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Abstract.	 [Purpose]	This	 study	 investigated	 differences	 in	 the	 convergence	mode	 of	 post-step	 sway	 between	
young	and	older	adults	using	a	step-down	task	to	identify	fall	causes	in	older	adults	and	assess	consecutive	postural	
adjustments.	[Participants	and	Methods]	This	study	included	15	young	and	15	older	adults	(nine	females	and	six	
males	in	each	group).	The	participants	stepped	down	from	a	standing	position	to	a	force	platform	10	cm	lower	and	
maintained	a	one-leg	standing	position.	The	center-of-pressure	total	trajectory	length	was	assessed	using	a	force	
plate	and	regression	equations	for	time	and	sway	were	derived	from	the	associated	time-series	data	for	both	groups.	
[Results]	An	inversely	proportional	aspect	was	observed	for	both	groups,	with	significantly	different	coefficients	
and	constants.	The	center-of-pressure	total	trajectory	length	per	second	from	foot	contact	was	significantly	different	
between	2–3	s	and	4–5	s	in	the	older	group	but	not	in	the	younger	group.	[Conclusion]	The	results	suggest	a	differ-
ence	in	the	convergence	mode	of	dynamic	balance	between	the	two	groups,	with	young	adults	exhibiting	a	more	
rapid	balance-sway	reduction	than	older	adults.	The	novel	computational	approach	used	in	this	study	may	be	useful	
for	dynamic	balance	measurements.
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INTRODUCTION

Human	beings	acquire	postural	stability	during	their	developmental	stages,	starting	from	infancy.	Furthermore,	the	capac-
ity	to	regain	postural	stability	following	perturbations	is	gradually	acquired.	Hay	and	Redon1) revealed distinct qualitative 
dissimilarities	in	postural	coordination	when	examining	the	center	of	pressure	(CoP)	shifts	between	3–5	and	6–8	year-old	
groups.	More	 recently,	 the	 study	of	human	balance	 control	 has	 increasingly	 focused	on	 the	mechanisms	 responsible	 for	
the	recovery	of	postural	stability	following	perturbation.	Zelei	et	al.2)	formulated	a	model	comprising	three	hypotheses	for	
elucidating	the	recovery	dynamics	of	postural	control.	According	to	their	model,	postural	control	derives	not	solely	from	
quicker	response	times	but	from	a	combination	of	fast	response	and	robustness	against	sensory	perturbations.

CoP	serves	as	a	crucial	measure	of	the	recovery	of	postural	stability.	It	represents	the	central	point	of	forces	acting	on	
the	contact	surface	between	the	body	and	the	floor	and	is	an	important	outcome	measure	in	assessing	balance3).	Two	experi-
mental	systems	have	been	developed	to	observe	postural	stability	recovery:	one	employs	external	disturbances,	while	the	
other	uses	voluntary	disturbances4,	5).	External	disturbances	focus	on	feedback	control,	and	studies	employing	this	approach	
are	influenced	by	aging,	as	evidenced	in	studies	on	reaction	latency6).	However,	using	external	disturbances	for	testing	is	
costly	and	requires	specialized	equipment	and	safety	harnesses.	Alternatively,	studies	involving	voluntary	disturbances	are	
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less	costly	and	require	simple	devices.	They	have	focused	on	feedback	and	feedforward	control	mechanisms.	These	 two	
control	mechanisms	operate	efficiently	to	restore	postural	stability	following	voluntary	perturbations,	resulting	in	fewer	CoP	
perturbations.	The	ability	to	restore	stability	after	a	voluntary	perturbation	has	been	termed	consecutive	postural	adjustments	
(CPAS)7).	CPAS	employ	 transitions	 from	bilateral	 to	unilateral	 support8)	 and	have	been	observed	 in	 side-stepping9),	with	
Huang	and	Brown10)	also	noting	CPAS	during	reaching	tasks.

The	capacity	to	avoid	falls	after	an	unexpected	trip	or	slip	is	impaired	in	older	adults.	Fall	avoidance	ability	is	considered	
a	function	of	recovering	dynamic	postural	stability	after	perturbation	and	is	categorized	as	CPAs.	Previous	studies	showed	
that	older	adults	exhibited	a	high	incidence	of	falls	and	step	errors,	with	falls	occurring	more	frequently	in	the	forward	direc-
tion11).	The	one-leg	stand	test,	a	kind	of	voluntary	perturbation,	has	been	used	to	predict	falls	in	older	adults12–14).	Because	
of	these	factors,	we	have	chosen	to	focus	on	the	drop-jump	task,	commonly	used	for	the	evaluation	and	pre-participation	
screening	of	athletes	in	rehabilitation	and	sports	medicine	clinics.	This	task	assesses	athletes’	high	balance	ability,	identifies	
potential	injury	risks,	and	evaluates	muscle	strength	and	neuromuscular	control15–18).	In	this	study,	we	proposed	modifying	
the	task	to	reduce	its	difficulty	and	using	it	as	a	step-down	task	for	assessing	dynamic	balance	in	older	adults.

The	assessment	of	dynamic	balance	in	older	adults	comprises	various	methods,	such	as	postural	perturbations19–21),	timed-
up-and-go	(TUG)	test22), gait speed23),	and	step	tasks19,	24–28),	and	Berg’s	Balance	Scale29)	and	the	balance	evaluation	systems	
test30).	Each	assessment	method	has	distinct	elements	due	to	methodological	differences.	However,	TUG	and	Berg’s	Balance	
Scale	only	identify	the	presence	or	absence	of	balance	disorders	and	are	not	specific	to	each	balance	component.	Although	
the	balance	evaluation	systems	test	effectively	extracts	the	characteristics	of	each	balance	component,	it	is	time-consuming	
and	may	not	be	practical	for	clinical	use.	In	contrast,	the	step-down	task	is	a	more	advanced	version	of	the	one-leg	test	that	
assesses	CPAs	and	recovery	of	postural	stability	with	aging.	This	task	is	performed	quickly,	using	only	a	force	plate,	and	in-
cludes	the	abovementioned	forward	stepping	and	one-legged	standing	components	essential	for	dynamic	balance	assessment.

In	previous	studies	observing	CPAS	in	older	populations,	Roemer	and	Raisbeck31)	compared	sway	in	the	anterior/posterior	
and	medial/lateral	directions	every	1	to	3	seconds	(s)	in	older	adults	with	that	in	younger	adults.	Their	findings	indicated	
that	older	adults	had	significantly	greater	sway	than	younger	adults.	Porter	et	al.9)	and	Huang	and	Brown10)’s	studies	yielded	
similar	results	with	varying	tasks.	The	observations	in	these	studies	were	made	at	arbitrary	time	points,	and	the	changes	in	
CPAS	over	time	have	yet	to	be	investigated.	In	this	study,	we	examined	the	step-down	task	to	observe	the	changes	in	postural	
stability	 recovery	with	 age,	 specifically	 focusing	 on	 the	CPAs	 after	 voluntary	 perturbations.	 Furthermore,	we	 compared	
older	and	younger	adults	using	the	step-down	task.	To	investigate	the	differences	in	postural	stability	recovery	with	age	after	
voluntary	perturbations,	we	employed	a	computational	approach	to	observe	the	time-series	changes	in	CoP.	This	study	aimed	
to	elucidate	the	influence	of	age	on	the	dynamic-balance	recovery	process	following	a	step-down	task	in	both	young	and	older	
adults	and	to	identify	novel	aspects	not	previously	reported	in	the	literature.

PARTICIPANTS AND METHODS

The	study	included	15	young	adults	(nine	females,	six	males;	mean	±	standard	deviation	[SD]	age,	height,	weight,	and	
body	mass	index	[BMI]:	21.3	±	1.1	years,	164.1	±	7.7	cm,	54.6	±	7.7	kg,	and	20.2	±	2.1	kg/m2,	respectively),	and	15	older	
adults	(nine	females,	six	males;	mean		±	SD	age,	height,	weight,	and	BMI:	66.7	±	2.2	years,	158.9	±	7.3	cm,	56.9	±	8.5	kg,	
and	22.5	±	2.4	kg/m2,	respectively).	The	older	adult	participants	were	examined	for	cognitive	impairment	using	the	Mini-
Mental	State	Examination	(MMSE);	the	mean	MMSE	score	was	31.7	±	0.8.	The	daily	activities	undertaken	by	the	older	
adults	exhibited	a	high	degree	of	self-sufficiency.	Furthermore,	they	sustained	a	level	of	physical	activity	sufficient	to	enable	
them	to	continue	gainful	employment.	After	 the	participant	selection,	we	screened	the	participants	based	on	their	history	
of	falls	within	the	past	year	to	further	select	participants	for	the	task	performance	analysis.	All	group	participants	did	not	
have	orthopedic	trauma	within	the	past	year	that	affected	their	balance	ability,	and	they	could	understand	and	perform	motor	
tasks.	All	participants	provided	written	informed	consent,	and	the	study	was	approved	by	the	research	ethics	committee	of	
Kawasaki	University	of	Medical	Welfare	(approval	number	16-073).

Participants	stood	static	on	a	platform	10	cm	higher	 than	a	 force	plate	with	arms	folded	and	 the	 feet	 in	a	closed	 foot	
position.	With	a	5-s	countdown,	participants	rapidly	took	a	step	with	their	right	leg	toward	the	force	plate	10	cm	below	and	
maintained	a	right	one-leg	standing	position	for	7	s	(Fig.	1).	They	were	instructed	to	stand	on	one	leg	with	the	other	leg	off	
the	platform	while	taking	a	step	onto	the	force	plate	to	avoid	the	double	support	phase	and	remain	stationary.	Additionally,	
they	were	directed	to	gaze	forward.	Each	participant	performed	ten	trials.	Trials	where	the	double	support	phase	was	visually	
observed,	the	supporting	leg	moved	after	stepping	out,	the	arm	left	the	axilla,	or	the	left	toes	touched	the	floor	were	excluded	
(discarded	and	invalid	trial:	0–4	times/person).

The	force	plate	(TFP-404011B-A,	Sports	Sensing	Inc.,	Fukuoka,	Japan)	is	a	40	×	40	×	11	cm	strain	gauge	type	and	is	
sufficiently	robust	to	measure	up	to	a	1	t	load.	The	plate	measured	the	ground	reaction	force	data	during	the	step-down	task	at	
a	sampling	frequency	of	1,000	Hz.	The	collected	data	were	stored	in	a	dedicated	personal	computer	(PC)	and	used	for	offline	
data	analysis.

CoP	 total	 trajectory	 length	 (CoPlength)	was	 calculated	 from	 the	measured	ground	 reaction	 force	using	MATLAB	 (The	
MathWorks,	Inc.,	Version	7.4)	for	5,000	ms	from	foot	contact	on	the	force	plate.	CoPx	and	CoPy	denote	the	anteroposterior	
and	lateral	sway	series,	respectively.	Before	each	index	was	calculated,	the	collected	ground	reaction	force	data	were	filtered	
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using	the	Butterworth	filter	method	at	a	low	cutoff	frequency	of	70	Hz.	Fz	represents	the	vertical	component	of	the	ground	
reaction	force	normalized	to	each	participant’s	weight.

The	mean	and	SD	of	CoPlength	were	obtained	every	50	ms	in	both	groups	(Fig.	2).	The	regression	equation	was	derived	
from	the	measured	CoPlength	curve	to	approximate	the	time-series	change	in	CoPlength.	The	coefficients	and	constants	obtained	
were	compared	between	groups	to	clarify	differences	in	time-series	changes	in	CoPlength.

The	following	equation	approximates	the	change	in	CoPlength	over	time	by	applying	the	reciprocal	function	at	time:

	 F	(t)=at−1	+	b

Where	“t”	 is	 arbitrary	 time,	F(t)	 is	 the	CoPlength	 at	 the	arbitrary	 time,	and	“a”	 is	 coefficient,	 and	“b”	 is	 constant.	The	
coefficient-a	of	the	regression	curve	reflects	the	initial	disturbance	upon	grounding,	with	a	larger	value	indicating	a	greater	
initial	disturbance.	The	constant-b	represents	the	value	of	convergence	of	CoPlength.

The	goodness	of	fit	of	the	regression	equation	was	evaluated	using	the	coefficient	of	determination,	R-Square.	The	slope	
of	 the	 regression	 line	 represents	 the	 speed	at	which	 the	posture	 is	 stable.	The	coefficients	 and	constants	were	compared	
using	a	t-test.	Paired	t-tests	were	performed	on	constant-b	and	the	measured	convergence	value	(CoPlength	at	5,000	ms).	A	
time	interval	of	4,000–5,000	ms	was	designated	as	the	baseline.	The	baseline	was	defined	as	the	mean	CoPlength	at	the	time	
of	sway	convergence.	The	mean	value	of	CoPlength	was	computed	for	the	baseline	and	three	subsequent	segments,	namely	
0–1,000	ms,	1,000–2,000	ms,	and	2,000–3,000	ms,	using	the	techniques	described	in	a	previous	investigation	by	Roemer	
and	Raisbeck31).

Fig. 1.	 Step-down	task.	To	a	5-s	countdown	output	from	a	personal	computer	(PC),	the	
participant	descends	from	a	10-cm	high	platform	and	maintains	a	one-leg	stand.

Fig. 2.	 Time-series	variation	of	center-of-pressure	total	trajectory	length	(CoPlength).	Each	point	on	the	Y	axis	indicates	the	sum	of	
CoPlength	every	50	ms.	The	error	bars	represent	the	mean	of	standard	deviation	of	CoPlength	over	each	50	ms	time	interval.
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Mixed-design	two-way	analysis	of	variance	(ANOVA;	group	×interval:	0–1,000	ms,	1,000–2,000	ms,	and	2,000–3,000	ms,	
baseline)	was	performed	on	each	dependent	variable	(mean	value	of	CoPlength)	to	determine	the	difference	in	the	amount	of	
sway	in	each	group.	IBM	SPSS	Statistics	25	(IBM	SPSS	Statistics	Inc.,	Tokyo,	Japan)	was	used	for	statistical	processing,	and	
p<0.05	was	considered	statistically	significant.

RESULTS

Figure	2	shows	the	temporal	change	of	CoP-length	obtained	every	50	ms.	The	older	adult	group	showed	more	sway	during	
the	early	ground	contact	phase,	0–1,000	ms,	than	the	young	adult	group.	The	curves	for	both	groups	became	plateaued	after	
approximately	1	s.	Figure	3	shows	the	vertical	component	of	the	floor	reaction	force	normalized	by	body	weight,	which	was	
slightly	higher	in	the	young	adults	immediately	after	ground	contact.

Figure	4	shows	the	quadratic	regression	equations	obtained	from	the	curves	in	Fig.	2.	For	the	young	adult	group,	a=0.243	
±	0.002,	b=0.152	±	0.003,	and	 the	coefficient	of	determination=0.962,	while	 for	 the	older	adult	group,	a=0.328	±	0.020,	
b=0.272	±	0.007,	and	the	coefficient	of	determination=0.983.	The	coefficient-a	and	the	constant-b	were	significantly	different	
between	 groups	 (coefficient-a:	 t28=−2.25,	 p=0.03,	 effect	 size:	 d=0.82,	 power=1;	 constant-b:	 t28=−3.15,	 p=0.004,	 d=0.59,	
power=0.74)	suggesting	that	young	adults	had	a	faster	CoPlength	stabilization	rate	and	a	lower	final	CoPlength	than	older	adults.	
Conversely,	Figs.	2	and	4	showed	a	discrepancy	between	the	convergence	value	and	the	constant-b.	Therefore,	the	constant-b	
was	compared	with	CoPlength	at	5,000	ms,	and	a	significant	difference	was	observed	for	each	group	(young	adults:	t14=−7.75,	
p<0.001,	d>1,	power=1;	older	adults:	t14=−3.76,	p=0.002,	d=0.87,	power=1).

To	test	the	difference	in	the	mean	CoPlength	in	the	two	groups	and	intervals,	a	mixed-design	two-way	ANOVA	was	per-
formed	with	the	independent	variables	being	group	and	interval	and	the	dependent	variable	being	mean	CoPlength.	The	results	
indicated	a	significant	difference	in	the	interaction	(F(3,84)=7.39,	p<0.001,	effect	size:ηp

2=0.21),	with	the	main	effects	of	the	
group	and	interval	factors	being	significant	(in	the	following	order:	group:	F	(1,28)=27.73,	p<0.001,	ηp

2=0.50	and	interval:	
F(3,84)=561.47,	p<0.001,	ηp

2=0.95).
A	simple	main	effect	test	of	the	intervals	for	the	groups	showed	a	significant	difference	between	groups	(young	adults:	

F(1,28)=227.85,	p<0.001;	older	adults:	F(1,28)=508.11,	p<0.001).	A	simple	main	effect	test	of	the	groups	in	the	intervals	
showed	a	significant	simple	main	effect	at	all	levels	(0–1,000	ms:	F(1,28)=18.63,	p<0.001;	1,000–2,000	ms:	F(1,28)=17.94,	
p<0.001;	2,000–3,000	ms:	F(1,28)=25.62,	p<0.001;	baseline:	F(1,28)=34.81,	p<0.001).

The	results	of	the	multiple	comparisons	indicated	that	CoPlength	values	of	the	younger	group	were	consistently	smaller	
than	those	of	the	older	group	across	all	intervals,	including	baseline	(Table	1).	Furthermore,	there	were	significant	differences	
between	all	intervals	in	both	groups,	except	for	between	the	baseline	and	2,000	ms–3,000	ms	intervals	in	the	younger	group.

Fig. 3.	 Mean	curves	of	Fz	during	the	step-down	task.	The	data	averages	
15	participants	after	foot	placement	on	the	ground.	Blue	and	red	
lines	indicate	the	young	and	older	adult	groups,	respectively.

	 Fz:	vertical	ground	reaction	force.

Fig. 4.	 Curve	 regression	 equations	 for	 each	 group.	
Young	adult	group:	F	(t)=0.243t−1	+	0.152.	Older	
adult	group:	F	(t)=0.328	t−1+0.272.



485

DISCUSSION

This	study	characterized	time-series	changes	in	the	CoPlength	in	younger	and	older	adults	using	the	step-down	task	to	focus	
on	CPAs	after	voluntary	perturbations.	The	regression	analysis	revealed	that	the	two	groups	exhibited	distinct	patterns	of	
convergence	in	terms	of	postural	sway.	Additionally,	it	was	observed	that	in	the	younger	group,	no	significant	disparity	in	
CoPlength	was	evident	between	the	baseline	and	the	2–3	s	interval.	Alternatively,	in	older	adults,	a	significant	divergence	in	
CoPlength	was	still	evident	between	the	two	aforementioned	intervals.

The	coefficient-a	of	the	regression	curve	reflects	the	initial	disturbance	upon	grounding.	For	older	adults,	the	coefficient-a	
and	the	constant-b	were	larger	than	those	for	younger	adults,	indicating	a	more	significant	disturbance	at	all	times.	Table	1 
further	supports	this	coefficient,	as	no	significant	divergence	was	identified	between	2–3	s	and	baseline	for	younger	adults.	
This	indicates	that	CoPlength	reduced	more	swiftly	than	for	older	adults,	aligning	with	previous	research31).	“The	stability	
point”	denotes	the	duration	it	takes	for	sway	to	stabilize32);	however,	it	is	not	a	sensitive	parameter	from	a	comparison	of	
healthy	participants	and	those	with	ankle	instability8).	The	regression	curve	introduced	in	this	study	could	be	used	instead	of	
the	stability	point	to	indicate	changes	in	the	CPA	and	aspects	of	postural	stabilization.

The	constant-b	of	the	regression	curve	refers	to	the	group’s	ability	to	maintain	CoPlength	at	a	constant	static	level;	 this	
ability	was	reduced	in	older	adults.	Possible	explanations	for	the	decreased	balance	after	stabilization	might	include	the	age-
related	decline	in	somatosensory	perception33),	muscle	strength23),	and	sensory	information-processing	ability34)	in	feedback	
control.	The	constant-b	could	not	accurately	represent	 the	convergence	value	of	CoPlength,	 indicating	divergence	between	
CoPlength	and	the	regression	curves	from	the	middle	of	the	curve.	However,	significant	differences	in	the	values	were	observed	
between	groups,	suggesting	that	the	intercept	value	may	indicate	the	final	stability	of	CoPlength.	Both	groups	expressed	the	
convergence	curve	during	the	step-down	task	as	an	inversely	proportional	curve	regardless	of	aging,	suggesting	that	it	may	
represent	a	common	aspect	of	human	balance	control.

CPAs	are	commonly	regulated	by	both	feedback	and	feedforward	control7).	Motor	control	processes	that	use	information	
from	prior	movements	to	facilitate	subsequent	movements	are	identified	as	online	control	and	coordination.	Online	control	
can	be	segregated	into	a	fast	model	(automatic	adjustments,	usually	without	awareness)	and	a	second	model	(slow	voluntary	
adjustments,	confirmed	in	the	lower	extremity)35).	The	second	model	is	affected	by	aging	and	displays	a	delayed	response	
latency36).	Therefore,	the	impact	of	aging	on	online	control	would	similarly	influence	the	curve.

This	study	has	several	limitations.	First,	we	could	not	measure	the	movement	speed	during	the	step-down	task.	Ideally,	
velocity	should	have	been	standardized	using	a	high-speed	camera	or	motion	capture.	The	velocity	of	the	descending	step	
impacts	the	center	of	pressure	of	the	sway.	As	depicted	in	Fig.	3,	the	maximum	value	of	the	Z-component	at	the	time	of	
grounding	was	approximately	equal	to	or	greater	than	that	for	both	younger	and	older	adults.	Second,	for	a	more	precise	
approach,	an	additional	force	plate	should	have	been	installed	on	the	upper	step	to	calculate	the	CoP	of	the	pre-step	sway	
and	to	eliminate	the	double	support	phase	rigorously.	Alternatively,	adjusting	the	height	of	the	step	to	prevent	achieving	a	
double	support	phase	could	have	been	considered.	In	such	a	case,	adjustments	for	the	future	need	to	consider	fall	prevention	
and	safety.	However,	clinically,	even	a	single	force	plate	could	provide	sufficiently	beneficial	results,	as	demonstrated	in	this	
study.	Conversely,	while	force	plates	offer	precise	measurements,	their	high	cost	and	limited	availability	may	restrict	their	
widespread	use	in	clinical	and	research	settings.

Ceiling	effects	are	present	in	the	static	balance	tasks.	This	assessment	may	lack	sufficient	relevance,	especially	for	healthy	
older	adults	and	those	with	high	motor	function	who	have	no	history	of	falls.	Compared	to	standing	on	one	leg,	the	step-down	
task	is	a	challenging	upper-level	task.	In	preliminary	experiments,	the	step-down	task	could	not	be	performed	by	patients	with	
a	history	of	falls.	Because	comparisons	with	other	balance	tests	were	not	conducted	in	this	study,	it	is	as	yet	being	determined	
whether	the	step-down	task	is	superior	to	others,	even	though	it	includes	elements	of	forward	movement	and	standing	on	one	
leg	that	capture	the	characteristics	of	older	adults.	In	the	future,	the	step-down	task	could	be	combined	with	existing	balance	
tests	to	provide	a	more	comprehensive	assessment	of	individual	abilities.

Table 1.		Mean	center	of	pressure	total	trajectory	length	before	and	after	stabilization	in	young	and	older	adults

0–1	s 1–2	s 2–3	s Baseline	(4–5	s)
CoP	(cm) Young	adults	(n=15) 20.7	(2.5)*, †, ‡, § 6.1	(1.5)*, ||, ¶ 4.8	(0.8)* 4.3	(0.7)*

Older	adults	(n=15) 28.1	(6.2)†, ‡, § 10.0	(3.1)||, ¶ 8.2	(2.5)** 7.4	(1.9)
Center	of	Puressure	(CoP),	Mean	CoP	trajectory	length	(SD)	cm	for	each	duration.
*Significant	difference	between	young	and	older	adults	in	same	duration	(p<0.05).
†Significant	difference	between	0–1	s	and	1–2	s	in	same	group	(p<0.05).
‡Significant	difference	between	0–1	s	and	2–3	s	in	same	group	(p<0.05).
§Significant	difference	between	0–1	s	and	4–5	s	in	same	group	(p<0.05).
||	Significant	difference	between	1–2	s	and	2–3	s	in	same	group	(p<0.05).
¶Significant	difference	between	1–2	s	and	4–5	s	in	same	group	(p<0.05).
**Significant	difference	between	2–3	s	and	4–5	s	in	same	group	(p<0.05).
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In	summary,	we	developed	the	step-down	task	to	assess	the	dynamic	balance	of	older	individuals.	By	observing	stability	
recovery	over	time	in	both	young	and	older	adults,	we	derived	regression	equations.	These	equations	revealed	inverse	propor-
tionality	in	both	groups,	with	coefficient	comparisons	of	the	coefficients	and	the	constant	indicating	faster	stability	recovery	
in	 the	younger	group.	Our	computational	approach’s	novelty	 lies	 in	 its	depiction	of	CPAs	changes	over	 time,	offering	a	
promising	new	indicator	of	dynamic	balance.	Future	research	should	evaluate	the	applicability	of	the	step-down	task	and	the	
implications	of	changes	in	the	regression	equations.	It	is	crucial	to	investigate	whether	this	task	can	differentiate	between	
individuals	who	have	fallen	and	those	who	have	not.	Additionally,	this	approach	could	serve	as	an	effective	tool	to	monitor	
changes	in	CPAs	performance	over	time	among	people	with	disabilities,	assess	the	effect	of	rehabilitation	interventions,	and	
identify	disease-specific	balance-control	issues	in	conditions	such	as	Parkinson’s	disease	and	stroke.

Author contributions
Daisuke	Kimura:	Conceptualization,	Data	curation,	Formal	analysis,	Funding	acquisition,	Investigation,	Methodology,	

Project	administration,	Resources,	Software,	Writing–original	draft,	Writing–review	&	editing.
Kosuke	Oku:	Data	curation,	Investigation,	Visualization	Writing–review	&	editing
Issei	Ogasawara:	Conceptualization,	Methodology,	Project	administration,	Resources,	Software	Writing–review	&	editing.
Tomotaka	Ito:	Data	curation,	Writing–review	&	editing.
Ken	Nakata:	Conceptualization,	Methodology,	Supervision,	Writing–review	&	editing.

Funding
This	work	was	supported	by	JSPS	KAKENHI	[Grant	Number	JP19K19857],	a	grant	provided	to	DK.	The	funder	had	no	

role	in	the	study	design,	data	collection	and	analysis,	decision	to	publish,	or	preparation	of	the	manuscript.

Conflict of interest
There	are	no	conflicts	of	interest	to	declare.

ACKNOWLEDGEMENTS

We	thank	all	the	participants	who	agreed	to	participate	in	this	study.	We	would	also	like	to	thank	Aina	Manabe	and	Yuna	
Yamamoto	for	contributing	to	participant	recruitment	and	providing	practical	assistance.

REFERENCES

1)	 Hay	L,	Redon	C:	Development	of	postural	adaptation	to	arm	raising.	Exp	Brain	Res,	2001,	139:	224–232.	[Medline]  [CrossRef]
2)	 Zelei	A,	Milton	J,	Stepan	G,	et	al.:	Response	to	perturbation	during	quiet	standing	resembles	delayed	state	feedback	optimized	for	performance	and	robustness.	

Sci	Rep,	2021,	11:	11392.	[Medline]  [CrossRef]
3)	 Siragy	T,	Nantel	J:	Quantifying	dynamic	balance	in	young,	elderly	and	Parkinson’s	individuals:	a	systematic	review.	Front	Aging	Neurosci,	2018,	10:	387.	

[Medline]  [CrossRef]
4)	 Termoz	N,	Martin	L,	Prince	F:	Assessment	of	postural	response	after	a	self-initiated	perturbation.	Mot	Contr,	2004,	8:	51–63.	[Medline]  [CrossRef]
5)	 Tisserand	R,	Robert	T,	Chabaud	P,	et	al.:	Comparison	between	 investigations	of	 induced	stepping	postural	 responses	and	voluntary	steps	 to	better	detect	

community-dwelling	elderly	fallers.	Neurophysiol	Clin,	2015,	45:	269–284.	[Medline]  [CrossRef]
6)	 Duarte	MB,	da	Silva	Almeida	GC,	Costa	KH,	et	al.:	Anticipatory	postural	adjustments	in	older	versus	young	adults:	a	systematic	review	and	meta-analysis.	

Syst	Rev,	2022,	11:	251.	[Medline]  [CrossRef]
7)	 Memari	S,	Do	MC,	Le	Bozec	S,	et	al.:	The	Consecutive	Postural	Adjustments	(CPAs)	that	follow	foot	placement	in	single	stepping.	Neurosci	Lett,	2013,	543:	

32–36.	[Medline]  [CrossRef]
8)	 Dingenen	B,	Staes	FF,	Janssens	L:	A	new	method	to	analyze	postural	stability	during	a	transition	task	from	double-leg	stance	to	single-leg	stance.	J	Biomech,	

2013,	46:	2213–2219.	[Medline]  [CrossRef]
9)	 Porter	S,	Nantel	J:	Older	adults	prioritize	postural	stability	in	the	anterior-posterior	direction	to	regain	balance	following	volitional	lateral	step.	Gait	Posture,	

2015,	41:	666–669.	[Medline]  [CrossRef]
10)	 Huang	MH,	Brown	SH:	Age	differences	in	the	control	of	postural	stability	during	reaching	tasks.	Gait	Posture,	2013,	38:	837–842.	[Medline]  [CrossRef]
11)	 Srygley	JM,	Herman	T,	Giladi	N,	et	al.:	Self-report	of	missteps	in	older	adults:	a	valid	proxy	of	fall	risk?	Arch	Phys	Med	Rehabil,	2009,	90:	786–792.	[Medline]  

[CrossRef]
12)	 Jonsson	E,	Seiger	A,	Hirschfeld	H:	One-leg	stance	in	healthy	young	and	elderly	adults:	a	measure	of	postural	steadiness?	Clin	Biomech	(Bristol,	Avon),	2004,	

19:	688–694.	[Medline]  [CrossRef]
13)	 Mani	H,	Hsiao	SF,	Takeda	K,	et	al.:	Age-related	changes	in	distance	from	center	of	mass	to	center	of	pressure	during	one-leg	standing.	J	Mot	Behav,	2015,	47:	

282–290.	[Medline]  [CrossRef]
14)	 Oliveira	MR,	Vieira	ER,	Gil	AW,	et	al.:	One-legged	stance	sway	of	older	adults	with	and	without	falls.	PLoS	One,	2018,	13:	e0203887.	[Medline]  [CrossRef]
15)	 Cates	W,	Cavanaugh	J:	Advances	in	rehabilitation	and	performance	testing.	Clin	Sports	Med,	2009,	28:	63–76.	[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11497065?dopt=Abstract
http://dx.doi.org/10.1007/s002210100752
http://www.ncbi.nlm.nih.gov/pubmed/34059718?dopt=Abstract
http://dx.doi.org/10.1038/s41598-021-90305-4
http://www.ncbi.nlm.nih.gov/pubmed/30524270?dopt=Abstract
http://dx.doi.org/10.3389/fnagi.2018.00387
http://www.ncbi.nlm.nih.gov/pubmed/14973337?dopt=Abstract
http://dx.doi.org/10.1123/mcj.8.1.51
http://www.ncbi.nlm.nih.gov/pubmed/26412442?dopt=Abstract
http://dx.doi.org/10.1016/j.neucli.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/36419140?dopt=Abstract
http://dx.doi.org/10.1186/s13643-022-02116-x
http://www.ncbi.nlm.nih.gov/pubmed/23562509?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2013.02.061
http://www.ncbi.nlm.nih.gov/pubmed/23876714?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2013.06.026
http://www.ncbi.nlm.nih.gov/pubmed/25670653?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23659902?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19406298?dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2008.11.007
http://www.ncbi.nlm.nih.gov/pubmed/15288454?dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25494687?dopt=Abstract
http://dx.doi.org/10.1080/00222895.2014.979756
http://www.ncbi.nlm.nih.gov/pubmed/30222769?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0203887
http://www.ncbi.nlm.nih.gov/pubmed/19064166?dopt=Abstract
http://dx.doi.org/10.1016/j.csm.2008.09.003


487

16)	 Delahunt	E,	Monaghan	K,	Caulfield	B:	Changes	in	lower	limb	kinematics,	kinetics,	and	muscle	activity	in	subjects	with	functional	instability	of	the	ankle	joint	
during	a	single	leg	drop	jump.	J	Orthop	Res,	2006,	24:	1991–2000.	[Medline]  [CrossRef]

17)	 Earl	JE,	Monteiro	SK,	Snyder	KR:	Differences	in	lower	extremity	kinematics	between	a	bilateral	drop-vertical	jump	and	a	single-leg	step-down.	J	Orthop	
Sports	Phys	Ther,	2007,	37:	245–252.	[Medline]  [CrossRef]

18)	 Noyes	FR,	Barber-Westin	SD,	Fleckenstein	C,	et	al.:	The	drop-jump	screening	test:	difference	in	lower	limb	control	by	gender	and	effect	of	neuromuscular	
training	in	female	athletes.	Am	J	Sports	Med,	2005,	33:	197–207.	[Medline]  [CrossRef]

19)	 Mouthon	AA,	Ruffieux	J,	Keller	M,	et	al.:	Age-related	differences	in	corticospinal	excitability	during	observation	and	motor	imagery	of	balance	tasks.	Front	
Aging	Neurosci,	2016,	8:	317.	[Medline]  [CrossRef]

20)	 Piirainen	JM,	Linnamo	V,	Cronin	NJ,	et	al.:	Age-related	neuromuscular	function	and	dynamic	balance	control	during	slow	and	fast	balance	perturbations.	J	
Neurophysiol,	2013,	110:	2557–2562.	[Medline]  [CrossRef]

21)	 Yungher	DA,	Morgia	J,	Bair	WN,	et	al.:	Short-term	changes	in	protective	stepping	for	lateral	balance	recovery	in	older	adults.	Clin	Biomech	(Bristol,	Avon),	
2012,	27:	151–157.	[Medline]  [CrossRef]

22)	 Uritani	D,	Fukumoto	T,	Matsumoto	D,	et	al.:	The	relationship	between	toe	grip	strength	and	dynamic	balance	or	functional	mobility	among	community-
dwelling	Japanese	older	adults:	a	cross-sectional	study.	J	Aging	Phys	Act,	2016,	24:	459–464.	[Medline]  [CrossRef]

23)	 Muehlbauer	T,	Gollhofer	A,	Granacher	U:	Associations	between	measures	of	balance	and	lower-extremity	muscle	strength/power	in	healthy	individuals	across	
the	lifespan:	a	systematic	review	and	meta-analysis.	Sports	Med,	2015,	45:	1671–1692.	[Medline]  [CrossRef]

24)	 Brauer	SG,	Burns	YR,	Galley	P:	A	prospective	study	of	laboratory	and	clinical	measures	of	postural	stability	to	predict	community-dwelling	fallers.	J	Gerontol	
A	Biol	Sci	Med	Sci,	2000,	55:	M469–M476.	[Medline]  [CrossRef]

25)	 Chang	H,	Krebs	DE:	Dynamic	balance	control	in	elders:	gait	initiation	assessment	as	a	screening	tool.	Arch	Phys	Med	Rehabil,	1999,	80:	490–494.	[Medline]  
[CrossRef]

26)	 Hilliard	MJ,	Martinez	KM,	Janssen	I,	et	al.:	Lateral	balance	factors	predict	future	falls	in	community-living	older	adults.	Arch	Phys	Med	Rehabil,	2008,	89:	
1708–1713.	[Medline]  [CrossRef]

27)	 Okubo	Y,	Schoene	D,	Caetano	MJ,	et	al.:	Stepping	impairment	and	falls	in	older	adults:	a	systematic	review	and	meta-analysis	of	volitional	and	reactive	step	
tests.	Ageing	Res	Rev,	2021,	66:	101238.	[Medline]  [CrossRef]

28)	 Sims	KJ,	Brauer	SG:	A	rapid	upward	step	challenges	medio-lateral	postural	stability.	Gait	Posture,	2000,	12:	217–224.	[Medline]  [CrossRef]
29)	 Sibley	KM,	Beauchamp	MK,	Van	Ooteghem	K,	et	al.:	Using	the	systems	framework	for	postural	control	to	analyze	the	components	of	balance	evaluated	in	

standardized	balance	measures:	a	scoping	review.	Arch	Phys	Med	Rehabil,	2015,	96:	122–132.e29.	[Medline]  [CrossRef]
30)	 Horak	FB,	Wrisley	DM,	Frank	J:	The	balance	evaluation	systems	test	(BESTest)	to	differentiate	balance	deficits.	Phys	Ther,	2009,	89:	484–498.	[Medline]  

[CrossRef]
31)	 Roemer	K,	Raisbeck	L:	Temporal	dependency	of	sway	during	single	leg	stance	changes	with	age.	Clin	Biomech	(Bristol,	Avon),	2015,	30:	66–70.	[Medline]  

[CrossRef]
32)	 Colby	SM,	Hintermeister	RA,	Torry	MR,	 et	 al.:	Lower	 limb	 stability	with	ACL	 impairment.	 J	Orthop	Sports	 Phys	Ther,	 1999,	 29:	 444–451,	 discussion	

452–454.	[Medline]  [CrossRef]
33)	 Chen	Z,	Han	J,	Waddington	G,	et	al.:	Somatosensory	perception	sensitivity	in	voluntary	postural	sway	movements:	age,	gender	and	sway	effect	magnitudes.	

Exp	Gerontol,	2019,	122:	53–59.	[Medline]  [CrossRef]
34)	 Lion	A,	Spada	RS,	Bosser	G,	et	al.:	“Postural	first”	principle	when	balance	is	challenged	in	elderly	people.	Int	J	Neurosci,	2014,	124:	558–566.	[Medline]  

[CrossRef]
35)	 Potocanac	Z,	Duysens	J:	Online	adjustments	of	leg	movements	in	healthy	young	and	old.	Exp	Brain	Res,	2017,	235:	2329–2348.	[Medline]  [CrossRef]
36)	 Sarlegna	FR:	Impairment	of	online	control	of	reaching	movements	with	aging:	a	double-step	study.	Neurosci	Lett,	2006,	403:	309–314.	[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/16894592?dopt=Abstract
http://dx.doi.org/10.1002/jor.20235
http://www.ncbi.nlm.nih.gov/pubmed/17549953?dopt=Abstract
http://dx.doi.org/10.2519/jospt.2007.2202
http://www.ncbi.nlm.nih.gov/pubmed/15701605?dopt=Abstract
http://dx.doi.org/10.1177/0363546504266484
http://www.ncbi.nlm.nih.gov/pubmed/28066238?dopt=Abstract
http://dx.doi.org/10.3389/fnagi.2016.00317
http://www.ncbi.nlm.nih.gov/pubmed/24047908?dopt=Abstract
http://dx.doi.org/10.1152/jn.00476.2013
http://www.ncbi.nlm.nih.gov/pubmed/22000701?dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26796741?dopt=Abstract
http://dx.doi.org/10.1123/japa.2015-0123
http://www.ncbi.nlm.nih.gov/pubmed/26412212?dopt=Abstract
http://dx.doi.org/10.1007/s40279-015-0390-z
http://www.ncbi.nlm.nih.gov/pubmed/10952371?dopt=Abstract
http://dx.doi.org/10.1093/gerona/55.8.M469
http://www.ncbi.nlm.nih.gov/pubmed/10326909?dopt=Abstract
http://dx.doi.org/10.1016/S0003-9993(99)90187-9
http://www.ncbi.nlm.nih.gov/pubmed/18760155?dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2008.01.023
http://www.ncbi.nlm.nih.gov/pubmed/33352293?dopt=Abstract
http://dx.doi.org/10.1016/j.arr.2020.101238
http://www.ncbi.nlm.nih.gov/pubmed/11154932?dopt=Abstract
http://dx.doi.org/10.1016/S0966-6362(00)00077-1
http://www.ncbi.nlm.nih.gov/pubmed/25073007?dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2014.06.021
http://www.ncbi.nlm.nih.gov/pubmed/19329772?dopt=Abstract
http://dx.doi.org/10.2522/ptj.20080071
http://www.ncbi.nlm.nih.gov/pubmed/25467766?dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/10444734?dopt=Abstract
http://dx.doi.org/10.2519/jospt.1999.29.8.444
http://www.ncbi.nlm.nih.gov/pubmed/31029824?dopt=Abstract
http://dx.doi.org/10.1016/j.exger.2019.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24205810?dopt=Abstract
http://dx.doi.org/10.3109/00207454.2013.864288
http://www.ncbi.nlm.nih.gov/pubmed/28478576?dopt=Abstract
http://dx.doi.org/10.1007/s00221-017-4967-7
http://www.ncbi.nlm.nih.gov/pubmed/16723186?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2006.05.003

