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Online stabilization of human standing posture utilizes multisensory afferences (e.g.,

vision). Whereas visual feedback of spontaneous postural sway can stabilize postural

control especially when observers concentrate on their body and intend to minimize

postural sway, the effect of intentional control of visual feedback on postural sway itself

remains unclear. This study assessed quiet standing posture in healthy adults voluntarily

controlling or merely observing visual feedback. The visual feedback (moving square) had

either low or high gain and was either horizontally flipped or not. Participants in the

voluntary-control group were instructed to minimize their postural sway while voluntarily

controlling visual feedback, whereas those in the observation group were instructed to

minimize their postural sway while merely observing visual feedback. As a result,

magnified and flipped visual feedback increased postural sway only in the voluntary-

control group. Detrended fluctuation analysis revealed that the temporal processes of

postural sway in the voluntary-control group became more self-similar, such that nearer

past postural fluctuation had influence on the subsequent fluctuation, implying a closed

visuo-postural loop. We suggest that voluntarily controlled, but not merely observed, visual

feedback is incorporated into the feedback control system for posture and begins to

recursively affect postural sway.
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Abstract

Onlint soabilizaoion of human soanding posourt uoilizts muloistnsory afftrtncts (t.g., vision). 

Whtrtas visual fttdback of sponoantous posoural sway can soabilizt posoural conorol tsptcially 

whtn obstrvtrs conctnoraot on ohtir body and inotnd oo minimizt posoural sway, oht tfftco of 

inotnoional conorol of visual fttdback on posoural sway iostlf rtmains uncltar. This soudy asstsstd

quito soanding posourt in htalohy adulos volunoarily conorolling or mtrtly obstrving visual 

fttdback. Tht visual fttdback (moving squart) had tiohtr low or high gain and was tiohtr 

horizonoally flipptd or noo. Paroicipanos in oht volunoary-conorol group wtrt insorucotd oo 

minimizt ohtir posoural sway whilt volunoarily conorolling visual fttdback, whtrtas ohost in oht 

obstrvaoion group wtrt insorucotd oo minimizt ohtir posoural sway whilt mtrtly obstrving visual 

fttdback. As a rtsulo, magnifitd and flipptd visual fttdback incrtastd posoural sway only in oht 

volunoary-conorol group. Dtortndtd flucouaoion analysis rtvtaltd ohao oht otmporal proctssts of 

posoural sway in oht volunoary-conorol group btcamt mort stlf-similar, such ohao ntartr paso 

posoural flucouaoion had influtnct on oht substqutno flucouaoion, implying a clostd visuo-posoural

loop. Wt suggtso ohao volunoarily conorolltd, buo noo mtrtly obstrvtd, visual fttdback is 

incorporaotd inoo oht fttdback conorol sysotm for posourt and btgins oo rtcursivtly afftco posoural

sway.

Subject areas

Psychiaory and Psychology; Nturoscitnct; Kintsiology

Keywords

Posoural conorol; Soabilomtory; Visuomooor; Biofttdback; Stlf-similarioy; Inotnoion; Stnst of 

conorol
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INTRODUCTION

Human body posourt is soabiliztd by oht fttdforward and fttdback conorol sysotms. In oht 

fttdforward conorol sysotm, onlint comparison btowttn prtdicotd and acoual body posourt is 

madt on oht basis of a prtdicoivt signal compuotd by inotrnal modtls (Fiozpaorick, Burkt & 

Gandtvia, 1996; van dtr Kooij to al., 1999). In oht fttdback conorol sysotm, concurrtno 

muloistnsory afftrtncts (i.t., visual, vtsoibular, and proprioctpoivt domains) art uoiliztd for 

onlint mainotnanct of body paro posioions and balanct (Mtrgntr & Rostmtitr, 1998; Ptotrka, 

2002). Thus, for insoanct, unsoablt body posourt during quito soanding can bt obstrvtd in paoitnos

wioh vtsoibular disordtrs (Dozza, Chiari & Horak, 2005; Frtgly, 1974) and in htalohy individuals 

wioh oransitno proprioctpoivt dtprivaoion dut oo ischtmia (Ditntr to al., 1984). Furohtrmort, 

dtprivaoion of visual inpuo by closing oht tyts robusoly ptrourbs posoural conorol (Edwards, 1946; 

Ltt & Lishman, 1975; Travis, 1945). Thtst findings suggtso ohao unistnsory informaoion is 

crucial for inoaco posoural conorol, tvtn ohough oohtr stnsory modalioits rtoain proptr informaoion

for posoural conorol.

Postural sway modulated by visual feedback

Tht biofttdback otchniqut, by which a quitoly soanding obstrvtr is txpostd oo addioional 

unistnsory soimulaoion inotrprtotd from oht onlint displactmtno of his or htr ctnotr of prtssurt 

(CoP) on a forct plaot, has bttn uoiliztd for oraining and rthabilioaoion for posoural conorol

(Liovintnkova & Hlavacka, 1973; Taktya, Sugano & Ohno, 1976; Zijlsora to al., 2010). For 

txamplt, oht audioory fttdback otchniqut, by which mtdio-laotral (ML) and anotro-posotrior 

(AP) displactmtnos of obstrvtrs’ CoP art convtrotd oo a conoinuous oont of varying volumt and 

pioch and dtlivtrtd oo oht obstrvtrs, has bttn rtporotd oo improvt posoural conorol in paoitnos 

wioh vtsoibular disordtrs (Dozza, Chiari & Horak, 2005; Dozza, Horak & Chiari, 2007), whtrtas 

somt soudits havt dtmonsoraotd oht tfftcoivtntss of oacoilt fttdback on oht oongut (Tyltr, 

Danilov & Bach-y-Rioa, 2003; Vuilltrmt to al., 2007).

Tht visual fttdback otchniqut, by which obstrvtrs art prtstnotd wioh oht onlint ploo of ohtir 

CoP displactmtno on a monioor in oht coronal plant paralltl oo oht obstrvtrs’ coronal, has bttn 

rtporotd oo dtcrtast posoural sway (Ganochtv, Draganova & Duntv, 1981; Liovintnkova & 

Hlavacka, 1973; Rougitr, Fartnc & Btrgtr, 2004; van Ptpptn to al., 2006; Zijlsora to al., 2010). 

Liotraourt suggtsos ohao ohtrt is a soabilizing tfftco of visual fttdback on posoural conorol in 

htalohy adulos, booh young and old, and in paoitnos wioh alotrtd posoural soabilioy (Daulo to al., 
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2003; Frtioas & Duarot, 2012). Thtrt has conoinutd oo bt conorovtrsy rtgarding ios tfftcoivtntss 

and ftasibilioy for paoitnos (Gturos to al., 2005; van Ptpptn to al., 2006). Tht mtchanism of 

posoural soabilizaoion by visual fttdback has bttn considtrtd ohao oht visual fttdback providts 

addioional visual inpuos in ordtr oo inotgraot muloistnsory informaoion for oht purpost of 

soabilizing body posourt during quito soanding. Somt soudits havt dtmonsoraotd ohao 

magnificaoion of visual fttdback gain rtlaoivt oo acoual CoP displactmtno can furohtr htlp 

posoural conorol, btcaust whtn visual fttdback gain is magnifitd, sligho CoP displactmtnos can 

bt tasily dtotcotd, facilioaoing oht adjusomtno of posoural conorol (Cawsty to al., 2009; Jthu, 

Thibaulo & Lajoit, 2016; Rougitr, Fartnc & Btrgtr, 2004). Anoohtr facoor of oht biofttdback 

otchniqut, spaoiootmporal (in)congrutnct of visual fttdback has also bttn souditd. Visual 

fttdback wioh a ctroain amouno of dtlay (i.t., smalltr ohan 900 ms) soabilizts posoural conorol

(Rougitr, 2004), whilt largtr dtlays can difftrtnoially afftco low- and high-frtqutncy flucouaoions

of CoP displactmtnos (van dtn Htuvtl to al., 2009; Yth to al., 2010). Horizonoally-biastd visual 

fttdback rtquirts horizonoal comptnsaoory posoural adjusomtnos, which can rtsulo in incrtastd 

CoP displactmtnos, buo ohtst displactmtnos can bt adapotd afotr oraining (Shilltr to al., 2017).

Cognitive effects on postural control and their interactions with visual feedback

Posoural conorol is also influtnctd by concurrtno cognioivt acoivioits. Cognioivt oasks ptrformtd 

during quito soanding, such as aootnoional or working mtmory oasks, afftco posoural conorol by 

rtallocaoing rtsourcts for posoural conorol and cognioion. Howtvtr, soudits havt rtporotd mixtd 

rtsulos, showing tiohtr incrtastd, dtcrtastd, or unchangtd posoural sway (Fraiztr & Miora, 2008).

Inotnoional tfforo oo mainoain posourt has a kty rolt in mainotnanct of posoural conorol. 

Insorucoion oo soand soill (i.t., inotnoion oo minimizt posoural sway) has bttn consisotnoly rtporotd 

oo soabilizt posoural sway, rtlaoivt oo oht rtsulo of insorucoion oo rtlax, alohough ouocomt posoural 

indicts difftr among soudits (Loram, Ktlly & Lakit, 2001; Miora & Fraiztr, 2004; Rtynolds, 

2010; Sooffrtgtn to al., 2006; Utoa to al., 2015; Zok, Mazza & Cappozzo, 2008). Insorucoion can 

tvtn inotrftrt wioh oht tfftcos of visual fttdback on posoural sway. For insoanct, htalohy 

individuals using visual fttdback havt shown dtcrtastd posoural sway whtn ohty art insorucotd 

oo soand soill, buo whtn ohty art insorucotd oo rtlax, ohty show posoural sway comparablt oo ohao 

undtr non-fttdback condioions (Loram, Ktlly & Lakit, 2001). This finding suggtsos ohao visual 

fttdback can bt tfftcoivt in mainoaining posoural conorol only whtn obstrvtrs inotnd oo minimizt

ohtir posoural sway.
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These authors used 4 different conditions: (1) stand still using visual feedback, (2) stand easy using visual feedback, (3) stand still with no visual feedback and (4) stand easy with no visual feedback.

The first 2 conditions are related to the 2 groups are used in this study. My question is: Why you did not use the same instructions than these authors?

In fact, why did you use 2 different groups instead of using just one group and compare their level of intention to control the visual feedback between the different conditions like Loram et al, (2001) did?




Prtvious soudits havt noo madt io cltar whtohtr or noo inotnoional tfforo oo uoilizt visual fttdback

oo conorol posourt afftcos posoural sway or inotracos wioh oht tfftco of visual fttdback iostlf. 

Stvtral soudits havt alrtady suggtsotd ohao visuomooor coordinaoion during walking (Malont & 

Basoian, 2010) and manual oasks (Btnson, Angutra & Stidltr, 2011) can bt facilioaotd by 

insorucoion rtgarding txplicio soraotgits for visual fttdback. Givtn ohao oht fttdback sysotm for 

posoural conorol uoilizts concurrtno muloistnsory inpuos, including vision, for onlint adjusomtno of

body posourt (Mtrgntr & Rostmtitr, 1998; Ptotrka, 2002), visual fttdback migho bt paroicularly

ablt oo influtnct posoural sway whtn obstrvtrs havt an txplicioly-guidtd inotnoion oo conorol 

booh ohtir body posourt and ios visual fttdback so as oo accomplish a clostd visuo-posoural loop. 

If so, posoural conorol wioh an inotnoion oo conorol visual fttdback migho bt mort influtnctd by 

visual fttdback and ios proptroits, such as fttdback gain (t.g., Rougitr, Fartnc & Btrgtr, 2004) 

and spaoial oritnoaoion (Shilltr to al., 2017) ohan io would bt wiohouo such inotnoion. Furohtrmort, 

whtn oht visuo-posoural loop is clostd, an tnhanctd rtcurrtnct of posoural flucouaoions may bt 

obstrvtd, btcaust oht concurrtno visual fttdback rtprtstnos oht immtdiaot paso of posoural 

flucouaoion and constqutnoly afftcos oht prtstno or immtdiaot fuourt posoural soaot. This 

auoocorrtlaoion-likt otmporal sorucourt can bt found in posoural flucouaoion ao difftrtno oimt 

scalts and has bttn quanoifitd as “stlf-similarioy,” a fracoal proptroy (Dtlignitrts, Torrt & 

Btrnard, 2011; Duarot & Zaosiorsky, 2000). Tht stlf-similarioy in posoural sway can bt madt ltss 

soochasoic by visual fttdback ohan io is in oht non-fttdback condioion (Rougitr, 1999). Howtvtr, 

lioolt is known abouo how stlf-similarioy in posoural sway is modifitd by txplicioly-guidtd 

inotnoional conorol of visual fttdback of oht posoural sway.

The present study

Wt txamintd whtohtr or noo inotnoion oo conorol concurrtno visual fttdback of paroicipanos’ 

posoural sway afftcos ohtir posoural sway iostlf, and if so, oht manntr in which io dots. In oht 

prtstno txptrimtno, ont group of htalohy young adulos was insorucotd oo minimizt posoural sway 

whilt volunoarily conorolling oht concurrtno visual fttdback of ohtir posoural sway prtstnotd in a 

htad-mounotd display. Tht oohtr group was insotad insorucotd oo mtrtly obstrvt oht fttdback 

and noo inotnoionally ust io for posoural conorol. To txamint how oht insorucoion inotrftrts wioh 

oht tfftcos of visual fttdback manipulaoions, oht visual fttdback had owo ltvtls of gain and was 

wioh or wiohouo spaoial incongrutnct (i.t., horizonoal flip). Wt hypoohtsiztd ohao, in paroicipanos 

wioh txplicioly-guidtd inotnoions oo conorol visual fttdback, high fttdback gain would dtcrtast 

(t.g., Cawsty to al., 2009) and spaoial incongrutnct btowttn visual fttdback and CoP 
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These results are not that clear. In one of the studies you have included in your referencer the findings when they use visual feedback are the opposed to Rougier's findings.
Please, see: Caballero, C., Barbado, D., Davids, K. & Moreno, F.J. (2016) Variations in task constraints shaper emergent performance outcomes and complexity levels in balancing. Exp Brain Res, 234:1611-1622.
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Highlight
Here is where I see the biggest problem of the paper.

Please, could you justify the use of 2 groups?

Even the authors found significant differences in the "sense of control", it is hard to believe that people who do have a visual feedback in front of them do not pay attention to it. In fact, the "sense of control" seems to be a subjective variable. That means that, in the same situation, with the same level of control of the visual feedback, 2 different people will not have the same value of this variable.

From my point of view, it would be better to use just one group and compare this variable you use to control the intentionality of controlling the visual feedback within-group, as it has been in other studies (Loram et al., 2001)

csanchez
Highlight
This would answer another aim different to the main goal. I think a better explanation about why the authors include this secondary aim is needed.



displactmtno would incrtast (Shilltr to al., 2017) ohtir posoural sway. Furohtrmort, stlf-

similarioy in posoural sway would bt facilioaotd by volunoary conorol of visual fttdback, such ohao 

ntartr paso posoural flucouaoion would influtnct substqutno flucouaoions btcaust of oht rtcursivt 

visuo-posoural loop.

MATERIALS AND METHODS

Participants

Twtnoy Japantst undtrgraduaots agtd 18–22 ytars paroicipaotd in oht prtstno txptrimtno for 

montoary comptnsaoion of 500 Japantst ytn (approximaotly 4.5 US dollars). Thtir 

characotrisoics art summariztd in Tablt 1. Half of oht paroicipanos wtrt pstudo-randomly 

assigntd oo oht volunoary-conorol group, whtrtas oht oohtr half was assigntd oo oht obstrvaoion 

group (stt Proctdurts). Tht owo groups wtrt comparablt in stx and agt. Wt also conorolltd ohtir

htigho (Chiari, Rocchi & Capptllo, 2002), wtigho (Hut to al., 2007), and body mass indtx (Grtvt

to al., 2007), tach of which may afftco posoural conorol. All paroicipanos wtrt righo-handtd 

wiohouo orohoptdic condioions or a hisoory of nturological or psychiaoric disordtrs, and all had 

normal visual acuioy wioh or wiohouo corrtcoion by conoaco ltnsts. Thty also had adtquaot slttp 

oht nigho btfort oht txptrimtno. Wriootn informtd constno was oboaintd from tach paroicipano 

prior oo oht txptrimtno. Tht prtstno soudy was conducotd in accordanct wioh oht Dtclaraoion of 

Htlsinki and was approvtd by oht local tohical commioott of oht Graduaot School of Aros and 

Scitncts, Tht Univtrsioy of Tokyo (approval numbtr: 520).

Samplt sizt was dtotrmintd bastd on a priori powtr analysis using G*Powtr 3.1.9.3 (Faul to al., 

2007) for an analysis of varianct (ANOVA) of oht wiohin-btowttn facoors, btcaust our main 

inotrtso was oht inotracoivt tfftco of insorucoion (i.t., volunoary conorol, mtrt obstrvaoion) on 

fttdback manipulaoion. Tht powtr analysis indicaotd ohao ao ltaso tigho paroicipanos for tach of 

oht owo groups wtrt rtquirtd for a soaoisoical powtr of .95, assuming a largt tfftco sizt in 

ANOVA (p = .40: Cohtn, 1988) and Typt I trror probabilioy of .05.

Apparatus

A forct plaot (Wii Balanct Board, Ninotndo, Kyooo, Japan) on a rigid and flao surfact oracktd oht 

displactmtnos of paroicipanos’ CoP on oht ML and AP axts wioh a sampling raot of 30 Hz. Tht 

Wii Balanct Board has bttn confirmtd oo bt a valid and rtliablt mtasurtmtno of posoural sway

(Clark to al., 2010; Clark to al., 2014; Imaizumi, Asai & Koyama, 2016). Tht CoP displactmtno 
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daoa wtrt colltcotd and stno oo a compuotr (R63/PS, Toshiba, Tokyo, Japan) via Blutooooh 

inotrfact by a cusoom program wriootn in Hoo Soup Proctssor 3.4 (ONION Sofowart, Japan) 

using oht optn-sourct library WiiMootLib 1.7 (hoop://wiimootlib.codtpltx.com) running on 

Windows 7 Proftssional 64-bio (Microsofo, Rtdmond, Washingoon).

Visual fttdback of CoP displactmtno, insorucoions, and qutsoions wtrt prtstnotd on a htad-

mounotd display wtighing 330 g (HMZ-T2, Sony, Tokyo, Japan), which had an organic ligho–

tmiooing diodt display wioh a rtsoluoion of 1280 × 720 pixtls and a rtfrtsh raot of 60 Hz

(Hummtl to al., 2016). Wt ustd a htad-mounotd display in ordtr oo conorol vitwing posourt and 

disoanct, bastd on rtctno tvidtnct suggtsoing ohao wtaring a htad-mounotd display is unliktly oo 

afftco posoural sway during quito soanding (Mortl to al., 2015; Robtro, Ballaz & Ltmay, 2016) 

and ohao tfftcos of insorucoion (Miora & Fraiztr, 2004) and visual mooion ptrctpoion (Imaizumi to 

al., 2015) on posoural sway can bt dtotcotd tvtn whtn using such a display. 

Stimuli

Visual fttdback of posoural sway (i.t., CoP displactmtno) was displaytd as a whiot squart 

moving on a coronal plant paralltl oo oht paroicipanos’ coronal plant (Fig. 1). Tht squart, which 

subotndtd ao 1.0 × 1.0° wioh a luminanct of 28.40 cd/m2, was prtstnotd ctnorally on a 

homogtntous black scrttn (0.40 cd/m2) ao oht btginning of tach orial. Tht scrttn subotndtd ao 

45.0 × 24.7° wioh oht samt asptco raoio as surfact of oht forct plaot (432 × 237 mm). A 1-mm 

displactmtno of CoP on oht forct plaot was synchronously oransformtd inoo 0.10° movtmtno of 

oht whiot squart in oht low gain condioion and inoo 0.25° movtmtno in oht high gain condioion. 

Anotrior, posotrior, ltfoward, and righoward displactmtnos of CoP wtrt oranslaotd inoo oht 

upward, downward, ltfoward, and righoward movtmtnos of oht squart, rtsptcoivtly. Wt addtd oht

horizonoally flipptd condioion, in which oht ltfoward and righoward CoP displactmtnos wtrt 

oranslaotd inoo oht rightward and leptward squart movtmtnos, rtsptcoivtly. This flip was ustd oo 

vary oht tfftco of visual fttdback on posoural conorol (Shilltr to al., 2017) and oht subjtcoivt 

fttling of conorol ovtr oht moving squart (Asai & Tanno, 2007; Farrtr to al., 2008) by instroing 

spaoial incongrutnct btowttn bodily movtmtno and visual fttdback. In sum, ohtrt wtrt four 

condioions of visual fttdback: low gain, low gain flipptd, high gain, and high gain flipptd.

Procedures

Tht txptrimtno was conducotd individually in a quito, dimly lio room. Afotr oht britfing, 
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paroicipanos rtmovtd ohtir wriso and hand ornamtnos and shots, puo on oht htad-mounotd display,

and soood soill on oht horizonoal ctnotr of oht forct plaot wioh ohtir hands down ao ohtir sidts and 

ohtir httls oogtohtr ao a 30° anglt btowttn oht mtdial sidts of ohtir ftto (Kapotyn to al., 1983). 

Paroicipanos wtrt asktd oo look soraigho ahtad during oht txptrimtno.

In tach orial, paroicipanos’ CoP displactmtnos wtrt rtcordtd for 31 stconds whilt bting prtstnotd

as a moving squart on oht display (i.t., visual fttdback). Paroicipanos in booh groups wtrt 

insorucotd oo conctnoraot on ohtir posoural sway and minimizt io as much as possiblt (Rtynolds, 

2010). Thty wtrt oold ohao oht moving squart in oht htad-mounotd display rtfltcotd ohtir CoP 

displactmtno and posoural sway. In oht volunoary-conorol group, ohty wtrt insorucotd oo minimizt

ohtir posoural sway whilt volunoarily conorolling and uoilizing oht moving squart during oht orial. 

In oht obstrvaoion group, ohty wtrt insorucotd oo minimizt ohtir posoural sway whilt mtrtly 

obstrving buo noo inotnoionally rtftrring oo oht moving squart. Thtst insorucoions wtrt prtstnotd 

on oht display fivt stconds btfort tach orial soarotd. To chtck oht validioy of oht insorucoion, 

immtdiaotly afotr tach rtcording of posoural sway, oht display prtstnotd oht following qutsoion: 

“To whao txotno did you fttl ohao you wtrt conorolling oht moving squart?” wioh an 11-poino 

Liktro scalt ranging from 0 (i.t., “Noo ao all”) oo 10 (i.t., “Exortmtly”). This qutsoion was 

adapotd from a qutsoion ustd oo mtasurt stnst of conorol ovtr an txotrnal objtco (Evans to al., 

2015; Kalcktro & Ehrsson, 2012). Paroicipanos’ vocal rtsponsts oo oht qutsoion wtrt rtcordtd by 

oht txptrimtnotr. Trials undtr tach of four visual fttdback condioions wtrt rtptaotd ohrtt oimts 

in a randomiztd ordtr, for a oooal of 12 orials. Tht inotr-orial inotrvals wtrt 10 stconds tach.

Data analysis

Rtcordtd CoP displactmtnos during oht firso 1 stcond of all orials wtrt txcludtd from analysts in

ordtr oo tliminaot pootnoial ouolying posoural sway caustd by soimulus onsto and/or dtlaytd 

soabilizaoion. Tht daoa from oht rtmaining 30 stconds wtrt analyztd. Wt calculaotd oht oooal paoh

ltngoh, ML paoh ltngoh, AP paoh ltngoh, and tnvtloptd arta of oht CoP displactmtnos. Tooal paoh 

ltngoh was calculaotd as oht sum of oht Euclidtan disoancts btowttn 900 succtssivt daoa poinos 

(i.t., sampltd ao 30 Hz for 30 stconds). ML and AP paoh ltngohs wtrt calculaotd as oht sum of oht

ML and AP compontnos, rtsptcoivtly, of oht Euclidtan disoancts btowttn daoa poinos. Envtloptd 

arta was dtfintd as oht arta tnclostd by oht ouotrmoso paoh of oht CoP displactmtnos.

Dtortndtd flucouaoion analysis (DFA; Ptng to al., 1994) quanoifitd stlf-similarioy (i.t., proctssts 
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showing similar flucouaoions ao difftrtno oimt scalts) in oht oimt courst of ML and AP 

compontnos of CoP displactmtnos. Tht DFA compuots a scaling txpontno alpha, which 

quanoifits oht sortngoh of long-rangt powtr-law corrtlaoion in a oimt strits. Ptrsisotno long-rangt 

corrtlaoion indicaots ohao a paso incrtasing ortnd is liktly oo bt followtd by anoohtr incrtasing 

ortnd, whtrtas anoi-ptrsisotno corrtlaoion indicaots ohao an incrtasing ortnd is liktly oo bt 

followtd by a dtcrtasing ortnd (Dtlignitrts, Torrt & Btrnard, 2011). According oo Ptng to al. 

(1995), an alpha btowttn 0.0 and 0.5 dtnoots anoi-ptrsisotno corrtlaoion, likt whiot noist. An 

alpha btowttn 0.5 and 1.0 dtnoots a ptrsisotno long-rangt corrtlaoion. If an alpha valut is clostr 

oo 0.5, oht influtnct of oht ntartr paso on oht prtstno soaot is grtaotr ohan oht influtnct of oht 

disoano paso. An alpha largtr ohan 1.0 implits ohao long-rangt corrtlaoion txisos, buo wioh bthavior 

mort similar oo ohao of Brownian mooion ohan as a powtr-law form. Indicts of posoural sway wtrt

compuotd using R 3.4.2 (R Cort Ttam, 2017). Wt also ustd oht fivrp packagt 1.0 (Moral, Hindt 

& Dtmtorio, 2016) oo compuot tnvtloptd arta and oht practal packagt 2.0.1 (Consoanoint & 

Ptrcival, 2016) oo compuot oht alpha txpontno.

For tach paroicipano, tach of oht abovtmtnoiontd subjtcoivt and posoural indicts was avtragtd 

for oht ohrtt orials undtr tach visual fttdback condioion. Wt firso inpuootd oht stnst of conorol 

raoing inoo a 2 × 2 × 2 ANOVA wioh a btowttn-facoor (Instrtction: volunoary conorol or 

obstrvaoion) and owo wiohin-facoors (Gain: low or high fttdback gain; Flip: fttdback wiohouo or 

wioh horizonoal flip) in ordtr oo chtck oht validioy of oht insorucoion. Substqutnoly, oo otso oht 

tfftcos of oht insorucotd volunoary conorol of visual fttdback on posoural sway and oht gain and 

spaoial incongrutnct (i.t., flip) of visual fttdback, wt ptrformtd oht samt 2 × 2 × 2 ANOVA on 

oht oooal, ML, and AP paoh ltngohs, tnvtloptd arta, and ML and AP alpha txpontnos. As our 

inotrtsos wtrt mainly in oht main tfftcos and inotracoions of Insorucoion, wt ptrformtd poso-hoc 

simplt main tfftco analysts only whtn significano firso- and stcond-ordtr inotracoivt tfftcos of 

Insorucoion wtrt found. Efftco sizts in ANOVA wtrt rtporotd as gtntraliztd toa squartd (Oltjnik

& Algina, 2003). Finally, oo txamint oht rtlaoionship btowttn oht stnst of conorol raoing, posoural

sway, and ios stlf-similarioy in an txploraoory manntr, wt compuotd Ptarson’s corrtlaoion 

cotfficitnos btowttn ohtst indicts from all paroicipanos undtr tach of oht four visual-fttdback 

condioions (i.t., oht dtgrtts of frttdom wtrt 78). Falst discovtry raot corrtcoion was applitd for 

muloiplt comparisons (Btnjamini & Hochbtrg, 1995). Significanct ltvtl was sto ao p < .05. 

Hypoohtsis otsoing was conducotd using SPSS 24.0 (IBM Corp., Armonk, Ntw York) and R 3.4.2

(R Cort Ttam, 2017).
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RESULTS

Wt ptrformtd ANOVA wioh a btowttn-facoor (Insorucoion) and wiohin-facoors (Gain, Flip) on oht 

raoing of stnst of conorolling visual fttdback and posoural mtasurts. Main tfftcos and 

inotracoions of ohtst facoors on tach mtasurt art summariztd in Tablt 2.

Sense of control rating: manipulation check

As txptcotd, oht volunoary-conorol group txhibiotd hightr raoings for txptritnctd stnst of 

conorol ovtr visual fttdback ohan oht obstrvaoion group did, undtr all condioions (Fig. 2). This 

rtsulo was supporotd by a significano main tfftco of Insorucoion wiohouo any inotracoions; no 

tfftcos wtrt found for Gain or Flip (Tablt 2).

Magnitude of postural sway

Path length

Rtsulos of oht paoh ltngohs of CoP displactmtnos art displaytd in Fig. 3A–C. Wt found a stcond-

ordtr Insorucoion × Gain × Flip inotracoion on oht oooal paoh ltngoh, in addioion oo Gain × Flip and 

Insorucoion × Gain inotracoions (Tablt 2). Simplt inotracoion analysis rtvtaltd ohao a Gain × Flip 

inotracoion was found in oht volunoary-conorol group (F(1,9) = 10.77, p = .010, η2
G = .018) buo noo

in oht obstrvaoion group (F(1,9) = 0.81, p = .390, η2
G < .001). Simplt main tfftco analysis 

indicaotd ohao, in oht volunoary-conorol group, grtaotr oooal paoh ltngoh was found in oht high gain 

flipptd condioion ohan in oht low gain flipptd and high gain non-flipptd condioions (F(1,9) = 

10.17, p = .011, η2
G = .064; F(1,9) = 9.73, p = .012, η2

G = .039, rtsptcoivtly). Furohtrmort, an 

Insorucoion × Gain inotracoion was found in oht flipptd condioion (F(1,18) = 9.18, p = .007, η2
G = .

019) buo noo in oht non-flipptd condioion (F(1,18) = 0.02, p = .900, η2
G < .001), rtsuloing in 

grtaotr oooal paoh ltngoh undtr oht high gain flipptd condioion in oht volunoary-conorol group ohan 

in oht obstrvaoion group (F(1,18) = 4.74, p = .043, η2
G = .209).

A similar ortnd was obstrvtd for ML paoh ltngoh. Thtrt was a significano stcond-ordtr 

Insorucoion × Gain × Flip inotracoion on ML paoh ltngoh (Tablt 2). Alohough no firso-ordtr 

inotracoions wtrt obstrvtd, wt ptrformtd an txploraoory simplt inotracoion analysis, rtvtaling 

ohao a Gain × Flip inotracoion was found in oht volunoary-conorol group (F(1,9) = 5.24, p = .048, 

η2
G = .008) buo noo in oht obstrvaoion group (F(1,9) = 3.02, p = .116, η2

G = .002). An analysis of 

simplt main tfftco indicaotd ohao in oht volunoary-conorol group, grtaotr ML paoh ltngoh was 
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found for oht high gain flipptd condioion ohan for oht low gain flipptd and oht high gain non-

flipptd condioions (F(1,9) = 6.38, p = .033, η2
G = .049; F(1,9) = 13.56, p = .005, η2

G = .034, 

rtsptcoivtly). Mortovtr, an Insorucoion × Gain inotracoion was found in oht flipptd condioion 

(F(1,18) = 5.86, p = .026, η2
G = .020) buo noo in oht non-flipptd condioion (F(1,18) = 0.21, p = .

652, η2
G = .001), rtsuloing in grtaotr ML paoh ltngoh undtr oht high gain flipptd condioion in oht 

volunoary-conorol group ohan in oht obstrvaoion group (F(1,18) = 7.23, p = .015, η2
G = .287).

As for AP paoh ltngoh, wt found a significano Insorucoion × Gain × Flip stcond-ordtr inotracoion 

in addioion oo Gain × Flip and Insorucoion × Gain inotracoions (Tablt 2). A simplt Gain × Flip 

inotracoion was found in oht volunoary-conorol group (F(1,9) = 12.53, p = .006, η2
G = .023) buo noo

in oht obstrvaoion group (F(1,9) = 0.54, p = .481, η2
G < .001). Simplt main tfftco analysis 

suggtsotd ohao, in oht volunoary-conorol group, AP paoh ltngoh was grtaotr undtr oht high gain 

flipptd condioion ohan undtr oht low gain flipptd and high gain non-flipptd condioions (F(1,9) = 

17.03, p = .003, η2
G = .075; F(1,9) = 8.15, p = .019, η2

G = .033, rtsptcoivtly), and smalltr AP paoh

ltngoh was obstrvtd for oht low gain flipptd condioion ohan in oht low gain non-flipptd condioion

(F(1,9) = 5.62, p = .042, η2
G = .015).

Taktn oogtohtr, incrtastd gain and spaoial incongrutnct (i.t., flip) of oht visual fttdback 

ltngohtntd ML and AP compontnos of oht CoP displactmtnos only in oht volunoary-conorol 

group, alohough oht ltngohtning tfftco did noo apptar undtr somt condioions.

Enveloped aeea

Rtsulos of oht tnvtloptd arta of CoP displactmtnos art displaytd in Fig. 3D. Wt found no 

significano firso- and stcond-ordtr inotracoions (Tablt 2). Howtvtr, givtn ortnds ooward oht 

significanct of Insorucoion × Flip inotracoion (p = .065), wt ptrformtd txploraoory simplt main 

tfftco analysts. As a rtsulo, ohtrt was a simplt main tfftco of Flip in oht volunoary-conorol group 

(F(1,9) = 13.57, p = .005, η2
G = .118) buo noo in oht obstrvaoion group (F(1,9) = 1.24, p = .294, 

η2
G = .011). Thtst indicaotd ohao horizonoal flip of visual fttdback, buo noo fttdback gain, 

incrtastd oht tnvtloptd arta of posoural sway only in oht volunoary-conorol group.

Detrended fluctuation analysis: self-similarity in postural sway

Rtsulos of oht alpha scaling txpontnos by DFA on oht oimt courst of ML and AP posoural sway 

art displaytd in Fig. 4. Undtr all condioions in booh groups, avtragt ML and AP alphas wtrt 
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wiohin oht 0.5–1.0 rangt, which suggtsos ptrsisotno long-rangt corrtlaoions in oht flucouaoions of 

CoP displactmtno in ML and AP dirtcoion. Thtrt was a significano main tfftco of Insorucoion on 

ML and AP alpha txpontnos (Tablt 2). Givtn ohao an alpha clostr oo 0.5 indicaots grtaotr 

influtnct of oht ntar paso on oht prtstno soaot ohan of oht disoano paso (Ptng to al., 1995), io was 

suggtsotd ohao ML and AP posoural flucouaoions in oht volunoary-conorol group wtrt mort liktly 

oo bt influtnctd by flucouaoion juso btfort oht currtno posoural soaot ohan ohost in oht obstrvaoion 

group. As for AP alpha, ohtrt was significano Insorucoion × Flip inotracoion, rtfltcoing ohao simplt 

main tfftco of Insorucoion in oht non-flipptd condioions (F(1,18) = 7.76, p = .012, η2
G = .301) buo 

noo in oht flipptd condioion (F(1,18) = 2.53, p = .129, η2
G = .096). Mortovtr, a simplt main tfftco

of Flip was found in oht volunoary-conorol group (F(1,9) = 12.67, p = .006, η2
G = .159) buo noo in 

oht obstrvaoion group (F(1,9) = 0.67, p = .435, η2
G = .021). Thtst rtsulos indicaotd ohao, undtr 

non-flipptd condioions, oht volunoary-conorol group showtd smalltr AP alpha ohan oht 

obstrvaoion group. Mortovtr, whtn oht visual fttdbacks wtrt horizonoally flipptd, oht volunoary-

conorol group showtd incrtastd AP alphas comparablt oo ohost in oht obstrvaoion group. In sum, 

ML and AP posoural sway in oht volunoary-conorol group tnhanctd ios stlf-similarioy such ohao 

ntartr paso posoural flucouaoion influtnctd oht substqutno flucouaoion, buo oht influtnct on stlf-

similarioy in AP dirtcoion was dtotrioraotd by spaoially incongrutno, flipptd visual fttdback.

Correlations among subjective and postural measures

Tablt 3 displays corrtlaoions btowttn raoings of stnst of conorol ovtr visual fttdback, magnioudt 

of posoural sway, and ios stlf-similarioy (i.t., alpha) from booh groups undtr tach of oht four 

fttdback condioions. This analysis allowtd us oo chtck how ohtst subjtcoivt and posoural indicts 

wtrt corrtlaotd, rtgardltss of txptrimtnoal manipulaoions (i.t., insorucoion, fttdback gain and 

flip). Rtsulos showtd ohao stnst of conorol raoing corrtlaotd posioivtly wioh oooal, ML, and AP 

paoh ltngohs and ntgaoivtly wioh AP alpha. Thrtt paoh ltngohs wtrt also ntgaoivtly corrtlaotd 

wioh AP alpha. Thtst rtsulos indicaot ohao sorongtr stnst of conorol ovtr visual fttdback is 

associaotd wioh oht grtaotr posoural sway in paoh ltngoh and oht stlf-similarioy whtrtby ntartr 

paso posoural flucouaoion in AP dirtcoion influtncts on oht substqutno flucouaoion. Howtvtr, ML 

alpha was noo associaotd wioh any of oht raoings or magnioudts of posoural sway, alohough ML 

and AP alphas wtrt posioivtly corrtlaotd. Tht tnvtloptd arta did noo corrtlaot wioh any 

mtasurts.

DISCUSSION
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- Donker, S.F, Roerdink, M., Greven, A.J. & Beek, P.J. (2007). Regularity of center-of-pressure trajectories depends on the amount of attention invested in postural control. Experimental Brain Research, 181:1-11.

As a suggestion, the authors could use this variables as another index of intention level.

csanchez
Highlight
I would need that the author address the issues in the design to be able to evaluate the discussion.



Tht prtstno soudy txamintd how inotnoion oo conorol visual fttdback of posoural sway and 

modificaoion of visual fttdback by gain magnificaoion (low or high) and horizonoal flip (wioh or 

wiohouo) havt rtcurrtno influtncts on posoural sway and ios otmporal sorucourt (i.t., stlf-

similarioy). Tht inotnoion oo conorol was proptrly manipulaotd: paroicipanos in oht volunoary-

conorol group, who wtrt insorucotd oo minimizt ohtir posoural sway whilt volunoarily conorolling 

visual fttdback, indttd raotd ohtir txptritnctd stnst of conorol ovtr visual fttdback mort highly

ohan did ohost in oht obstrvaoion group, who wtrt insorucotd oo minimizt ohtir posoural sway 

whilt mtrtly obstrving visual fttdback wiohouo inotnoional rtftrtnct oo io for posoural conorol. 

Tht owo main findings art dtscribtd btlow.

Voluntarily controlled, but not merely observed, visual feedback affects postural stability

Tht firso main finding was ohao, as hypoohtsiztd, modificaoion of visual fttdback afftcotd 

posoural sway in oht volunoary-conorol group and noo in oht obstrvaoion group. Sptcifically, 

magnifitd gain and horizonoal flip of oht fttdback incrtastd paoh ltngoh of CoP displactmtnos in 

ML and AP dirtcoions, whtrtas oht tnvtloptd arta of posoural sway was incrtastd only by 

horizonoal flip (stt btlow for discussion rtgarding oht difftrtnct btowttn paoh ltngoh and arta). 

Prtvious soudits havt dtmonsoraotd an inotracoivt tfftco of inotnoion oo conorol fody posttre on 

oht tfftco of visual fttdback, indicaoing ohao visual fttdback can afftco posoural soabilioy only 

whtn obstrvtrs art insorucotd oo minimizt posoural sway (Loram, Ktlly & Lakit, 2001). In 

conoraso, oht prtstno rtsulos suggtsotd an inotracoivt tfftco of inotnoion oo conorol vistal peedfack 

on oht tfftco of visual fttdback iostlf, indicaoing ohao visual fttdback can afftco posoural soabilioy 

only whtn obstrvtrs volunoarily conorol oht visual fttdback. In ohis siouaoion, tvtn aroificially-

addtd visual fttdback should bt incorporaotd inoo oht stnsorimooor loop in oht fttdback conorol 

sysotm for onlint adjusomtnos of body posourt (Mtrgntr & Rostmtitr, 1998; Ptotrka, 2002). 

Alohough many rtstarchts havt focustd on oht tfftcos of addioional stnsory fttdback on posoural

conorol (van Ptpptn to al., 2006; Zijlsora to al., 2010), ohty migho havt ovtrlooktd how stnsory 

fttdback is volunoarily conorolltd and/or uoiliztd by obstrvtrs.

Howtvtr, ohtrt sttm oo bt owo sidt tfftcos of inotnoional conorol of visual fttdback. Firso, oht 

volunoary-conorol group apptartd oo show grtaotr paoh ltngohs and tnvtloptd arta in all 

condioions ohan did oht obstrvaoion group, alohough a significano main tfftco of Insorucoion was 

obstrvtd only for oht ML paoh ltngoh. Explicioly-guidtd inotnoion oo minimizt posoural sway can 

robusoly dtcrtast posoural sway mort ohan juso an inotnoion oo rtlax can (Loram, Ktlly & Lakit, 
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2001; Miora & Fraiztr, 2004; Rtynolds, 2010; Sooffrtgtn to al., 2006; Utoa to al., 2015; Zok, 

Mazza & Cappozzo, 2008). Mortovtr, giving aootnoional focus oo txotrnal objtcos whilt 

inotnding oo minimizt posoural sway can also soabilizt posoural conorol (McNtvin & Wulf, 2002; 

Wulf to al., 2004). Givtn ohao booh groups in our txptrimtno wtrt insorucotd oo minimizt posoural

sway, and individuals in oht volunoary-conorol group would havt focustd ohtir aootnoion on an 

txotrnal objtco (i.t., visual fttdback), io would bt plausiblt ohao oht appartno difftrtncts in 

posoural soabilioy btowttn groups rtsulotd from oht tfftco of inotnoion oo conorol oht visual 

fttdback ptr st. Stcond, conorary oo our prtdicoion, high gain fttdback increased ohrtt oypts of 

paoh ltngohs (buo only undtr oht flipptd condioions), whilt prtvious soudits havt suggtsotd ohao 

high gain visual fttdback decreases posoural sway in htalohy individuals (Cawsty to al., 2009; 

Jthu, Thibaulo & Lajoit, 2016; Rougitr, Fartnc & Btrgtr, 2004). Possiblt txplanaoions for oht 

abovt sidt tfftcos may bt ohao paroicipanos had oo adjuso oht oritnoaoion and/or posioion of ohtir 

body during quito soanding in ordtr oo volunoarily conorol and minimizt oht movtmtno of visual 

fttdback; ohis may havt rtsulotd in posoural insoabilioy. Mortovtr, whtn fttdback gain was 

magnifitd, paroicipanos had oo adjuso ohtir body posourts oo a grtaotr txotno. Alohough ohtrt has 

bttn a conorovtrsy rtgarding oht tfficacy of visual fttdback oraining on posoural conorol (Gturos 

to al., 2005; van Ptpptn to al., 2006), io migho bt sptculaotd ohao oht mixtd ouocomts of visual 

fttdback oraining could bt dut oo oht lack of invtsoigaoion on oht influtnct of inotnoional tfforo oo

ust visual fttdback oo adjuso body posourt.

Alohough inotnoional conorol of visual fttdback may caust ptrourbing sidt tfftcos, our corrtlaoion

analysis indicaotd ohao ohtrt wtrt posioivt corrtlaoions btowttn stnst of conorol raoings and oooal, 

ML, and AP paoh ltngohs across groups and condioions. This suggtsos ohao in ordtr for addioional 

visual fttdback oo afftco posoural conorol, oht txisotnct of booh insorucoion oo volunoarily conorol 

visual fttdback and oht txptritnctd stnst of conorol ovtr oht visual fttdback art imporoano, 

rtgardltss of oht magnificaoion and spaoial bias of oht fttdback. Wt should poino ouo ohao tvtn 

ohough oht obstrvaoion group was insorucotd noo oo inotnd oo conorol oht visual fttdback, ohty did 

noo indicaot ohao ohty ftlo no stnst of conorol (mtan scorts ranging approximaotly 2.0–3.5, stt 

Fig. 2). Io can bt sptculaotd ohao alohough oht obstrvaoion group did noo havt a priori inotnoion oo 

conorol visual fttdback, ohty migho havt txptritnctd a stnst of conorol unconsciously gtntraotd 

from poso-hoc inftrtnct (Synofzik, Vosgtrau & Voss, 2013; Wtgntr, 2003), btcaust ohty kntw 

ohao oht movtmtno of visual fttdback corrtspondtd oo ohtir own CoP displactmtno. If so, in ohtir 

violaoion of oht insorucoion providtd oo oht obstrvaoion group, visual fttdback migho havt had an 
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influtnct on ohtir posoural conorol.

Wt should also clarify ohao oht tfftcos of gain magnificaoion and horizonoal flip on paoh ltngoh in 

oht volunoary-conorol group wtrt appartno only whtn booh of ohtm wtrt applitd, suggtsoing ohao 

tach of ohtst fttdback modificaoions by iostlf was noo sorong tnough oo dtmonsoraot an tfftco. 

Whilt a prtvious finding suggtsos ohao horizonoal flip of visual fttdback could caust posoural 

insoabilioy (Shilltr to al., 2017), in our low gain condioions, oht flip did noo rtsulo in any tfftco on 

oooal and ML paoh ltngohs, and tvtn had a soabilizing tfftco on AP paoh ltngoh. This migho bt 

btcaust paroicipanos may havt had difficuloy in dtotcoing horizonoal flip btcaust of oht low 

dtgrtt of fttdback gain, and, constqutnoly, oht flip did noo ptrourb ohtir posoural conorol. If ohis 

is oht cast, ohis txplanaoion also accounos for oht ptrourbaoion tfftco of horizonoal flip in high gain

condioions: paroicipanos could dtotco flip btcaust of oht largt amouno of visual fttdback 

movtmtno, and oht flip ohus afftcotd ohtir posoural conorol. Ntvtrohtltss, horizonoal flip incrtastd

tnvtloptd arta, rtgardltss of fttdback gain. This may highligho oht lack of magnificaoion of 

visual fttdback in oht high gain condioion, and also suggtso a pootnoially difftrtno naourt of paoh 

ltngoh and tnvtloptd arta. Rtgarding sufficitno amounos of fttdback gain, rtlaoivt difftrtnct 

btowttn a high gain of 0.25° and a low gain of 0.10° corrtsponding oo 1 mm CoP displactmtno 

migho noo bt tnough oo incrtast posoural sway, givtn ohao prtvious soudits havt rtporotd ohao 

visual fttdback wioh gains of 1.43° rtlaoivt oo 0.14° (Rougitr, 2005) and 0.29° rtlaoivt oo 0.06°

(Jthu, Thibaulo & Lajoit, 2016) dtcrtastd mort posoural sway (noot ohao oht auohors oransformtd 

oht original cm gain valuts inoo ohost of visual anglts bastd on vitwing disoancts rtporotd in oht 

ciotd paptrs). Furohtr soudits art nttdtd oo tlucidaot rtlaoionship btowttn visual fttdback 

modificaoions and inotnoional conorol of visual fttdback, by applying widt-rangtd, fintly varitd 

fttdback gains and spaoial rooaoions.

Voluntarily controlled feedback modulates self-similarity in postural sway

Our stcond main finding was ohao ML and AP alpha txpontnos compuotd by DFA in booh groups 

ftll wiohin oht rangt of 0.5–1.0, and oht volunoary-conorol group txhibiotd smalltr alphas ohan did

oht obstrvaoion group, txotnding prtvious soudits showing ohao mtrt prtstnoaoion of visual 

fttdback of posoural sway rtductd alpha txpontnos (Caballtro Sanchtz to al., 2016; Rougitr, 

1999). Tht prtstno rtsulos furohtr suggtsotd ohao inotnoion oo conorol visual fttdback can also 

rtsulo in otmporal sorucourt of CoP displactmtnos wioh ptrsisotno long-rangt corrtlaoion, buo can 

txhibio bthavior similar oo anoi-ptrsisotnct, namtly, oht sorong influtnct of ntartr paso posoural 
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flucouaoion on oht substqutno flucouaoion. Wt inotrprtotd ohao oht sortngohtntd visuo-posoural 

loop rtsuloing from volunoary conorol of visual fttdback may caust a rtcursivt rtlaoionship 

btowttn oht immtdiaot paso (or substqutno) CoP flucouaoion and substqutno (or immtdiaot paso) 

movtmtno of visual fttdback, rtsuloing in a stlf-similarioy dtptndtno on shoro-rangt corrtlaoion. 

Similar oo oht magnioudt of posoural sway, stlf-similarioy in AP posoural sway also corrtlaotd 

wioh stnst of conorol raoing, rtgardltss of insorucoion and fttdback modificaoions. This suggtsos 

ohao posoural conorol is rtcurrtnoly modulaotd by visual fttdback whtn obstrvtrs fttl ohao ohty 

art conorolling oht visual fttdback ohtmstlvts. Our inotrprtoaoion can bt supporotd by prtvious 

soudits using a visuo-manual oask (t.g., drawing), which havt suggtsotd ohao whtn visual 

fttdback rtprtstnoing anoohtr individual’s movtmtno is prtstnotd oo obstrvtrs as oht fttdback of

ohtir own movtmtno, if oht obstrvtrs fttl ohao ohty art conorolling oht (fakt) fttdback by 

ohtmstlvts, ohty otnd oo incrtast movtmtno trror oo comptnsaot for oht incongrutnct btowttn 

ohtir acoual movtmtno and oht fakt fttdback (Asai, 2015; Nitlstn, 1963). Alohough posoural 

conorol may difftr from manual conorol in stvtral asptcos, wt sptculaot ohao stnst of conorol has 

a rolt for oht tsoablishmtno of rtcursivt stnsorimooor coordinaoion ohao also txisos in posoural 

conorol.

Rtsulos suggtsotd ohao ohtrt was a nooablt difftrtnct btowttn ML and AP stlf-similarioits. For 

insoanct, oht tfftco of oht insorucotd volunoary conorol of visual fttdback on AP alpha, buo noo ML

alpha, was afftcotd by flipptd visual fttdback. Furohtrmort, ML alpha was noo corrtlaotd wioh 

oht stnst of conorol raoing, unlikt AP alpha, alohough ML and AP alphas wtrt posioivtly 

corrtlaotd. Ont possiblt txplanaoion for oht difftrtncts is ohao oht AP axis in acoion and spact 

rtprtstnos gaio, arm swing, and rtaching movtmtno oo grasp somtohing, whilt ML axis dots noo. 

Indttd, imagtry of AP dirtcoional acoion pootnoially acoivaots mooor rtprtstnoaoion and incrtasts 

posoural sway in oht AP dirtcoion (Bouloon & Miora, 2013). Givtn ohis and oht corrtlaoion 

btowttn AP stlf-similarioy and txptritnctd stnst of conorol ovtr visual fttdback, posoural 

conorol for AP dirtcoion migho bt sto up oo fltxibly incorporaot txotrnal candidaots (t.g., moving 

squart) alongsidt oht AP axis inoo a visuomooor loop, allowing individuals oo inotraco wioh 

txotrnal world. Thtrtfort, io may bt sptculaotd ohao, whtn spaoially incongrutno (t.g., flipptd) 

visual fttdback is volunoarily conorolltd, oht posoural conorol sysotm for AP dirtcoion txcludts 

oht incongrutno visual fttdback from incorporaoion inoo oht visuomooor loop, and, constqutnoly, 

AP stlf-similarioy would bt comparablt oo ohao undtr oht condioion of mtrt obstrvaoion of visual 

fttdback.
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Differences between sway path length and area

In our txptrimtno, paoh ltngohs and oht tnvtloptd arta of CoP displactmtnos showtd difftrtno 

otndtncits in oht tfftco of fttdback modificaoions and difftrtno rtlaoionships wioh stnst of 

conorol and stlf-similarioy. Tht volunoary-conorol group txhibiotd oooal, ML, and AP paoh ltngohs 

subjtco oo oht tfftcos of fttdback gain and horizonoal flip, and tnvtloptd arta afftcotd only by 

horizonoal flip. Furohtrmort, ohtrt was no corrtlaoion btowttn paoh ltngohs and tnvtloptd arta. 

Thtst rtsulos suggtso a difftrtno naourt of ohtst indicts, which may bt inotrprtotd by ohtir 

difftrtno origins: sway paoh ltngoh, which rtfltcos how frtqutnoly CoP flucouaots, originaots 

mainly from proprioctpoivt and mooor sysotm (Maurioz & Ditoz, 1980), whtrtas sway arta, 

which rtfltcos how widtly CoP flucouaots, originaots from vtsoibular funcoion (Kapotyn & dt 

Wio, 1972). Wt found ohao oht ohrtt paoh ltngohs, stnst of conorol raoing, and stlf-similarioy (i.t., 

alpha) in AP dirtcoion corrtlaotd wioh tach oohtr, whilt oht tnvtloptd arta did noo corrtlaot wioh 

any indicts. Thtst rtsulos noo only furohtr suggtso oht difftrtncts btowttn sway paoh ltngoh and 

arta, buo may also indicaot ohao stnst of conorol conoribuots mort oo oht mooor-rtlaotd sway 

compontno (i.t., paoh ltngoh) consoiouoing a clostd visuo-mooor loop txprtsstd by stlf-similarioy 

in posoural sway.

Sense of control unaffected by visual feedback modifications

Tht subjtcoivt raoing of oht stnst of conorol ovtr visual fttdback of ont’s own acoions has bttn 

rtporotd oo bt afftcotd by inotnsioy and spaoial congrutnct of visual fttdback. For txamplt, fasotr

movtmtno of doos origgtrtd by an obstrvtr’s kty prtss is liktly oo rtsulo in a sorongtr stnst of 

conorol ovtr oht moving doos (Kawabt, 2013). Mortovtr, angular biasts instrotd inoo visual 

fttdback of obstrvtrs’ manual acoions using a joysoick and compuotr moust can rtduct stnst of 

conorol ovtr oht visual fttdback (Asai & Tanno, 2007; Farrtr to al., 2008). Conorary oo our 

prtdicoion madt from ohtst prtvious findings, oht prtstno rtsulos showtd ohao stnst of conorol 

ovtr visual fttdback of posoural sway was noo afftcotd by fttdback gain and spaoial incongrutnct

(i.t., flip). Thtrt wtrt owo pootnoial txplanaoions. Firso, oht quanoioy of gain magnificaoion was 

noo tnough oo incrtast stnst of conorol. Indttd, Kawabt (2013) rtporotd ohao 8.5°/stc movtmtno 

of doos inioiaotd by paroicipanos’ kty prtss inductd sorongtr stnst of conorol ohan did 2.1°/stc 

movtmtno, whilt 4.2°/stc movtmtno did noo induct sorongtr stnst of conorol ohan oht 2.1/stc 

movtmtno. Thus, our “high” fttdback gain migho indttd noo bt high tnough oo incrtast stnst of 

conorol.

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

PeerJ reviewing PDF | (2017:12:22780:0:1:NEW 8 Jan 2018)

Manuscript to be reviewed



A stcond pootnoial txplanaoion, alohough sptculaoivt, is ohao oht null tfftco on stnst of conorol 

raoing migho bt btcaust of a pootnoial difftrtnct btowttn visuo-manual and visuo-posoural 

rtlaoionships. Stnst of conorol ovtr txotrnal objtcos and stnst of agtncy ovtr ont’s own acoions 

havt bttn ohougho oo sotm from an inotrnal forward modtl of oht stnsorimooor sysotm in oht 

brain (Frioh, Blaktmort & Wolptro, 2000), which includts oht prtdicoor and ios comparaoor in 

ordtr oo maoch prtdicotd and acoual stnsory fttdbacks bastd on mooor commands (Wolptro, 

Ghahramani & Jordan, 1995). Alohough many soudits havt txptrimtnoally manipulaotd 

spaoiootmporal (in)congrutnct btowttn stnsory fttdback and lantal acoion and rtvtaltd oht 

mtchanisms of stnsts of conorol and agtncy (David, Ntwtn & Vogtlty, 2008; Haggard, 2017), 

lioolt is known abouo oht stnst of conorol ovtr stnsory fttdback of ptll-fody movtmtno such as 

posoural conorol, txctpo for locomooion (Kannapt & Blankt, 2013; Kannapt to al., 2010). Givtn 

ohao body posourt is soabiliztd bastd noo only on oht prtdicoivt fttdforward conorol sysotm

(Fiozpaorick, Burkt & Gandtvia, 1996), buo also on oht rtsponsivt fttdback conorol sysotm

(Ptotrka, 2002), stnst of conorol ovtr stnsory fttdback of posoural sway may arist in a manntr 

difftrtno from ohao of manual acoion, whtrtby stnst of conorol in posoural conorol wtighs ios 

dtptndtnct ltss on oht inotrnal forward modtl ohan io dots in manual acoion. Alotrnaoivtly, wt 

migho assumt ohao if oht forward modtl is unliktly oo prtdico singlt visual tvtno (t.g., moving 

squart) in oht tcological tnvironmtnos as a constqutnct of posoural sway and/or full-body 

movtmtno, oohtr ohan opoic flow (Fajtn, 2007), stnst of conorol would noo bt afftcotd by 

(in)congrutnct of visual fttdback, rtgardltss of gain and flip.

CONCLUSIONS

Tht prtstno soudy suggtsotd ohao obstrvaoion of magnifitd and horizonoally flipptd visual 

fttdback of posoural sway in a quito soanding posioion can rtcursivtly afftco posoural sway only 

whtn individuals inotnd oo conorol oht movtmtno of visual fttdback. In such siouaoions, oht 

otmporal proctssts of posoural sway can btcomt mort stlf-similar, such ohao a ntartr paso 

posoural flucouaoion is mort liktly oo havt an influtnct on oht prtstno flucouaoion, implying a 

mort oigholy clostd visuo-posoural loop. Our findings shtd ligho on oht pootnoial rolt of inotnoion 

and mtnoal sto for posoural biofttdback otchniqut for htalohy and impairtd individuals. 

Paroicularly, io can bt fruioful oo furohtr invtsoigaot how inotnoional conorol of stnsory fttdback 

and txptritnctd stnst of conorol havt influtnct on posoural conorol in paoitnos who havt 

undtrgont a sorokt (Shumway-Cook, Anson & Halltr, 1988), havt a vtsoibular disordtr (Frtgly, 
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1974), or whost posoural soabilioy is liktly oo bt ptrourbtd, and schizophrtnic and schizooypal 

individuals, who otnd oo txptritnct wtaktntd stnst of conorol ovtr txotrnal objtcos and impairtd

stlf-oohtr discriminaoion (Asai, 2016; Franck to al., 2001).
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Figure 1(on next page)

Schematic of the visual feedback of postural sway.

(A) The force plate tracked the displacement of participants’ center of pressure. (B) The

center of pressure displacement of 1 mm on the force plate corresponded to 0.10 and 0.25°

displacement of a white square on the black screen in head-mounted display under the low

and high gain conditions, respectively. For example, in the non-flipped and flipped conditions,

when the center of pressure moved to the front left, the white square moved to the upper left

and right, respectively.
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Figure 2(on next page)

Subjective rating of the sense of control over visual feedback of postural sway.

Error bars denote standard error of the mean. Asterisks indicate a significant difference

between groups (***p < .001).

PeerJ reviewing PDF | (2017:12:22780:0:1:NEW 8 Jan 2018)

Manuscript to be reviewed



0 

2 

4 

6 

8 

10 

Low gain Low gain 
flipped

High gain High gain 
flipped

S
e

n
s
e

 o
f 
c
o

n
tr

o
l 
ra

ti
n

g Voluntary-control group

Observation group
***

Visual feedback conditions

PeerJ reviewing PDF | (2017:12:22780:0:1:NEW 8 Jan 2018)

Manuscript to be reviewed



Figure 3(on next page)

Magnitude of postural sway.

(A) Total path length, (B) medio-lateral (ML) path length, (C) antero-posterior (AP) path

length, and (D) enveloped area of the center of pressure displacements. Error bars denote

standard error of the mean. Asterisks indicate significant simple main effects (*p < .05, **p <

.01).
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Figure 4(on next page)

Self-similarity in postural sway.

(A) Medio-lateral (ML) and (B) antero-posterior (AP) alpha scaling exponents of the center of

pressure displacements computed by detrended fluctuation analysis. Error bars denote

standard error of the mean. Asterisks indicate significant (simple) main effects (*p < .05, **p <

.01).
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Table 1(on next page)

Characteristics of participants.

Mean value is followed by standard deviation in parentheses. Asterisk indicates Welch’s

correction for violation of the homogeneity assumption.
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Voluntary-

control group

Observation 

group
Statistics for group differences

Sex
Male 7, 

female 3

Male 5, 

female 5
χ2(1) = 0.83, p = .361, φ = .204

Age (year) 19.40 (1.43) 18.80 (0.63)
t(12.39*) = 1.21, p = .248, d = 

.543

Height (m) 1.680 (0.091) 1.671 (0.066) t(18) = 0.25, p = .803, d = .114

Weight (kg) 55.20 (6.30) 56.40 (7.29) t(18) = 0.39, p = .698, d = .177

Body mass index (kg/m2) 19.54 (1.41) 20.12 (1.41) t(18) = 0.92, p = .369, d = .412
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Table 2(on next page)

Summary of the main effects and interactions of three factors on each dependent

variable.

Degrees of freedom were 1 and 18. Statistically significant values (p < .05) are bolded.
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Instruction Gain Flip
Instruction 

× Gain

Instruction 

× Flip

Gain 

× Flip

Instruction × 

Gain × Flip

F 16.46 2.06 0.06 < 0.01 0.14 0.37 2.95

p .001 .169 .804 .972 .710 .552 .103
Sense of 

control
η2

G .355 .036 < .001 < .001 < .001 .001 .007

F 3.29 7.50 2.39 5.71 1.42 6.09 11.02

p .086 .014 .139 .028 .249 .024 .004
Total path 

length
η2

G .149 .007 .002 .005 .001 .003 .006

F 5.39 4.24 3.76 2.92 2.86 2.22 7.65

p .032 .054 .068 .104 .108 .153 .013
ML path 

length
η2

G .214 .012 .006 .008 .004 .001 .005

F 1.85 12.47 0.79 9.05 0.28 7.01 11.62

p .191 .002 .387 .008 .605 .016 .003AP path length

η2
G .091 .005 .001 .004 < .001 .004 .006

F 2.93 0.34 12.04 < 0.01 3.86 4.09 0.82

p .104 .565 .003 .959 .065 .058 .377
Enveloped 

area
η2

G .110 .002 .054 < .001 .018 .011 .002

F 4.53 4.55 0.18 2.19 < 0.01 4.55 2.19

p .047 .047 .672 .156 .985 .047 .156ML alpha

η2
G .114 .016 .004 .008 < .001 .016 .008

F 6.32 1.23 10.44 1.27 4.69 1.23 1.27

p .022 .282 .005 .274 .044 .282 .274AP alpha

η2
G .203 .003 .092 .004 .044 .003 .004

ML: medio-lateral; AP: antero-posterior.
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Table 3(on next page)

Correlations among subjective and postural indices from all participants under each

visual feedback condition.

Values are Pearson’s correlation coefficients (r) followed by p values (two-tailed; false

discovery rate corrected) in parentheses. Degrees of freedom were 78. Statistically

significant values (p < .05) are bolded.
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Sense of 

control

Total path 

length

ML path 

length

AP path 

length

Enveloped 

area
ML alpha

Total path 

length
.408 (.001)

ML path 

length
.492 (.001) .900 (.001)

AP path 

length
.301 (.015) .951 (.001) .723 (.001)

Enveloped 

area
.151 (.224) .125 (.296) .208 (.096) .050 (.656)

ML alpha -.135 (.270) -.167 (.182) -.212 (.096) -.107 (.362) -.210 (.096)

AP alpha -.348 (.005) -.376 (.003) -.446 (.001) -.283 (.021) -.180 (.153) .595 (.001)

ML: medio-lateral; AP: antero-posterior.
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