	 excluded,	 and	 short	 duration	 of	 atrial	 tachycardia	 and	 atrial	
flutter	in	AF	episode	were	not	distinguished.	They	were	blinded	to	
the patient demographics, clinical information, and pulse wave data. 
We compared PWM‐detected atrial tachycardia episodes to a refer‐
ence	diagnosis	of	AF	made	using	Holter	interpretation.

2.4 | Device characteristics and AF 
detection algorithm

The wristwatch‐based PWM was capable of long‐term recording 
(5	days)	with	an	automatic	AF	diagnosis	algorithm	using	frequency	
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analysis.	The	recorded	pulse	wave	at	16	Hz	was	analyzed	to	obtain	a	
series	of	pulse	period	(PP)	values.	Figure	1a	shows	the	flow	chart	of	
the	diagnostic	algorithm.	First,	a	pair	of	fast	Fourier	transforms	(FFT/
IFFTs)	were	applied	to	obtain	a	short‐term	autocorrelation	function	
(ACF)	on	the	pulse	waveforms	every	second	over	a	sliding	4‐s	time	
frame.	The	time	lag	of	the	ACF	was	defined	as	the	PPi, which is as‐
sumed	 as	 the	 RR	 interval	 (RRI),	 in	 each	 time	 frame	 (Figure	 1b).	
Subsequently,	the	PP	series	was	normalized	by	the	logarithmic	ratios	
(ri)	of	the	successive	values	(PPi and PPi−1),	as	follows:

Finally,	the	N‐series of ri was	analyzed	for	rhythm	judgments	by	
both the degree and randomness of variation. The standard devi‐
ation (SD)	 of	 ri was used as the relative degree of variation, as an 
alternative	to	the	“CV”	in	substitution	for	the	coefficient	of	variation	
(CV)	of	the	original	PP	series.	As	for	the	index	of	randomness,	the	

Kolmogorov‐Smirnov	 (KS)	difference	between	 the	empirical	 distri‐
bution of ri and	its	reference	Gaussian	distribution	was	used.	The	KS	
difference (D)	in	the	N‐series was determined as follows:

In	this	case,	EN (x)	 is	the	empirical	distribution	for	ri found at x, 
and R (x)	is	the	reference	Gaussian	distribution	with	the	same	aver‐
age	and	variance.	The	KS	difference	was	expected	to	be	lower	in	the	
setting	of	AF	due	to	a	greater	heart	rate	irregularity.

Rhythm judgment was based on these 2 statistical values, 
CV	 and	 KS.	 When	 the	 pulse	 period	 series	 had	 low	 dispersion	
(low	CV),	 the	heart	 rhythm	 in	 that	 series	was	 classified	 as	 sinus	
rhythm. When the pulse period series had both high variability 
(high	 CV)	 and	 high	 randomness	 (low	 KS),	 the	 heart	 rhythm	was	
defined	as	atrial	fibrillation	(AF).	The	pulse	period	series	with	high	
variability	 (high	CV)	but	 low	 randomness	 (high	KS)	was	assumed	

ri= log2 (PPi∕PPi−1)

D=max |EN(x)−R(x)|(−∞<x<∞)

F I G U R E  1   (a)	Diagnostic	algorithm:	The	logarithmic	ratio	of	the	successive	pulse	period	(PP)	values	for	each	collected	PP	series	was	
analyzed	based	on	the	standard	deviation	(SD),	as	an	alternative	to	the	coefficient	of	variation	(CV)	of	the	PP	values	and	Kolmogorov‐
Smirnov	(KS)	difference.	(b)	Pulse	wave	parameters:	The	time	lag	of	the	primary	peak	of	the	autocorrelation	function	(ACF)	of	the	spectrum	
was	regarded	as	the	PP	and	assumed	as	the	RR	interval	(RRI)	in	each	time	frame	every	4	s.	(c)	Rhythm	determination:	When	the	pulse	period	
series	had	low	dispersion	(low	CV),	the	heart	rhythm	in	that	series	was	classified	as	sinus	rhythm.	When	the	pulse	period	series	had	both	
high	variability	(high	CV)	and	high	randomness	(low	KS),	the	heart	rhythm	was	defined	as	atrial	fibrillation	(AF).	The	pulse	period	series	with	
high	variability	(high	CV)	but	low	randomness	(high	KS)	was	assumed	to	have	features	of	an	atrial	premature	complex	(PAC)	or	ventricular	
premature	complex	(PVC)	with	a	constant	coupling	interval.	In	this	study,	we	distinguished	AF	from	non‐AF,	which	included	SR	and	PAC	or	
PVC

(a)

(c)

(b)
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to	have	features	of	an	atrial	premature	complex	(PAC)	or	ventric‐
ular	 premature	 complex	 (PVC)	with	 a	 constant	 coupling	 interval	
(Figure	1c).	In	this	study,	we	distinguished	AF	from	non‐AF,	which	
included	 SR	 and	PAC	or	 PVC.	 If	 the	 evaluated	 data	 did	 not	 cor‐
respond with a particular heart rhythm, the preceding diagnosis 
continued	until	criteria	were	met	for	an	alternate	diagnosis.	In	this	
study,	sinus	rhythm	and	atrial	or	ventricular	premature	complexes	
were	considered	non‐AF	periods.	Figure	2	gives	examples	of	 re‐
corded pulse waves and diagnoses.

2.5 | Statistical analysis

This	study	included	2	phases	of	analysis.	First,	a	pilot	of	20	patients	
were randomly selected to identify the optimal threshold values for 
CV	and	KS.	The	kappa	statistic	(κ)	was	used	to	measure	agreement.	
We evaluated the diagnostic accuracy of duration‐based measure‐
ments	 (sensitivity	 [Se],	 specificity	 [Sp],	 positive	 predictive	 value	
[PPV],	 and	negative	predictive	 value	 [NPV]).	 In	 the	 second	phase,	
we assessed the reproducibility of diagnostic precision with another 
116	patients.	In	this	phase,	the	diagnostic	accuracy	of	the	duration‐
based and episode‐based measurements was calculated.

The duration‐based measurements were evaluated according to 
the diagnosis concordance ratios for the duration of time between 
periods	(AF	or	not	AF)	detected	by	the	PWM,	and	the	periods	of	true	
diagnosis	(true	AF	or	not	AF)	determined	by	the	Holter	ECG.

The	 episode‐based	 Se	 and	 Sp	 were	 evaluated	 according	 to	 the	
proportion	 of	 episodes	 (AF	 or	 not	 AF)	 appropriately	 detected	with	
the	PWM	relative	to	true	episodes	(true	AF	or	not	AF)	determined	by	
the	Holter	ECG.	The	episode‐based	PPV	and	NPV	were	defined	as	the	
proportion	of	true	episodes,	as	determined	by	Holter	ECG,	detected	
with	the	PWM.	For	episode‐based	Se	and	PPV,	a	true	positive	was	de‐
fined	as	a	true	AF	episode	that	overlapped	for	the	AF	duration.	For	ep‐
isode‐based	Sp	and	NPV,	a	true	negative	was	defined	as	a	true	non‐AF	
episode	that	overlapped	for	the	non‐AF	duration.	These	values	were	
calculated	for	episodes	of	>6	min,	>10	min,	and	>30	min,	respectively.	
A	continuous	episode	of	AF	or	non‐AF	was	counted	as	1	episode.

We calculated cumulative results and patient‐based results in 
both	duration‐	and	episode‐	based	measurements.	In	patient‐based	
results, we assessed the duration and episode results within each 

patient	with	AF	episodes	at	least	over	6	min	and	calculated	patient	
average.

3  | RESULTS

3.1 | Study population

Patient	 characteristics	 are	 summarized	 in	 Table	 1.	 The	 mean	 age	
was	62.7	±	11.1	years,	and	75.7%	were	male.	A	total	of	98	patients	
(72.1%)	 had	paroxysmal	AF.	 There	were	no	 significant	 differences	
between the pilot and primary study groups with respect to demo‐
graphics.	All	patients	had	AF	during	the	procedure.	Among	them,	82	
patients (the pilot study: n	=	13,	the	primary	study:	n	=	69)	had	AF	
episodes >6 min, who were included in patient‐based results. The 
total	recording	time,	including	2	phases	of	analysis,	was	1,542,770	s.	
Of	that,	a	total	AF	duration	of	270,945	s	was	identified.

3.2 | Duration‐based results from the pilot study

The	 total	 recording	 time	was	 216,750	s	 from	 the	 20	 subjects	 in	
the	 pilot	 study.	 The	 average	 recording	 time	 was	 11,344	s.	 True	
AF	duration	with	 the	Holter	ECG	was	49,374	s.	The	PWM	accu‐
rately	detected	83.8%	(41,400/49,374	s)	of	the	total	AF	duration	
(Se),	and	94.6%	(158,262/167,376	s)	of	 the	non‐AF	duration	 (Sp).	
The	AF	duration	detected	with	 the	PWM	(including	 true	AF	and	
false‐positive	AF)	was	50,514	s;	the	Holter	ECG	confirmed	true	AF	
for	82.0%	(41,400	s)	of	this	duration	(PPV).	Of	the	period	of	time	
absent	from	AF,	as	detected	by	the	PWM,	95.2%	(158,262	s)	was	
confirmed	to	be	non‐AF	with	the	Holter	ECG	(NPV).	A	κ statistic 
of	0.78	was	obtained	with	reference	KS	and	CV	values	of	0.15	and	
0.25, respectively.

3.3 | Results from the primary study

The	primary	study	recorded	1,326,020	s	of	data,	including	221,571	s	
of	AF	in	116	patients.	The	duration‐based	results	from	the	primary	
cohort	were	comparable	to	those	from	the	pilot	cohort	(Table	2).

PWM	 recordings	 included	 45	 AF	 episodes	 of	 >30	min,	 66	
of	 >10	min,	 and	91	of	 >6	min.	 Figure	3	 shows	 the	 cumulative	 and	

F I G U R E  2  Examples	of	recorded	pulse	waves	and	diagnoses.	Dark	red	line:	Pulse	wave;	Red	dot	line:	Calculated	PP	in	the	pulse	wave;	
Step	line:	RR	interval	in	ECG;	Blue	dot	line:	Log2	ratio	of	successive	PPs;	Red	bar:	AF	diagnosis;	Blue	bar:	Sinus	rhythm	diagnosis

Time[hr:min:S]
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patient average episode‐based results. Longer episode durations 
were associated with improved PWM diagnostic capacity.

When	we	 focused	 on	 the	 diagnosis	 breakdown	 of	 false	 neg‐
ative,	 the	 judgment	 of	 PVC/PAC	 accounted	 for	 a	 larger	 part	 of	
false‐negative	duration	than	SR	(Figure	S1).	In	accordance,	NPV	at	
patient	average	where	non‐AF	diagnosis	was	SR	was	higher	 than	
that	where	it	was	PVC/PAC.	These	results	might	suggest	the	pres‐
ence	of	some	AF	rhythms	with	high	variability	but	low	randomness,	
which	are	hardly	distinguishable	from	PVC/PAC	with	this	algorithm.

3.4 | Rapid/regular tachycardia zone

In	the	pilot	data,	we	found	that	AF	with	high	ventricular	response	
tended	to	deviate	from	reference	AF	episodes,	because	both	the	
calculated PP variability and randomness tended to be low in the 
case	of	AF	with	short	RR	 intervals	 (Figure	4a).	Figure	4b	shows	
that the SD frequency of the 20‐successive log2‐based	ECG‐RRI	
ratio	 during	 AF	 from	 the	 pilot	 data	 had	 a	 bimodal	 distribution.	
The	first	peak	of	 the	 low	 log2‐based	RRI	ratio	 included	AF	with	
a rapid ventricular response and short duration of atrial tachy‐
cardia	or	 atrial	 flutter.	Excluding	 rapid/regular	 tachycardia	with	
a	regular	RR,	defined	as	an	AF	zone	with	both	(a)	a	standard	de‐
viation (SD)	of	the	 log2	 ratio	of	successive	RRIs	<0.12	 (mean	SD 
0.073)	 and	 (b)	 heart	 rate	>100	bpm	 (mean	heart	 rate	140	bpm),	
the	duration‐	and	episode‐based	Se	(>6	min)	improved	to	85.8%	
and	92.0%,	respectively.

TA B L E  1   Baseline characteristics of the study subjects

Pilot (n = 20) Primary (n = 116)

Age,	mean	±	SD,	years 64.5	±	9.9 62.4	±	11.3

Sex,	male,	n	(%) 15	(75.0) 88	(75.9)

Paroxysmal	AF,	n	(%) 15	(75.0) 83	(71.6)

Medical history, n	(%)

Hypertension 8	(53.3) 45	(38.8)

Diabetes mellitus 3	(15) 11	(9.5)

Previous	stroke 1	(0.5) 11	(9.5)

EF	(%) 63.5	±	4.6 60.3	±	7.9

Left	atrial	diameter	(mm) 37.9	±	6.6 39.4	±	7.6

CHADS2 score, n	(%)

0–1 16	(80.0) 92	(79.3)

≧2 4	(20.0) 24	(20.7)

CHA2DS2‐VASc	score,	n	(%)

0–1 9	(45.0) 62	(53.4)

≥2 11	(55.0) 54	(46.6)

Note.	 AF:	 atrial	 fibrillation;	 EF:	 ejection	 fraction;	 CHADS2: congestive 
heart	 failure,	 hypertension,	 age	 ≥75	years,	 diabetes,	 stroke	 (doubled);	
CHA2DS2‐VASc,	 congestive	 heart	 failure,	 hypertension,	 age	 ≥75	years	
(doubled),	diabetes,	stroke	(doubled),	vascular	disease	(prior	myocardial	
infarction,	peripheral	artery	disease,	or	aortic	plaque),	age	65–75	years,	
sex	category	(female).

TA B L E  2   Duration‐based results

Pilot (n = 20) Primary (n = 116)

Sensitivity	(%)

Cumulative 83.8 84.1

Patient average 81.6 81.0

Specificity	(%)

Cumulative 94.6 97.7

Patient average 94.4 96.4

Positive	predictive	value	(%)

Cumulative 82.0 88.0

Patient average 67.3 86.6

Negative	predictive	value	(%)

Cumulative 95.2 96.8

Patient average 95.1 95.1

κ 0.78 0.83

F I G U R E  3   Episode‐based results. 
The	horizontal	line	shows	the	duration	of	
episodes.	As	episode	duration	increased,	
the diagnostic capacity improved
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4  | DISCUSSION

In	 this	 study,	we	evaluated	 the	diagnostic	performance	of	 a	novel	
algorithm	 using	 frequency‐based	 pulse	wave	 analysis.	 Our	 results	
showed	a	high	NPV	(96.8%),	suggesting	excellent	capacity	to	iden‐
tify	non‐AF	rhythms.	Reproducibility	in	the	primary	cohort	validated	
the reliability of this algorithm. This noninvasive PWM could accu‐
rately	discriminate	AF	from	sinus	rhythm	with	an	Se	of	84.1%	and	a	
Sp	of	97.7%.	This	diagnostic	performance	 is	 consistent	among	pa‐
tients	with	AF	>6	min.

4.1 | Long‐term recording with the PWM

Previous	 studies	have	 revealed	 the	efficacy	of	 finger	PPG	using	 a	
smartphone	camera	or	finger	probe,	with	a	high	detection	Se	(97%–
100%)	and	Sp	(92%–94%)	(Chan	et	al.,	2016)	(Lewis,	Parker,	Weston,	
&	Bowes,	2011)	(Mc	et	al.,	2016).	However,	these	studies	are	limited	
by the short duration of pulse wave capture. Little evidence is availa‐
ble regarding the efficacy of continuous long‐term pulse wave moni‐
toring	for	AF.	The	present	study	yielded	a	comparable	performance	
to previous studies using the given algorithm in a wristwatch‐based 
PWM for long‐term recording.

Long‐term	monitoring	is	known	to	improve	detection	of	AF.	
The	detection	rate	for	undiagnosed	AF	with	a	single‐time‐point	
screen	in	the	general	population	is	1.1%–1.4%	(Kaasenbrood	et	

al.,	2016)(Lowres,	Neubeck,	Redfern,	&	Freedman,	2013),	which	
is	lower	than	the	true	rates	of	AF.	In	the	STUDY‐AF	trial,	screen‐
ing with 14‐day recordings in a population aged >55 years with 
2	AF	 risk	 factors	detected	AF	 in	5.3%	of	patients.	The	 rate	of	
atrial high‐rate episodes in patients with cardiovascular im‐
plantable	 devices	 rises	 to	 30%–50%,	 depending	 on	 the	 popu‐
lation	 and	 detection	 algorithm	 (Healey	 et	 al.,	 2012;	 Swiryn	 et	
al.,	2016;	Ziegler	et	al.,	2010).	After	a	recent	stroke,	long‐term	
monitoring	improves	the	detection	of	AF	(Dussault	et	al.,	2015;	
Gladstone	et	al.,	2014;	Sanna	et	al.,	2014;	Sposato	et	al.,	2015).

4.2 | Screening for AF episodes over 6 min

The present study showed that a PWM is effective at diagnosing 
AF	 lasting	 over	 6	min,	 with	 performance	 improving	 with	 duration.	
Although	 the	 prognostic	 significance	 of	 brief	 episodes	 remains	 un‐
known,	 the	 association	 between	 screened	 AF	 burden	 and	 embolic	
events	has	been	well	evaluated.	AF	>24	hr	duration	is	independently	
associated	with	a	threefold	risk	of	embolic	events	(Capucci	et	al.,	2005).	
An	analysis	of	patients	with	implanted	devices	from	the	SOS	project	
(Stroke	preventiOn	Strategies	based	on	atrial	fibrillation	 information	
from	implanted	devices)	demonstrated	that	an	AF	burden	>1	hr	was	
associated	with	a	2‐fold	risk	of	ischemic	stroke	(Boriani	et	al.,	2014).	
In	patients	with	a	history	of	hypertension	and	without	prior	AF,	atrial	
tachyarrhythmia	>6	min	is	associated	with	a	twofold	risk	of	ischemic	

F I G U R E  4   (a)	Example	of	recording	AF	with	a	high	ventricular	response.	The	upper	figure	is	holter	ECG	showing	AF	(heart	rate	154	bpm).	
In	the	lower	figure,	pulse	period	(RR	interval)	series	had	low	dispersion,	as	shown	by	red	dot	line	and	blue	dot	line	(standard	deviation	[SD]	of	
20‐successive log2‐based	RR	interval	[RRI]	ratios:	0.11).	The	diagnosis	from	the	pulse	wave	monitor	was	falsely	sinus	rhythm,	indicated	with	
blue	bar	at	the	bottom.	(b)	The	frequency	of	the	SD of 20‐successive log2‐based	RRI	ratios	during	AF	exhibited	a	bimodal	distribution	(pilot	
data).	AF	with	a	very	low	SD of 20‐successive log2‐based	RRI	ratios	was	likely	to	be	regarded	as	sinus	rhythm

(a) (b)

Time[hr:min:S]

,
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stroke	or	systemic	embolism	(Healey	et	al.,	2012).	In	accordance,	ESC	
guidelines recommend further assessment for oral anticoagulation in 
patients	presenting	with	atrial	high‐rate	episodes	>5–6	min	with	im‐
planted	devices	(Kirchhof	et	al.,	2016).	Evidently,	there	is	ongoing	need	
for	the	ability	to	reliably	screen	patients	for	AF	episodes	>6	min.

4.3 | Frequency domain autocorrelation analysis for 
pulse periodicity detection

In	most	devices	using	pulse	wave	monitoring,	each	peak	of	the	pulse	
wave	is	regarded	as	an	R	wave.	However,	pulse	waves	often	have	
mild	peaks,	unstable	amplitude,	or	noises	due	to	body	movements,	
which	make	 it	difficult	to	obtain	reliable	peak	detection	results	 in	
active	states.	This	novel	algorithm	used	 in	this	PWM	takes	short‐
term	autocorrelation	in	place	of	the	RR	interval.	Autocorrelation	is	a	
method of evaluating the period of a signal by integrating the whole 
waveform	instead	of	using	only	the	part	around	the	peak.	It	is	more	
tolerant	of	the	 instabilities	than	the	 local	peak	detection	method.	
Autocorrelation	has	been	proposed	for	wearable	ECG	monitoring,	
due	 to	 its	 noise‐tolerant	 heart	 rate	 detection	 performance	 (Fujii	
et	 al.,	 2013).	Our	method	would	 be	 equally	 appropriate	 for	 long‐
term recording of pulse waves, given the highly efficient reduction 
in	noise.	Furthermore,	the	reliability	of	the	randomness	 index	has	
been	 improved.	 Past	 reports	 have	 shown	 excellent	 performance	
(sensitivity:	 96%,	 specificity:	 98%)	with	 an	 algorithm	 that	 detects	
AF	 only	 at	 the	 moment	 when	 the	 patients	 using	 a	 smartphone‐
based application using the root mean square of successive RR dif‐
ferences	(RMSSD)	for	the	index	of	variation,	and	Shannon	entropy	
for	the	index	of	randomness,	(McManus	et	al.,	2013).	In	this	study,	
we	 identified	 for	 the	 first	 time	2	 statistical	methods,	CV	and	KS,	
that	reliably	distinguish	AF	in	long‐term	recording.

4.4 | Wristwatch‐based PWM

Screening	 is	especially	necessary	for	populations	with	an	underlying	
risk	factor	for	stroke	or	systemic	embolism,	such	as	hypertension,	dia‐
betes	mellitus	(Kishimoto	et	al.,	2016),	or	sleep	apnea	(Hendrikx	et	al.,	
2017).	 The	 ESC	 guidelines	 recommend	 AF	 screening	 in	 accordance	
with	the	CHA2DS2‐VASc	score	(Kirchhof	et	al.,	2016).	Screening	high‐
risk	populations	improves	AF	diagnosis	rates	(Davis	et	al.,	2012),	facili‐
tating early therapeutic intervention, and improving cost‐effectiveness 
(Aronsson	et	al.,	2015).	The	wristwatch‐based	PWM	 is	user‐friendly	
and provides an easy screening method for patients, including the el‐
derly and those without symptoms. Moreover, this wearable PWM is 
capable of repeated use and intermittent recording with an unlimited 
capacity at a low cost and does not require additional hardware.

4.5 | Limitations

A	limitation	of	this	study	is	the	PWM	was	installed	on	the	patients	
during bed rest. Effect of noise, motion artifact, or improper fit‐
ting	were	not	considered	in	this	study.	Assessment	of	the	acquisi‐
tion of pulse waveforms during dynamic states will be needed.

We were unable to consider the effect of atrial tachycardia or 
flutter in the present study. Consequently, there is a possibility of 
underestimating the prevalence of atrial tachycardia or atrial flutter 
with a regular ventricular response. Patients on antiarrhythmic med‐
ications, who tend to have atrial tachycardia or atrial flutter, were 
excluded	in	the	present	study.

5  | CONCLUSIONS

The	AF	detection	algorithm	described	in	this	paper	has	a	high	diag‐
nostic	accuracy	when	used	 in	a	PWM.	Such	monitoring	allows	 for	
long‐term	or	extended	intermittent	recordings	capable	of	detecting	
clinically	 important	 AF.	 This	 study	 suggests	 that	 further	 research	
should focus on translating these findings into rigorous clinical 
applications.
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