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Abstract.	 [Purpose]	To	investigate	how	different	ankle-foot	orthosis	functions	with	the	same	dorsiflexed	setting	
of	initial	ankle	joint	angle	affect	the	walking	ability	in	individuals	with	chronic	stroke.	[Participants	and	Methods]	
In	this	randomized	crossover	study,	participants	underwent	a	10-m	walking	test	and	walked	on	a	WalkWay	MW-
1000	three	times	under	these	conditions:	(1)	without	ankle-foot	orthosis;	(2)	with	ankle-foot	orthosis	with	an	adjust-
able	posterior	strut	at	5°	of	fixed	dorsiflexion;	and	(3)	with	ankle-foot	orthosis	with	an	adjustable	posterior	strut	at	
5–20°	of	restricted	dorsiflexion.	The	primary	outcome	was	walking	speed	on	the	10-m	walking	test.	The	secondary	
outcomes	were	walking	speed	and	spatiotemporal	factors	measured	by	the	WalkWay	MW-1000.	[Results]	Fifteen	
individuals	(mean	[standard	deviation]	age,	60.9	[8.6]	years;	male,	12)	were	enrolled.	Walking	speeds	of	the	ankle-
foot	orthosis	with	fixed	and	restricted	dorsiflexion	groups	were	significantly	higher	than	those	without	the	orthosis;	
however,	no	outcomes	differed	significantly	between	ankle-foot	orthosis	with	fixed	versus	restricted	dorsiflexion	
groups.	[Conclusion]	In	individuals	with	chronic	stroke,	ankle-foot	orthosis	function	may	be	less	important	than	the	
dorsiflexed	setting	of	initial	ankle	joint	angle	in	the	ankle-foot	orthosis.
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INTRODUCTION

Over	the	last	30	years,	mortality	rates	due	to	stroke	have	decreased,	whilst	the	morbidity	of	chronic	stroke	has	increased	in	
tandem1).	Gait	disturbance	is	common	in	stroke	patients2).	The	use	of	an	ankle-foot	orthosis	(AFO)	is	an	effective	approach	
for	gait	disturbance	after	stroke3).	Guidelines	from	the	American	Heart	Association/American	Stroke	Association	assert	that	
using	AFO	prevents	foot	drop	during	the	swing	phase	and	improves	the	gait	of	stroke	patients3).	A	systematic	review	and	
meta-analysis	showed	that	AFOs	increase	the	dorsiflexion	angle	of	 the	ankle	joints	during	walking	and	improve	walking	
ability4).

There	have	been	no	standardized	recommendations	for	which	AFOs	should	be	used	in	stroke	patients.	A	previous	sys-
tematic	review	and	meta-analysis	showed	that	there	was	no	difference	in	the	walking	speed	with	different	types	of	AFOs5).	
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Although	studies	included	in	this	report	compared	the	differences	in	the	type	of	the	AFOs,	they	did	not	compare	AFO	func-
tions,	i.e.,	the	setting	of	ankle	joint	angle	of	the	AFO,	which	could	be	replicated.	Regarding	the	comparison	of	different	AFO	
functions,	a	previous	randomized	controlled	trial	showed	no	difference	in	the	walking	ability	between	an	AFO	with	plantar	
flexion	stop	and	an	AFO	with	plantar	flexion	resistance6).	However,	there	have	been	no	reports	focusing	on	the	comparison	
between	different	AFO	functions	with	the	same	dorsiflexed	setting	of	the	initial	angle	of	the	ankle	joint.	We	believed	that	this	
setting	would	allow	us	to	focus	on	AFO	function	more	precisely.	Furthermore,	as	the	number	of	stroke-surviving	patients	is	
increasing1),	we	consider	it	is	highly	necessary	to	provide	suitable	AFOs	for	individuals	with	chronic	stroke.

This	study	aimed	to	investigate	how	different	AFO	functions	with	the	same	dorsiflexed	setting	of	the	initial	angle	of	the	
ankle	joint	affect	the	walking	ability	in	individuals	with	chronic	stroke.

PARTICIPANTS AND METHODS

The	study	followed	a	randomized	crossover	design	in	which	the	same	participants	were	randomly	assigned	to	three	dif-
ferent	orders	of	conditions,	and	their	gaits	were	measured	in	sequence.	The	participants	underwent	a	10-m	walking	test	and	
walked	on	the	WalkWay	MW-1000	three	times	under	each	of	the	following	three	conditions:	(1)	without	AFO;	(2)	an	adjust-
able	posterior	strut	AFO	(APS-AFO)	with	fixed	dorsiflexion	at	5°	(AFO-DF);	(3)	APS-AFO	set	at	5–20°	dorsiflexion	range	
of	motion;	restricted	(AFO-DR),	indicating	that	both	AFO-DF	and	AFO-DR	had	a	setting	of	initial	angle	of	the	ankle	joint	
of	5°.	All	three	conditions	were	tested	on	the	same	day.	The	intervention	order	was	determined	in	advance	using	a	random	
allocation	tool	on	a	computer	by	a	person	who	was	not	involved	in	the	measurement.	The	person	in	charge	was	informed	of	
the	examination	on	the	same	day.	We	measured	the	parameters	immediately	after	the	participants	were	fitted	with	the	AFO	
such	that	there	was	no	time	for	habituation	because	the	purpose	of	this	study	was	to	examine	the	immediate	effects.	A	10-min	
break	was	set	between	each	condition	as	a	wash-out	period.

This	study	was	registered	in	the	University	Hospital	Medical	Information	Network	(UMIN)	clinical	trial	registration	sys-
tem	(examination	ID:	UMIN000041889)	and	was	approved	by	the	ethics	committee	of	Showa	University	Fujigaoka	Hospital	
(approval	number:	F2020C65).	The	study	purpose	was	fully	explained	to	the	participants	in	writing	and	verbally,	and	the	
study	was	conducted	after	obtaining	their	consent.	The	data	were	measured	at	the	Showa	University	Fujigaoka	Rehabilitation	
Hospital	between	October	2020	and	March	2021.	We	assumed	an	effect	size	of	0.8,	alpha	of	0.05,	and	power	of	0.8.	Using	
the	G-Power	program	(Kiel	University,	Kiel,	Germany),	the	required	sample	size	was	calculated	to	be	15.

The	inclusion	criteria	were	as	follows:	individuals	with	hemiplegia	due	to	initial	cerebral	hemorrhage/cerebral	infarction	
more	 than	6	months	prior;	 those	aged	between	20	and	80	years	at	 the	 time	of	consent;	 those	with	functional	ambulation	
categories7, 8)	4	or	higher;	those	with	or	without	assistive	devices;	those	who	were	able	to	follow	simple	instructions	and	use	
AFO	daily	(regardless	of	the	type	of	orthosis).	The	exclusion	criteria	were	a	history	of	neuromuscular	and	spinal	diseases	or	
cerebral	palsy.

In	 this	study,	we	used	a	ready-made	APS-AFO	(Tomei	Brace,	Aichi,	Japan)	(Fig.	1).	The	APS-AFO	consists	of	a	flat	
plate	support,	ankle	joint,	lower	leg	cuff,	and	foot.	The	elastic	flat	plate	support	is	flexible	with	respect	to	its	plane,	and	its	
rear	position	defines	the	direction	of	the	lower	limb	movement	during	walking9).	The	ankle	joint	has	a	range	of	motion	of	
50°	plantar	dorsiflexion	and	is	adjustable	with	fixation	and	freedom	settings	at	any	angle9).	We	used	three	different	sizes	of	
APS-AFOs	and	determined	the	size	most	suitable	for	each	participant.

The	primary	outcome	was	walking	speed	(m/s),	calculated	from	the	10-m	walking	test	in	the	three	conditions.	Secondary	
outcomes	were	walking	speed	(m/s),	cadence	(steps/minute),	stride	length	(m),	and	single	stance	and	double	stance	time	(s)	
in	the	walking	cycle	automatically	measured	by	WalkWay	MW-1000	in	the	three	conditions.	The	stride	length,	single	stance	

Fig. 1.	 	APS-AFO,	adjustable	posterior	strut-ankle-foot	orthosis	(picture	provided	by	Tomei	Brace	Company).
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time,	and	double	stance	time	were	analyzed	on	the	affected	and	unaffected	sides.	Since	WalkWay	MW-1000	cannot	measure	
the	swing	phase,	the	single	stance	time	on	the	unaffected	side	was	defined	as	the	swing	time	on	the	affected	side,	and	the	
single	stance	time	on	the	affected	side	was	defined	as	the	swing	time	on	the	unaffected	side10).

In	the	10-m	walking	test,	we	asked	the	participants	to	walk	2	m	for	acceleration,	10	m	for	actual	measurement,	and	2	m	for	
deceleration,	making	a	total	of	14	m8, 11).	The	time	required	to	walk	10	m	was	measured	by	the	examiner	using	a	stopwatch.	
The	participants	were	instructed	to	walk	at	a	comfortable	speed	in	advance.

We	used	a	sheet-type	foot	pressure	sensor	(ANIMA,	WalkWay	MW-1000,	Tokyo,	Japan)	to	measure	the	temporal	and	
distance	factors.	The	WalkWay	MW-1000	automatically	measured	temporal	factors	(stance	and	swing	time)	and	distance	
factors	(step	length,	stride	length,	step	width,	and	cadence)	in	real-time,	as	the	participant	walked	on	the	sheet.	The	size	of	
the	walking	sheet	was	2.4	m	in	length	and	1.2	m	in	width,	the	sensor	thickness	was	5	mm,	the	sensor	spatial	resolution	was	
10	×	10	mm,	and	the	number	of	measurement	points	was	14,400.	When	walking	on	the	WalkWay	MW-1000,	we	asked	the	
participants	to	walk	2.4	m	on	the	sheet	for	the	actual	measurement,	0.8	m	for	acceleration,	and	0.8	m	for	deceleration,	making	
a	total	of	4	m.	Therefore,	the	cadence,	stride	length,	and	single	and	double	stance	time	in	the	gait	cycle	were	automatically	
measured	and	recorded.	The	participants	were	instructed	to	walk	at	a	comfortable	speed	in	advance.

The	data	used	were	the	average	of	three	measurements;	if	accurate	data	could	not	be	obtained	due	to	falls,	wobbling,	or	
mechanical	malfunction,	the	data	were	discarded,	and	the	measurements	were	repeated.	In	cases	where	three	measurements	
could	not	be	performed	due	to	pain	or	other	reasons,	and	one	or	two	measurements	were	completed,	the	data	were	used	as-is	
or	averaged.	During	the	examination,	it	was	possible	to	use	assistive	devices	that	were	normally	used.

The	motor	function	of	the	participants	was	evaluated	using	the	Stroke	Impairment	Assessment	Set12)	on	the	affected	side	
of	the	lower	limbs,	spasticity	was	evaluated	using	the	modified	Ashworth	Scale13)	of	the	ankle	joint,	and	the	range	of	motion	
of	the	ankle	joint	was	evaluated	using	a	passive	range	of	motion.

The	10-m	walk	test,	WalkWay	MW-1000	measurements,	and	measurement	of	motor	function,	spasticity,	and	range	of	
motion	were	performed	by	different	examiners.	In	the	10-m	walk	test	and	WalkWay	MW-1000	measurements,	the	order	of	
the	tests	could	not	be	blinded.	However,	since	as	this	is	an	objective	evaluation,	we	judged	that	the	influence	of	non-blinding	
was	not	significant.

All	 gait	 parameters	were	 presented	 as	 the	 average	 of	 the	 gait	 cycles	 for	 each	 condition.	The	 data	were	 assessed	 for	
normality	using	the	Shapiro–Wilk	test.	As	the	primary	outcome,	walking	speed	was	compared	among	the	three	conditions:	
without	AFO,	AFO-DF,	and	AFO-DR	groups	with	Friedman’s	non-parametric	tests.	For	comparisons	of	secondary	outcomes	
between	three	conditions,	Friedman’s	non-parametric	tests	was	used.	Steel–Dwass	test	was	used	for	post	hoc	analysis.	Any	
p-values	less	than	0.05	was	considered	as	statistically	significant.	JMP®	15	(SAS	Institute	Inc.,	Cary,	NC,	USA)	was	used	
for	the	statistical	analysis.

RESULTS

A	total	of	15	individuals	(12	males	and	3	females)	with	chronic	stroke,	who	met	the	eligibility	criteria,	were	enrolled	in	this	
study,	and	there	were	no	dropouts	(Fig.	2).	Participant’s	characteristics	are	presented	in	Table	1.	Mean	(standard	deviation,	
SD)	age	was	60.9	(8.6)	years.	Seven	of	the	participants	had	right	hemiplegia,	and	eight	of	them	had	left	hemiplegia.	The	
median	(interquartile	range,	IQR)	time	from	stroke	onset	to	the	study	was	1,677	(882–4,145.5)	days.	All	participants	used	
their	personal	AFOs	in	daily	life.

The	walking	speed	calculated	from	the	10-m	walking	test	of	the	AFO-DF	and	AFO-DR	groups	were	significantly	increased	
compared	to	the	without	AFO	group	(without	AFO:	0.45	[0.30]	[m/s];	AFO-DF:	0.59	[0.22]	[m/s];	AFO-DR:	0.62	[0.24]	
[m/s];	AFO-DF:	p=0.0030	and	AFO-DR:	p=0.0014).	However,	the	walking	speed	was	not	significantly	different	between	
the	AFO-DF	and	AFO-DR	groups	(p=0.39)	(Table	2).	This	result	was	the	same	as	the	walking	speed	measured	by	WalkWay	
MW-1000.

The	cadence	was	significantly	improved	in	AFO-DF	and	AFO-DR	groups	compared	to	the	without	AFO	group	(without	
AFO:	68.12	[33.00]	[step/min];	AFO-DF:	73.96	[16.70]	[step/min];	AFO-DR:	74.31	[18.67]	[step/min];	AFO-DF:	p=0.034	
and	AFO-DR:	p=0.015).	Regarding	temporal	factors,	the	unaffected	side	single	stance	time	was	significantly	shortened	in	
the	AFO-DF	and	AFO-DR	groups	compared	to	the	without	AFO	group	(without	AFO:	0.73	[0.26]	[s];	AFO-DF:	0.59	[0.15]	
[s],	AFO-DR:	0.59	[0.17]	[s];	AFO-DF:	p=0.0024	and	AFO-DR:	p=0.017).	However,	the	cadence	and	the	unaffected	side	
single	stance	 time	were	not	significantly	different	between	the	AFO-DF	and	AFO-DR	groups	(p>0.05).	Furthermore,	 the	
stride	length,	the	affected	side	single	stance	time,	and	the	double	stance	time	of	the	affected	limb	and	unaffected	limb	were	
not	significantly	different	among	the	three	groups	(p>0.05).

DISCUSSION

This	 randomized	crossover	study	examined	 the	 immediate	effects	of	AFO	functions	with	 the	same	dorsiflexed	setting	
of	the	initial	angle	of	the	ankle	joint	on	the	walking	ability	in	individuals	with	chronic	stroke.	In	comparison	with	the	no	
AFO	group,	AFO-DF	and	AFO-DR	groups	showed	a	significant	improvement	in	walking	speed	and	spatiotemporal	factors.	
Nevertheless,	walking	speed	and	spatiotemporal	factors	were	not	significantly	different	between	the	AFO-DF	and	AFO-DR	



J. Phys. Ther. Sci. Vol. 34, No. 7, 2022 488

groups.	The	results	suggested	that	different	AFO	functions	with	the	same	dorsiflexed	setting	of	the	initial	angle	of	the	ankle	
joint	might	not	have	immediately	affected	individuals	with	chronic	stroke.

Walking	speed,	cadence,	and	unaffected	side	single	stance	time	demonstrated	a	significant	different	in	the	AFO-DF	and	
AFO-DR	groups	than	the	without	AFO	group.	Systematic	reviews	and	meta-analyses14, 15)	have	previously	reported	improve-
ments	in	the	gait	speed	with	AFO,	which	is	consistent	with	the	results	of	this	study.	Although	the	change	in	spatiotemporal	
factors	with	improvement	in	the	walking	speed	varies	among	reports15),	walking	speed	is	a	combination	of	cadence	multi-
plied	by	step	length/stride	length16,	17),	and	cadence	improvement	with	improvement	in	walking	speed	could	be	predicted.	
The	American	Heart	Association/American	Stroke	Association	guidelines3)	and	a	systematic	review	and	meta-analysis4) have 
emphasized	the	effect	of	AFO	on	stroke	patients	in	ensuring	toe	clearance.	The	use	of	AFOs	has	been	shown	to	increase	the	
ankle	dorsiflexion	angle	during	the	swing	phase	in	stroke	patients,	which	may	promote	effective	toe	clearance	and	reduced	
compensatory	movements4).	In	this	study,	the	initial	angle	of	the	ankle	joint	of	the	AFO	was	dorsiflexed,	which	may	have	
maintained	toe	clearance	and	led	to	a	shortening	of	the	affected	side	swing	time	(i.e.,	unaffected	side	single	stance	time).	Our	
findings	also	suggest	that	using	AFOs	maintain	toe	clearance	and	improve	walking	speed	in	individuals	with	chronic	stroke.

However,	walking	speed	and	spatiotemporal	factors	were	not	significantly	different	between	the	AFO-DF	and	AFO-DR	
groups.	It	has	been	reported	that	 the	ankle	 joint	moves	 in	 the	dorsiflexion	direction	during	walking	when	the	ankle	 joint	
rocker	works	in	the	stance	phase18)	and	that	the	ankle	joint	rocker	is	an	important	mechanism	that	moves	the	body	forward	
and	influences	the	walking	speed16).	We	expected	that	using	AFO	with	mobility	of	the	ankle	joint	to	dorsiflexion,	i.e.,	AFO-
DR	group,	would	improve	the	walking	speed	and	prolong	the	single	stance	time	of	the	affected	limb	and	stride	length	of	the	
unaffected	limb.	Therefore,	we	believe	that	the	effects	of	AFO	functions	with	the	same	dorsiflexed	setting	of	the	initial	angle	
of	the	ankle	joint	should	focus	on	the	stance	and	swing	phases	separately;	however,	there	was	no	significant	difference	in	the	
spatiotemporal	parameters	between	the	AFO-DF	and	AFO-DR	groups.	Two	possible	reasons	were	attributed	to	the	finding.	
First,	this	study	included	only	individuals	with	chronic	stroke	and	were	accompanied	by	a	limited	range	of	motion	of	the	
ankle	joint.	In	such	individuals,	even	if	the	mobility	of	the	ankle	joint	of	the	AFO	is	present,	it	may	not	be	reflected	in	gait	
because	of	the	reduced	mobility	of	the	ankle	joint	on	the	individual’s	side.	In	general,	individuals	with	chronic	stroke	often	
have	a	limited	range	of	motion	of	the	ankle	joint	due	to	spasticity	and	contracture19,	20),	and	most	of	the	participants	in	this	
study	also	had	a	limited	range	of	motion	of	the	ankle	joint.	Thus,	the	acute	and	subacute	phases	of	stroke	before	the	ankle	
joint	mobility	is	limited,	are	considered	to	be	important	for	walking	with	the	mobility	of	the	ankle	joint	in	AFO.	Therefore,	it	
may	be	necessary	to	adjust	the	AFO	to	avoid	the	limitation	of	ankle	joint	mobility	in	the	acute	and	subacute	phases.	Second,	
all	the	participants	in	this	study	used	AFOs	in	daily	life,	and	it	cannot	be	ruled	out	that	differences	in	the	types	of	AFOs	may	
have	affected	the	results	of	this	study.	However,	since	the	AFO	user	is	the	one	with	the	greatest	need	for	AFOs,	the	results	
of	this	study	may	have	useful	clinical	implications	even	if	such	effects	could	not	be	fully	ruled	out.	Detailed	adjustments	of	
AFOs	may	not	be	necessary	for	individuals	with	chronic	stroke	who	use	an	AFO	daily.

Fig. 2.	 	Flow	diagram	for	participant	selection.
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This	research	is	characterized	by	the	use	of	a	seat-type	foot	pressure	sensor	to	evaluate	temporal	and	distance	factors.	Gait	
analysis	can	provide	more	objective	information	for	the	selection	of	AFOs.	In	previous	studies	included	in	the	systematic	
review	 and	meta-analysis14),	 spatiotemporal	 factors	were	measured	 using	 a	 three-dimensional	motion	 analysis	 system21) 
and	footprint22, 23).	The	seat-type	foot	pressure	sensor	is	easy	to	carry	and	use	in	clinical	situations,	and	it	can	automatically	
measure	spatiotemporal	parameters	that	do	not	require	any	special	technique24, 25).	Moreover,	it	has	been	shown	to	be	valid	
and	reliable	for	measuring	the	spatiotemporal	factors	of	walking26,	27).	However,	only	a	few	studies28,	29) have evaluated the 
influence	of	AFO	on	gait	using	this	device.	We	believe	that	this	device,	which	is	easy	to	use	in	clinical	situations	and	has	
high	objectivity	of	data	due	to	its	automatic	measurement,	will	be	effective	in	investigating	the	influence	of	AFOs	on	the	
spatiotemporal	parameters	of	gait.

This	study	had	some	limitations.	First,	the	AFO	used	was	not	suitable	for	all	participants;	therefore,	it	is	possible	that	those	
participants	did	not	make	the	best	use	of	their	abilities	or	were	afraid	of	falling.	Second,	we	did	not	measure	the	kinetic	or	
kinematic	factors.	Therefore,	we	could	not	examine	in	detail	the	dorsiflexion	angles	of	the	ankle	joints	during	gait.	Finally,	
the	participants	were	not	blinded	to	the	three	intervention	conditions	or	the	order	of	their	allocation.	However,	because	of	the	
characteristics	of	this	study,	blinding	was	difficult.	The	study	was	conducted	as	a	randomized	crossover	trial	and	had	a	short	
wash-out	period.	There	is	no	carry-over	effect	because	AFO	affects	gait	only	when	the	participant	is	wearing	it.	In	addition,	
although	not	considered	in	this	study,	it	is	desirable	to	conduct	a	comprehensive	study	including	factors	other	than	walking	
ability,	such	as	comparison	of	compliance	(fits,	comfortably,	and	acceptability	in	appearance)	for	the	selection	of	AFO.

In	chronic	stroke	individuals	with	a	limited	range	of	motion	in	the	ankle	joint,	differences	in	AFO	functions	with	the	same	
dorsiflexed	setting	of	the	initial	angle	of	the	ankle	joint	may	be	less	important.	Further	research	is	needed	to	examine	the	
long-term	effect	of	AFO,	participant	satisfaction,	and	the	selection	of	AFO	during	the	acute	and	subacute	phases	of	stroke.
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Table 2.		Spatiotemporal	data	of	individuals	with	stroke

Parameter Without	AFO AFO-DF AFO-DR
Walking	speed	(m/s)	(the	10-m	walk	test) 0.45	±	0.30 0.59	±	0.22* 0.62	±	0.24*
Walking	speed	(m/s)	(the	WalkWay	MW-1000) 0.33	±	0.15 0.42	±	0.13* 0.43	±	0.13*
Cadence	(step/min) 68.12	±	33.00 73.96	±	16.70** 74.31	±	18.67**
Stride	length	(m) A 0.59	±	0.21 0.68	±	0.19 0.70	±	0.18

U 0.59	±	0.20 0.66	±	0.21 0.65	±	0.18
Single	stance	time	(s) A 0.38	±	0.21 0.30	±	0.16 0.30	±	0.17

U 0.73	±	0.26 0.59	±	0.15* 0.59	±	0.17**
Double	stance	time	(s) A 0.44	±	0.29 0.38	±	0.29 0.40	±	0.29

U 0.49	±	0.48 0.34	±	0.13 0.35	±	0.14
AFO:	ankle-foot	orthosis;	AFO-DF:	adjustable	posterior	strut	(APS)-AFO	with	fixed	dorsiflexion	at	5°;	AFO-
DR:	APS-AFO	set	at	5–20°	dorsiflexion	range	of	motion(restricted);	A:	affected	limb;	U:	unaffected	limb.
Data	are	represented	as	mean	(standard	deviation).
*Mean	of	this	condition	differed	significantly	from	mean	of	Without	AFO	condition.	(p<0.01).
**Mean	of	this	condition	differed	significantly	from	mean	of	Without	AFO	condition.	(p<0.05).
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