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W oBLEERELMEA L FLE OHL,E @t

(1. #T A% HHEFE, T RN 310028; 2. FEEF ¥, i 200438;
3. MR T ¥R, LT R 110102; 4. ML A ZH R E 5 ETEFLAH, L AN 310028;
5. ML A WIEAFF R PG, AT AL 310028)

W OEAZIARAE—ANTFHERE 2%, PR Z & %2 TR RFANA &3 — A2E b @4 a8 F &
WA A S FF P, R EARIE SRk, T MR B BRI JE ARIE B AR R AR P AR A
STARIEH G PR LA YR BRI A AP 22 A Guil if B i 3R 4R 5 T AL MR A A ) 09 7 KR B2 TR B )
FEH A R A, BER SR T LA YR S 6 A R A R KL E, 2 T U B ) AL R A e UL B ) T 84 R
At FERTEoMTEERTAHFZ GREFRIBAERN T @G LA, RK B WA XA DR 25 4 3L
Vo0 L5 A R BV UL AL SR A AR 5, WL W B AR TR AE 3D 4 Ao AR 8 TTAR I 0] B 45, T DARAF M AR P AR AP 2
RS ILR E S A FE R AL . B it B AR S 52 3T X, R R B2 3k AR T AR R T AR AR TR L A P ) 89 A3 AL AR

I LG ZEIH RAREZLEELEFALGT @,

KB ARIB ) ;IE IR A H ;LA HFE
FE S 2ES:GR04.5 XEAFRINAD : A

Ny sh A7 Cansli s GE B Bk AT A
B o B Sl 2 A5 R ARG B = AR 4
HHE kT T AT RGN R IB 8 X 3N 2R, %2 N
YiRe s TN o 2Bl 2= 05 1l i B 52 R 0T, 8 sl 4 il 2
PR A A 42 R 4t (central nervous system, CNS) DA JZ 9 F1 347
J 2C ) A BN A o 32 Sl AR 0 s ()RR CNS i faf
PR SIS RAT R B AR TR LS B KRR
JEIF I 2 R g8 (B2 AR 55, 1990) , 32 Bl IR i 4 25
Ak B — A~ R 29 1074 B2 27 4 600 R JJLIA 1200 458 55
SR 2 LA B R G, X R BUEM LA A TS
25 [a] v I 8% 19 A B B (degree of freedom, DOF) % n &
3B Bl A A ] AR m (m<<n) o B, TEIR 2 ALK
M) — B2 3l i R R is gy, 558 s i Ak BT
P R AE (PRFEAS 45,2012 F 9% 3¢ 45,2017 ; Hirashima
et al.,2016; Latash,2012; Latash et al.,2002) . Xt A\ {4z
3l B9 043 7 il (redundancy control ) [7] 1 , 11 FK “ Bernstein [1]
B2 | R,

BEXS A 2 ARG ) 19 T A 45 ) ) 8, Winter (2009 ) $2
0 A28 L PR AR 48 Y )2 # G 312 (Neuro-musculo-
skeletal integration) : % 1 JZ2# & JE X} a s sh ML IL W T A
2 Ao A AT Bl OR RN 5 2 R A 2R X LY Y i

SR IB Z B T0R I U 5K T7 5 56 3 IR R 5 2 4%
AN ST BT T S LRSS UL PR g 4E R AT R A
FARBOA R REE, BT REE 2R RSN
R3S, SRR R S BB AR AT 55 o X R G PR A S R AR
g IE” (synergy ) o ZFRIB NN JILPA ) 46 & CNS 4 1 52
B E AT 55 19 e 4R AF |, 4N 52 4% 3 48 (the support moment )
AT A AT Ok R R R R SE AR UL PR Y 0 A A
(Winter, 1980) . 73 4h, £ A IE 3l 1 i 28 UL 1A 428 361 BIL 1
Ji T, Bernstein (1967 ) B Uk 4 Hi — FhA He fb 42 ) 2%, A
RRBIERN L 8 RS —H BN Z HOoT RS
——iz ¥ [F] (movement synergies) . K i BH A 8% EL 1F
149 U3 5] 1 P At A A A 2 1) Bl 48 T 8% v s Bt 2 [l 8 11
16 1 F 7 2R X5 LR A AT 55 R0 8 sl AL HR e ] LA
820 RO A il ) A5 | A 1 3 B AR o 3 R 7 42 Bl B B

WrRs BHA: 2020-06-11; 11T HHER: 2020-12-02

BEE&WB: EHRE S LR R4 175 5 % 50 (2018YFF030
0501),

FE—EEE N HB(1984-) , F LR AL, ERHFIE T 10 R
ARG, E-mail ; yangyil023@zju.edu.cn,

SEEEERY: TaE(1961-) 3 #efz, it FEMR T AN T
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6] VE I AR 2 G oT R A5, ZE DLIAE 3hax — B g Fk
HILA 317 (muscle synergies) o

AR A B R B L 255 A BRI T AT 55 R IR
LIEPERPAT — R I SELL5E B AR AT 55 . BARIE 3h
T RS AT 55 R EE 3 B R AH BAE F = A, 2 Tl
1B B R TN BEAT , CNS AR B8 & K& W% il 2E &, 6
Wh I [N 3B B ST HE N ) 5 Bl A B 0 2 R Bk 2 R
(fe 223 45 ,2019; XI5°,2010; EREGE 45, 20135 £ 4
4F,2017; EIFIC A5, 2018) o 1 LAY B IA] 2 7E CNS o
T 348 J2 P T AT 55 24 SR A 00, B X T s A L PR B 1D
1A B R R 5 2 P 2 PR A TR IR) A A A P SR BT X
¥, 75 ik (Bizzi et al., 2008 ; D’ Avella et al., 2005) . %
Rl (Tresch et al., 1999) fil /i ( Desrochers et al., 2019; Ting
et al., 2007) % FI A 2 (Chvatal et al., 2013) 9 F 55 #5 A JlL
PR Bp [ BE 36 o 2 S R R A3 T T 0 A B IR L (BT
5315 U PR B [ Ao 228 e S 9O R 2 JE Y S S X X — B
2 H T Pk (Kutch et al., 2008 ; Valero-Cuevas et al., 2009 ) .
Kutch 45 (2008 ) FI| 1112 2l 7 G¢ A5 5 AR OC M 7 45 MR Al 1
7R BN R A3 3 3 1) B9 LA OIS AR e A A A [ AR
P 2377 1) 9 AT AE R B TR AR S AR RO LA S A AR T . K
IR A5 R FT W, 58 WO AT 55 2 M 7 SE AR A LAY i oA 2
T LA B I ] B SR AR A LA SR SE B . X 3 2 SR L
PRI I ] A1 15 14 55 56 06 A7 L DT 14 3 2 0 85 78 T WL IR B Il 2
WA 55 2930, T ASJ2: SRR T M 28 s o SR s . il R I ULERL
[ (surface electromyography, SEMG ) il Jj i 1 % 3t 3% i 4%
(functional magnetic resonance imaging, fMRI) %% 4} 43 #7 1)
-9 R o SR L NS RV IR INS P 2 ¢ RN L
T B A IR A ), T SR A 2 R IR . B
AN PRES T B8 8 AN 5] 174 JUL PR 98 07 A e 38 S0 AH ] 19 4F: 55
HbRo UL AP ) B8 0 WF 58 32 W R [ AN 4R 1932 20 £
TE — A AL [7] (4 485 P Al il 2 P T AL —— WL BRIR] . LI
Pp T B30 W) DAAR G b A B CNS X LIRS % 45 i LA, DA T
BRI A RGN NI RER . AR, B N 225 X
WL A Dy 5] 2 38 K H R A 9 BF 59 8% Ok B 22 (Cheng et al.,
2019; Israely et al., 2018; Singh et al., 2018) , A #ff 57 ¢ [
P A LA B I 2838 1) F 5T 0 e K HCAE 1R A A2 LI R B2
S RNHL AR A AE 7 Y R AT Sk DU R 20 R
B g UL PR B[] B9, O e B8ORSk BIF Y AN N Y R e
JEE2TS

1 AthEIER

B3 NRIZ S g0 bl I R sl 22 11 Wl B Il B,
ArEZR S T3 IS,

1) B ¥ 2 (elimination theory) o % i 1A iy CNS i
i ¥4 DOF %t a /0 B S0 AT AF 55 i 5 1) B30 o > fife o () it
(Latash et al., 2007 ) . X fh % DOF 4“4 45" 5 [ Bernstein
64

P Y B s, e AR IB B AT N AR T 2 g L .
14 B% DOF (W 8k & = SR AE iz g 27 J2 T b 42 iy, i ok %
JE Iy U 2 B OCE 2 AL S P I TR .

2) et Ak 3t (optimization theory) . i3k A JEAH S I
THRCERM TR Ei Al — il i 2 AR R g b
BRI 2 1 A T R R AT Rl e v i B o O AR Y Tk
e A0 A B T B A Ay S i R AN T b Sy B O I )
— AN iE AT 55 T3 4R el (Berret et al., 2019) . #F5E#
AT AR S T B BE AT R s R b i R A 1Y 02 B 3
Ao X IEHESE Y BRI PETE TARAT RS B R &
255 T A i e i ] 52 5000 Ak Y 108, e P 1k B
WA T B O A2 B S R 2 L HAL S AR iR Bk
A7 ARE IFAS B U8 W) R I S5 PR 2 o fish & 2% fie O 5
o PRI, R 2 A ] 38 45— A {5 Bl FE IRUAS B /b
P4 fige ke Jy 28, X a2 T L) LA AN 1D

3) JULIA B[] B8 (muscle synergies theory) . 1% P8 &
— PR A R S G A 2 BRI S B RS
T — BB AR E BOT R G5 R, AT DL T A A ()
RS E 1T RAS o X RIL 2 G T0 R S5 4 T 4 Pk iz Bl
L (motor modules) . iz 3Jj il # (motor primitives) , B¢ 7F
WEFE LI SR AR I, Bl AR S LA B[] o i B 4 4
TLIE (9 B R P At 7 A8 5 2 04 1 2 Tl B o 3k 2 o 22 ]
% I A VR AR X LA A AT 55 ORI B s A o %
WA 12 B f R LR B R T A e, LA
Wi 7= A AR Z2 385 5538 SR LR T4 . 985, CNS
38 1 # 4 5.5 ) 46 (interactive torque ) | 7 40 A4 fisk ) 40
S5 R Wb VA 2 R AT 0TS W) 3D 7 2248 4 45 1 (dynamic cou-
pling) (Zajac et al., 1989) , T fIt 5 Hb ¢ 1 W % 42 ) B 45
(PNF5E, 2014) o BN, 78 b R0y a2 2h U [e) 45 61 Jr T, 1
X gz AT 55 vp OGS I HE TP TS S By B ST R W, O 6T
12 Bl B AZ AL W LR g R 3K By, T 0 565328 3l R 58 b
7 A B LSl SRR S LA ) AR G T P LS A
BT 32 261 1 UL 3 I 46 2K 58 1 (Dounskaia et al.,
2002) ., Y34, AE R WY iz B P ) 45 ] 5 i BIF5E A AT
o ) S IR BT R T RN A Y BT T Bl Bl ) A
B A3 AT T /0N R A i B R A A R 2 G Ak 1 LBl g
(Hunter et al., 2004) . & N WF58 & 76 166t 1 0 B 5% 36
B, S8 R 2 B ] e i R LA 7 X 280G Ty 4b ™
AW LA T FETE R A AR I A D R R LB R b
T A5 45, 2010; Huang et al., 2013; Liu et al., 2017)
g 58 1 H ARG ST 55, AT OGS ) 3 J7 2Rl G 4Rl L R
A5 HH G WU B HEAT B IR 4 o PR, JUL PR B TR B T A
W48 7R 3K — 52 4438 Bl i R Y CNS TR HI AL

TENAR 2 B4R T 40U, X AR HE AT i DARE 14032 25 31
Fe AR B B i 25 B2 T AR # S KOIT R R
)8 . Bernstein 7% 1967 4F 4 ti LML AR i 48 28 i B¢ CNS



Wk, . EANME I TURTER BILA B SRS R R

TE 2 35 B R b i TUAR ) 1R) 8, 7E i 25 iy JL 4R
HLLX R B Wi 2 W RE S B R TR B I A R S HE A
22 LA B B8 2R Gt b Ak 2 0 48 4% (Alessandro et al., 2013 ;
Bizzi et al., 2008 ; Flash et al., 2005) . CNS i i3 4% 45 #H %f
5/ (1 R 2 [ /8 ] 7 UL PR 9% S CRP L PR Bp ] )
A B 1) UL PR WA 4 452 5O 92 B H AR AT 5547 R ( Chiovetto
etal.,2013; D’ Avella et al., 2003 ) .

ATE 2 X WL PR R 45 1 T ANl a2 . Safavynia 55
(201, LA R [N R — A T8 oA 55 i, M & R 50
A R % g5 A o i T aE sh AT 45 ok e AR R kT A SR i
Z. FAB AL S (RN PR 5 ST Bk & 53 44
FTIZAT: 55 T 5 14 & WL PR S [R) 0T 9 B 5 LE 9. D Avella
45(2003) I\, WUIA) B9 7] 2 BB BT A7 A 28 4 1 A5 5 0 1
BB LA A o ELUAROR UG, ONSS 3 i B R 4Rk 4 A Y 7
BTG A A HLA S [R)  RR P R T ) 45 48 O 78
0238 BN ATy, 3K S P[] 45 A 11 445 X 9T KT B R AT
245 5 )8 4% (Ting et al., 2007) o LA P [6) WA R 2 th
CNS 54 3l ok 5 1% I8 455 4% JUL PR Wi 40 L 58 15 b B 36 47
R EER N 25 b L PR IR AT B AT R A A
5V, B B ) - 253 D] [ A O AR — Z L LA
2 N2 9052 gl 45 1 i) S AR P 1 e .

1.1 WUP ) [ 2 o A

JUL PR P ] 2 CN'S 4 il T T 52 B8 2R 95 4 il A € i H
BTN AT IRA S . R Ak 5 i 7 =X
JE fif P Bernstein 7] 8 1) A R0 42, 76\ F 3l 9 14 55 56 F
F8 LA B vt BB URT 58 P 45 B UE S . Berniker 45 (2009)
ST T AR E BT R A A SR W 1T DL 7E R
50 45 BRI DU A fl s il o A
1.2 LR D F) 84 2 a4 4

JUL PR W93 ] 1) ) B AR AIE 2 B A < 1) X [l — AT 55, AR Tl L
AP R 22 0 55 HAS LR BRI A AN TR D g . 9 an, £l e
AN T AT B, ] A 4% JHE A v 43 ) 1 BB S 4% AR 13 )
AR SR, 7T # BB AR NCAT 1 S PTG e B2
TEFE BTG (Chen et al., 2017) ;2) 4 F A A8 81T 55,
TEAEDREM LA LA DA E . D Avella % (2005) X 7 I /¢
Frae CBRER iFVKGE SR 5T & B, BT 4R B 45 A LA IR
Ww R . WUA B IE A B sE T HIIRg, IF AT 7E A W Y
BENAT MR A . Torres-Oviedo %5 (2006, 2007 ) i i 52
B R BT H b A DI IR 2 AR i A 0 T B A ) Y A
Xof - A T B ] . Chvatal 25 (2013 ) 16 BIF 9T #4675 il 37, %
HINER T HIE B R AL AT B 0 WL PR 3 2l B, 4 R AR AR A L A
Pl . Barroso %5 (2014 ) P A5 472 56 v £ i) JUL PR B3 Jo] 42
FH 55 55 B AT 23 R e SR B B IR AR AL . 58 AN R4
55 I A] BE 2> SE AR E B LA B3 IR, AT 55 B A 00 e
FEA 3 B A R AE P L P B ) o 45 3 £ B (Ting et al.,
2007) , XF F WL A B[] Ty B R AT 1) 2 i, A BT B At 2R

fift 32 Bl 1) b 2 AL
1.3 JUA P 89 38 % 2L 5

FE RN Z B A, KT A0 R E LA 1 L H 0 32 e
— 20 52 F A T 1) R R B A ST A JE G Y LA B [
K fi# & 4 ( Clark et al., 2010 ; Ivanenko et al., 2004 ; Sheynikhov-
ich et al., 2009) o & T WL P Bir[F] 9 & Ji& o A7 LA A i3 - 1)
NI [ A 1 JIL P P T A5 2R DA e ) K 1 ds s A =
TEFR R 1Y 5 2) IR A S g 5%, BN A =2 192 428 i A
25 3) S An BBl O B8 R g A e A o B
AN . AR, 33 B AR R S TS M 2 N 4% R TR R
FRARFZHR . BT X4 L n] gt , Dominici 55 (2011)
LA T W A JL R 220 L A L 3 RS 0 LA B
[FARAE . WF5E R B, A 2 A LA B )R 7 A L3 25 By
Bewe AR 8 i o A 2 A L PA e R A XA e i Be 2 S R
X T4 NS B4 A, B4 AW ILA B3 [R] 45 AE 98 20 Jf:
A J9F 22 (Vernooij et al.,2016) . X L EE S Wi A5
AALEA G Y AE A 5, I 5 e AT =Z ) 1Y A 56 .
1.4 UK kB AEAL 4 2

JUL PR I [ gk 39 95— /N 3 43 JUL PR Sk ) 2 T AN [R) S
PR PATHE S BbR R s e, LA B[R] =2 i A2 3 A
B, 2P R e ] S e — A AE AR (6] B0 T 8 A A O
WUAEE R C . an A X (D) B, T A7 45 Fhis sh AT
55 B IUAR ) 2238 18 sSEMG 15 5 11 BF M., . 251 4 53 i S X
LA B TR) 5, A 4 52 e s (R AR A0E 1) B[R] 205 44 66 B .
S B B R 1 L PR 980 R B I C (3T XA L HE SR
SR, TR A, SA LA U R B, E ok
%) WAl BE EARFEPLA R, — A W, BE R —2H
WLPA ] B0G 3 B O 2R o NBS ] 1, — A C,op BB R B —
AN JIU PR 5 ) 235 g v AN [ JUL A TRD ) DG 3R S I A 28 e
B ARHE AR B ECE BT S s R, AN (D) R AL
PR Bl [ 452 U T 43 Sy s (] 28 [ 25 2 | I A R 45— 2 4 F

My =WyygxCour +FE (1)

Fisf 7] 84 AL 1A 13 [7] (temporal muscle synergies, TEMMS )
19 202 B 4 23 5 (2) BT 7, TEMMS & T i A 722 13 [
(time-invariant synergies ) ( Chiovetto et al., 2010, 2012; Do-
minici et al., 2011 ; Ivanenko et al., 2004 ) . iX H i) “BfA2:"
P |y &3 e N i W R AR A T A P
ok 75 P b 20 N A 0 A — R e i R — B UL IR SE PR B
m(t)o PR EILA P3[R £ . TEMMS AR R T 45 8
(factor analysis , FA ) J5 % # i (Ivanenko et al., 2004 ) ,

m(t)=iw,.(t)c,.+e (2)

[] 2 %4 L A /3 [7] ( synchronous muscle synergies, SYNMS )

R 2 — ol IE A AR s ] [ E B9 LA B[R] . B B
TEMMS %5 R AH AL, a0 A 2 (3) Jirw , Forb v 2y 28 [ LI B3
[ Eci , m (o) RAE o 20 Bl R 4R 19 SEMG 1R 5, ¢, (1) I AE ¢
I 220 55 j A~ I 1) 4548w, vh 24 WL PR A 380 AR, e AR 22
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TE B[R 25 K8 w, v AT A4 09 WL DY B ] 3803, LA X

KA o A TR R 2540 A UL A9 30 K h 5 2
— X L — 2% LA B £k ¢, (o) [A) 25 98 4% (Ting et al.,

2012,2015) .
m(t)=§N:cj(t)w/.+e (3)

Fisf A% 74 {1 A 3 [7] (time-varying muscle synergies, TVAMS )
S JUL P i 1 PR A B T = T A L PAD 98 A5 X i ek
[ 22 A B AL PA) b [) 20 7 At gl ot 336, — 2L A A 9 38
O 5 R — UL PA B E I ) 2 A AR 45 (Bizzi et al.,
2008; D’ Avella et al., 2005 ; Dominici et al., 2011 ; Overduin et
al.,2012; Scano et al.,2019) . JJLHL {55 5 it Hhy 45 B[] 55 4
R 18 % i N [ SEE OR e sE . TVAMS #5284 4 4 5K (4) fie
L Ho R LA B R B L e R 5% 25, w, 5 kAP IR &%
¥ e, F 2, 53 53l A 2 B T) 6T 0 14 S S 4 i 2R 50T IR 7] 48
B g ST T w, DB [ 45 R B4 0 I by ST AR A
w Db [ 25 48 B 0 KK o w UL DAY T F9 AR X 80T K F B
IR 4K, wy (1 = 1) ROBRER & A b [R] £ 0 & 46 i 20 s
(¢t = t) AL A LA 3435 /K SF- . TVAMS Hi D’ Avella (2003 ) %5
T UCHR T AT A2 ALT NMF 977 2R S 4

m(t):ickwk(t*tk)Jre (4)
=1

g — LA PR . 48— B IL A B3 5] Cunifying muscle
synergies, UNFMS) , i A] Fx S B &) X 23 [a] UL P2 $p [
(space by time synergies) 1% 7! (Delis et al., 2014 ; Hinnek-
ens et al.,2020) . H N5 FIHT AE UNFMS %502 8558 4 24 5
(5) = C6) B, B LY AR T LA 371 Ay I ) 452 B
w, (£) T2 (AR w, B R o P AN 53 531 D B[]
R RN 25 (BB () Bk o o, R 2, 43 0 Dy i TR B j 25 i)
T L 1 o T R BRI B TR) AR . Bl 28 A B A B AR SR
BT, JUL P i A X ply 2 (] A5 Bl i ek [R]85 B 6y JOL PA) [
R PEATH G 77 A, KR B A 48— M UNFMSS #5211y
RITE T T RN ST % 2 G IV 51T £ P 2N 7 e g 1 N 1 e
I ) 28 5 B T]ASE R XsF 1 T T 308 A L PR s A 2 L T B0
UK 3y 32 2 J o s s (8] B P R0 .

m(t) = ZEW(Z)C”W/-ﬁ-e (5)
m(t) = > iwl‘(’_ t,j)c,jwj te (6)
2 AthESH

JULHLAR 5 2 R )2 L PR 936 h 1 2R B AR b (AR 5 ) B
75 2 1915 506 30, B 8] 2 L W CNS 1 iz s 95 4 .
PRIt JUL PR Bt T — e DAL PR 356 3 5 32 B, sEMG TR I
RN LRI T2 . SEMG LA B[R] 43 A
(1) 38 53 6 58 B H A5 32 s 4T 55 1 WL 7= 42 /) sSEMG {5

HEAT R P4y i ok HEAT | B FRALEE < 1) SEMG Fil b #E
66

FI b 2 ) B0 5 5 4k BB 05 XTI AR SEMG {5 5 147 3
b B, A B0 — A A 2 AE B 5 2) WUIA B R4 B, B YRR
B PEAT Tl Ak P SEMG 55 HE 47 40 [ 0% , 4 21 UL DY Blb[R]
SERFERE WA B[R] JHG 2 RO R C 5 3) ILIA B[R] PF A, Xt
TE A TR) A8 g 25 PR T BT 4 3B UL PA) B ) A8 e C b ) 45 4 3
i A0 AT AR BT

SEMG1E5 k% 4\7 TRAL 2 LA PR32 VLB B ) 3740
l%)ﬁ/‘}ilbl"ll K :VJE W
"""""""" LRI TR
!1&@%@2: DA ES A FbiR
[y .- MW
VBARALA 3 r' EER
A Wi
MR B E
AaC R EE
- AHCILE
AL AR
1 AAhES iRz
Figure 1. Procedure of Muscle Synergies Analysis
2.1 sEMG1z5 A 22

SEMG {5 5 7 Ak L3 5o 76 JJLIA) D5 [) 4 BT R Tk 22

R R (E AR R R SR A AT E R PR — ﬂﬁ
%ﬁi‘ﬂﬁ%’a?ﬂsEMG@éﬁ%ﬁ% AT 908 R o g A 3T
BRIER TR 2B RO A 0 T4 o A i 3 e R v e 0 IR T
53 50 T B e AR RS RIS B R o A IR R T Ok IR
SEMG 11,25 £k (Myers et al., 2003 ) . X284 P & 5 1 0
2% 2 A DB I, T DR AT U S R R AR
LA LR A AR A 2 BT o S DR [ X e sl LA
[ SEMG [vi] 45 8 214 Ak 2 285 SRS o s (1 458 K 945 5,
A — Ak R 58 1 5 A5 AE 55 B A9 5 R A 3204 (maxi-
mum voluntary vontraction, MVC) (Ting et al., 2005) | # ¥
WL PR E {5 5 17 0 1 5% 2R3 7 2% (Cheung et al., 2012) k3T
S B A S ITC A P R B I B SR AR T AR S AR
SR L P b A 452 H A Sk AR M B B . Kieliba 45 (2018 )
V88T PR 3 28 AN [ U5 — b T 30 AR 3 30 e 78k A S 8
HEAT T T X6 JIL PR B ] 2 B 3 ) AR 40 Cinter-sub-
ject similarity , ISS) B 52 W , 25 B & W, Jo i & >R I uf )51
— A (K A FWL MVC {55 A B i AR IR ) | i 21
i U % 7 (20~ 500 Hz 3 50~ 500 Hz ) 4 % A1 i 35 i 25 By
[ AL o SR, UH — A AT AR — 2 R ) Y Jr 250 . i
B 8 AN [] 7 I 38 308 % #% (0.5 Hz .4 Hz. 10 Hz .20 Hz) k&
IR, 38500 3 108 D A 10 AR ok A% T DL IR E — 2B YL PR B
[7] B4 {5 8 5 A4 >R (variability accounted for, VAF) , 3F 5 i
A A JILPY 8 TR o AR I8 LR AR 0.5 Haz B ATl 4 2%
LML, I RS 1R 3 UL PR AR TS S LA XS L
2.2 JEMEH R

UL A P[] 2 B 3 %o 28 Tl Ak B S /Y £ 38 38 sSEMG 5
A0 2 2R AT A B A R SR . £ 38 38 sSEMG FE S I



Wk, . EANME I TURTER BILA B SRS R R

PR b [ 25 4 (25 1] 43 A ) B LT 22 5 Cls i) 43 A1 ) 1) Ak 1
JE— A RO IR R, T3 A I 0 ik R RO A 1)
AR (MR Z5 ) o ARSI [R) B0 A5 B B[] 452 B 1) R
[F) 249 R AR B CANIE S M sz sl 3R e ) |, ol il A 6] 19
L ffe B 1% ok 42 BCIL PR 9 ) 485 e (Doelis et al., 2014) .
LR B9 5 % 43 43 B (principal component analysis , PCA )
(Gorkovenko et al., 2019; Ranganathan et al., 2012) | FA
(Ivanenko et al., 2004 ) . 74 57 5 4343 #1 (independent compo-
nent analysis, ICA) (Hyvirinen et al., 2000) | JE % & B4 43 it
(non-negative matrix factorization, NMF ) %5 (Lee et al., 1999 ;
Tresch et al., 2006) .

R A e fie Bk 1) T8 P v JUL DAY o ] 5 46 28 7 HG 24 T
FAPRTE o U0, NMF BB 43 i i 1 B0 M P[] 245
Fa W RS RECCIRAE T . PCA ZFRIE L BE AL, (f
rEVE FH Z A B I 32 M. FA R B B0G 2R B0 Al 6
ICA RO RGeS o AR, 24000 R B HE 3 A
L BRI ROV o 73 A1, Tresch 45 (2006) L 45 T 2 F A [l i
WA G figp 5 1 A S AUL R0 S 0 B B B bR L 2R R,
PCA 7E U5 LA B[] | 4 FA (ICA \NMF 20 R 2215 % .
ICA T4 16 75 25 o J7 e 75 1 530 Ak B4R R4, i 2 K
I8 A 15 5 R DG MR T A 3 5] 98800 PR AR DG I 32 45 . NMIF A
FE PCA (FA B3, (B oy L& e PRty o WS 3 i
aof 2 LAl R oy i S OR SR UL IR P A] < Ebied 45
(2019) FI| FH 3k & R AE WL G 21, 1 Ot — Bl 2 7 = B
gk & 43 i 1Y L P TR] $2 BT i consTD. Ebied 4
(2018) #2 i1}, — B & #K 3 Jr 7 (second-order blind identi-
fication, SOBI) H T A 7 Ji 5C 1732 85 53 2 , Jf: L4 PCA |
ICA I NMF 5535 H T XA 40 A1 SEMG 52 38 %3 £ 47 WL
R HCA R e . SRR W] AE B B4R L T L SOBI I
oAty 3 Ffr Jy vE S5 R TEAF 5 7E L e d A B0 A BRI, SOBI J
WS A AR BN R o Y SRR WL 5 E
SRS Z I NMF R B . B AR 3L, NMF 75 4 % |
5 WU AE 5 A G, R O A (8 {5 45 BR AR 47 1l sz me LY
W i A7 9 CUUIA AN BERE 677 300G ) L DT LA B 4 S e
P Rz R .

2.3 LA PRI
231 ALA R K E

TE 53 M7 A [ 2 384T 55 I JUL P 003 J) 1) 22 e I, e i D 1Y)
Je HORE P S B0 JUL P O ) i o s JUL A ) e 0 B
BT ik B T VAF il 26 89 75 3 (Allen et al., 2019) .
VAF 1R a2 (7) Bis , Hod X T 43 50 4 4 L
PR B AR FE B o MO RE 43 i 1Y SEMG AL 2% 46 [
M, 2R JIT ) 38 R AR AL PR B () S B AN ] T AN ] . VAF
SR BB E S [0, 1] o DR R 43 £ BE R 1E LA B
[F) BB B 22, VAF (K, 27 JEARRS B2 g , B M, F M
BT

FE T VAF il £ i 2 WU IR P [ B8 09 5 3, R T 43
A4 Ff . 1) VAF [ {H 7% (Torres-Oviedo et al., 2006) . 34
VAF Z: 808 K F B8 BIE I, ATk Sk B 3 1 Hh UL 1 T
FEFE wORD C A 78 43 H A R AR SEMG 1R 5 o T LA
b F) ik B, VAF B {8 % 1% 76 0.80 ~0.95 SYNMS (Gizzi et
al., 2011 ; Rodriguez et al., 2013) ,0.65~0.80 TVAMS (D’
Avella et al., 2005 ; Overduin et al., 2008) . 0.9 /247 TEMMS
45 2) VAF 46 # B ¥ (Cheung, 2005) . 4[5 H M 1
FEER KGN, VAF B3R M02 — A w0 01 A2 A 2R 5 40
AL G A AR R RPREE I T 0, X R E Y
T I AL PR B ) i % T 4 A D R SEMG 1 3K
RN W H b, AR VAF il 43 o1 B2k i) ) e n B
B % P 17 %% H (Cheung et al., 2009; Santuz et al., 2020;
Tresch et al., 2006) . 3) VAF [l £k &} % f K 3% (Tresch et
al.,2006) o & HU VAF 34 58 742 46 dge %8 7 fr) DI ) 5 o o
4) VAF 3 & [ {5 7% (Cheung et al., 2009) . €4 Hir 6] 1)
R IBCH i HE— 2L B, VAF B85 /N T 75% B %1 )

e (7)

BE T VAF M2k 75 i R 32 N AR SAT B AR 55 B A= 9 )
2SR YT, T BN 2 U RD A o AR TR A bR
HE” o T H JULPA B R Y 4R S B R B 2 R S R
MISZIR 5 2, Bk T VAF I )5 v, 24 e s S L
PR Bp [ g R B L o o R ObG , A 2 3 R DA [ 43 28 500 1, 4
U N 53 B (quadratic siscriminant analysis, QDA) k5]
)43 Br 7% (Linear Discriminant Analysis, LDA) . #h 2% DL -3
% (naive bayes,NB) Fll K fiz T 4B (K-Nearest Neighbor, KNN)
S5 RN GE TR 5 U7 4 Hh A BT 55 i 5 5 5 (Delis et al.,
2013) , LA 26 43 5 A5 1) JUL PR I ) i
2.3.2 ALA Hh ] B9 A8 L1

J T BN AT 55 25 A1 F 18 L IR Bip ] 22 5, 3 i feE 1)
Fz IR F5AH ¢ 2 %80 (Pearson ' s correlation coefficient) . [& JE H.
HH & 2 %4 (circular cross-correlation coefficient ) 2 & & AN [
JUU P B[] 85 ALy R RO B 80 AR KRR I ) T A AH 0L
(Frere et al.,2012) . BZ/RBRMIC R HOH T A LA 0(8)
FEoR 4 r> 0.9 B, RIACH B A BR AL

ni.xiyi - ixiixi

ST S

3 A EER A
3.1 EARF A e
F2TF WL B [E 23 B 275 45 UK 5 3% sh iF 9% Hp 45 DL
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Wi (Vaz et al., 2016) o T fiff [ 45 14 v 45 UL PR A4 A X6 334
I KA Bh T B g iz sh 30 B R, NI 5 I 2508 (%
(%2 i %, e 2442 72 2 R B . Matsunaga 55 (2017) 4
BT B 25 10 min 15 89 WLIAI DR IR] < 5 22 80 9 OF 58 AR AL, L
PR P ) 00k — 305 i 3 AN UL PR R [ AR B, (HL 56 4 A LA B
7] SR 7 DX 4] L P 19 9% 3 DA T XS T i, 3 T
FE 2 TE A g 5 i, S S 2 5 i DR B JOL A A I R
e 1] B A5 T A, AR i 45 AR T3 A5 31 T

X F R0 B |, Frere 45 (2012) %F 9 44 B R K AKF- [ 14
$3a 2 B TE 56 U J5 K [0 56 sh AR s AL PR B ) 2 47 T
98, K BT 2 Ff LA B3 [R) A 43 22 6] — B, (BL5E 3 R[]
FH AR 5 3 R P E VR Y AT AE M AT R S R OK
T RGP OGS AR AR T, KT T
IR 165 LAY 1 B ) 4 3k — 25 BR a7 0 0@ 49 ) il L A
T REAR T 32 05 I RE 3

XFFHATI A , Hug 25 (2010) B9 32 53 11 45 19 Wi 47 %
R IR L PRI 3, & B 9 44 B e 42 AR 81 3 4> UL PR P
[l . Turpin %5 (2016, 2017) W58 1 7F i 56 B B 47 Hp 46
ST AR T AR S B, 25 R R 7 N RILY D i
SR FH 2 7 8 47 2 S5k £ UL PA) I ) 40 P 465 R AR AL A 2 3By
ik F] 600 W I LG B B AE 76 25 5 0 R, BiF o A
HA TR KT 600 W ISE, A BEF b ar 4, =T
WL, 3 7 NG BRI LA, RO bR A R
it L F BORGE Bh B3t R 2 A R B L D R
=8 3 R S TR Sk R ) A RO 2R E50R UL 1R P ) 1)
AR BE W fE 2 2D POUR Y BT R, R G I AT T
PIINZR A CARASZEAILA , LA iz sh 3R 3.

Xt T 2E 20 H , Shaharudin %5 (2014, 2016) 2087 T £ %2
I 25 09 4 1 0 0l e T 3l 784 AR 78 R ML i A )
BN 2E 5, 4555 DU A 5 45 3 — 3 ( Torres-Oviedo
et al.,2010) , LA B [l 14 980 ol 26 B0 4, (0 HL By [ 245 4
PREEARAS . oS b 28 22 6 X WL A A S80S AN R 43 C A AN
[f] | 128 2 G5 A W Ak ek 3, DA AR AL PR B 1] 5 o Ja s a
oy, A8 7E i 2 R A AL BRI PR ) A s 78 Sl i L (5
VP ) o) 2 st 0 953 05 o F 9 T LR DI 2 B B R AT L
MR R B Ak, D4R I R A 2o Bk

X F vk b AR BRI H |, Kim %5 (2018) A 5T T 5 F K ER
% BA iz 3l 51 A AT UK 32 Bl sl il 2 1 32 sh il 4R 4 50
V4 i 5 AT N AE T A5 52 B0 A LR B i 25 5 . F5E
R AETHRGI B, S8 bh 8 7 5 3k 345
il A DGR WU B R] . 2 iR ] AT DL B e Sk FB A 5 4R ek
A5 B A DR o o R O 3 K ) s ok ST A Y R K
T3 P, vKERIZ Bh 503 7 A I 25 3k T AT R i
7 A 22 5 T AE U UL PR IR ] 43 BT Sy 3 A )1 2 5 ik 42
BET — R AN T H

F F 2 #I H |, Kristiansen 2F (2016) #F 5% T A [A] 71 &
68

YINE 2 A5 23 52 W 2% 02 2y B4 R A 325 52 I 2 %o 2 A BN e
HY LR P ) A2 S P o G2k 5 ] A R D s I k), LAY By
[ A — A X G N8 S T IR 6 R 42 52 I 5 0 %o 2 U I A
TR AR S MR BT AR AS 0 A5 A, LA BB IR 08 P 2 AT
VIE R DA 32 2 51 BME ST 0 — A Fa b o I, %k
AL 2 LR I R e 2 Jal e 0 L R R 1) A AR A, A
M B B 58 2 PP I 2R N 25

X AT TG NLIA B [R) 43 Bt 75 3l I 2 /4 7
JO, e WU B IR RS A AR 22 0675 18 sh i il 2 s
53] T N FH (Ezati et al., 2019) . Meyer %5 (2016) 42 1 —
Tl 5 7 JUL P I ) 108 o 22 UL P S ATE 2 Sfe S0 ey XU
B ATIE S o ST 3 AN [ R —— L PR 9 A
A I8 (e 2% B 35 e ) | O HH 6 4 ol A5 750 R UL PR B I
ALY (CBE S5 BR 5 A ), X L6 A0 B FPE Al T 3 RS 80 £ 2 Fof
HPE (0.5 m/s F10.8 m/s) T Bl 264718 3 2 F gl J) 27 1
REJT . TFE KRB, 75 0.5 m/s (B RS ofis i 2 T, 3 3 i
il 7 75 B R AR f b T30 52 42 1 AT B 08 B Mg ) 2k &
55 iR EE S 0.8 my/s I, A L PA) BB 4 1 ASE AR L A B
[F] 42 ) A5 780 4 B AR G b 0 L LU PR ] 45 o] A8 78 T LA
5 YE B 1 FIUI T 04 20 25 A 2 0 el an T LA 1.1 m/s
A 3 AT S I UL P Bl I 42 A5 250 T 00 20 25 R L O HL
B2 300 AR A A5 RN 25 R 22 B 2 M 00 R T AN L 28 A
1. Shourijeh % (2020) Jy fif PR 25 17 A= Wy J1 2= 4 B b # AS
AT, Je /NS BT IL Y 80 DL K AT BE Y ¢ ) fR R 45
(] A, 2t — Fp Py W) P 4k 55 35 (synergy optimization,
SynO) o AL ALAR B UL A S b B[] 25 44 40 Ay 52
Wil 26 AT b AR v B Y TR 2R B OCTT R . B PR ] A 4L
A2 3G 2] 6 B 4858 50 R I 55 Jes ot 1 g5 R RN 1 28 56 R
R ARG T 80 2 0 A B 7 2 e IR0 6 1 W, 45 R 3k
W1, SynO Al 3@ io 18 fin JJL P 1%y s [ 38005 A JH o 38 m ¢ 45 1y
R B, T H DA B i L DA B )4 AT 0k 23 R 8Ok
AR A o, AT AR RS AR 1
32 A& LA

rh R B AR 0 RITIA A AR A R R R R IS )
DineRE i, L R 2R R A A T RE AR . R [, R
Bk B P 0 2R 0 B HE DL B R g, i LR 2 8 B e
T3 VAl W # 4 rP E AT R S B2 KO Bl AT (R ROK
4%,2004; FH{EH3 45,2014 ; Safavynia et al., 2011) . {H4T
hy a2 Bl A A5 T T AR R 2 R OAS [ 0 il 2 T RE
WS WG B R T 8 s & oS B, IR, X2 Bl
Yy RE B £ AT SR AT LA B0 18] 23 07, A R 73300 AT 4% il
AT 55 W 09 R 1 8l 28 6 o Cheung 55 (2012) #F 58 T AN [] 7™
R R AR A RO N A ) T UL P B )RR A L 8 R
TR B A JE LA B R Y 3 A A TR A AR o —— R B
(preservation) . & Jf (merging) I 43 9% (fractionation) , 7E

[7i) — 58 2% v AT B T I A A 2 A ST AT A L PR I T A9 A
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Ko Jiobh, X B 5 02 3 2 il A2 1R 2 e XUSS i 4
LI OG0 X T | B AR AN R S A Y JUL P B 1)
JE R B A RV R RO 25 5, (R IR 25 R A B 5 X
R, RN LA B IR B e b R A TR HAt
2228 O o R I e A 2D 2 0 1R) UL P Bl ) AT 5 R
IR RN [N DR B o W o A= X Y TR R el R
5, 15 2 B WUE I AR T LA Bir [R] 1 R, G O R
JE 55 JUIA) g 6 00 18 R R DG Y AR B Y R A 1S 0 £ AH G
(Hashiguchi et al.,2016) o LA FRF] ) 3 G2 AL X AE TR
224 i A P v RUAR b e B, AR B L PR B[] R A
AN AT BT 5 0, T L A L P B ) A 0 . UL PR b I
4 3 Aol S G ATL o) T 3G o 1 R JIL PR A A 1 SR P kb
XS B AL i O T IB B B2 ) . Steele 45 (2015) 7EBIF 5
i 8 2D A PRI R B, 5 B 1) A2 A L B R
WU Pp R £ ek 20 o Fox 4 (2013) BFSE T AN 58 4 ¥
455 )L AR 58 AN R AE: 55 1 2l B 9 UL A Bip [) 2 30, &5 2R
R LRE AR L, A AT A% JUL PRI e D B a2 o

] g 22 ) UL P BB 1) 2, 72 TR v XU AR 5 1)
I R B 52 5 3F A B B AT 1 BESE (B, 20175 Ji et al.,
2018) o WLPA Bip [ 23 A oAy I R B2 A 4 14 ¢ 08 7 1) A 22
B B FILIA TG S 1 T RESE R
33 EMEAIH T @Eey A

2 NS i B8 1 R5 R LPR IR IR] 43 B B AR A T
T SEMG 19 52 B B i, 4n F- (Catalano et al., 2014) . [ i
(Rasool et al.,2016) . T Ji (Afzal et al., 2017 ) 55 4% il i i
%% % ( Alessandro et al., 2013 ) , H 3= 22 1 2 F) LA
Pp 151 43 fife £ L2 3 3 AR AR, T3R50 B BR AR 55 FRAE .
{40, Choi 4% (2011) it ATl S 4% AL /A I3 [s) 46 %2 , 5 i AL
PRI 5l I A 38 4 A Tt S 4 i OG5 02 sl 2 18] (Jh /A Anbse/
NG ) o 2Lk, Jiang 2 (2014) f# H] NMF 5 3% $i i
JUUTAL B[R] i i A 92 50 32 S Bk A B4 i) 15 - 42 o 5 T
JEE /AR JVE BT /€ i - Berniker %5 (2009) 1) FH AL A B3 [F] AR
YRS R T — AP RE I 4 A A5 A A 0 TR AL AR R
Rasool 4 (2016) #1& Hi — Fift & T JJL A I3 [7] 139 4 55 R0 345 2k
(muscle synergy based task discrimination, MSD) 5 il T &
1% B, 38 3t A 2R 70 ST AR 43 43 BT (probabilistic independent
component analysis,pICA)ﬂéﬁﬁ% R EAT 5 LA ) .
SRIG AR IR S 25 () AR 3l g 22 8 RS & — R 4
WY R 2R & O A ok S A R AR S . B T LA B )
PLVE B FE ML A AR ], T SE M R g s AR

4 RESRE

JUU PR B ) B 48\ Ay 52 e A4 Bl 8 T A 4 o 2 BAL
PR B [ oAy BE AR B C R R AT 1Y, B Al CNS il /> it L P
I IR 8 20 2 A KOS LA . LA IR IR] 28 1 F 9% 2 B
AR UE R | BIF 5 5 3k 2 AN ) O 9 7 A UL PR 355 3h 56

ELIA P R B - 1) B G2 B R 45 2) (A K3 1
AT BAR B ARAT 0 HIE R AN R 2 R G 2
ASRLE AT AR A B LD O R — R X
HE By 4 4 RO IZ Bl 2 GE R BIE T S UL P P[] B i A3t
TR, B — A ST X AT O i R P SEMG
(1 G2 3 70 M i 1 JILPAD B ) s A 6 3o Al i3t {H ik 2
WS¢ — SE TR A 2 )4 ), Mk DUIE Dy . A7 3800 5 Z A7
JF ) S 80 3 — iR B4R T PR, B WS Y S AT
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Research Progress and Prospect of Muscle Synergies Theory for Redundancy
Control of Complex Human Movement

YANG Yi',PENG Yuxin',HAO Zengming', LIU Yu*, WANG Xin’, WANG Jian" **
1. College of Education, Zhejiang University, Hangzhou 310028, China;2. Shanghai University of Sport, Shanghai 200438, China;
3. Shenyang Sport University, Shenyang 110102, China;4. Institute of Kinesiology and Sports Engineering, Zhejiang University,
Hangzhou 310028;5. Center for Psychological Sciences, Zhejiang University, Hangzhou 310028, China

Abstract: The neuromuscular system is an open complex giant system. The coordination between the central nervous system and
activities of different muscles is a long-standing core scientific theoretical problem in sports neuroscience research. In the field of
human motor control, redundancy control not only exits in the description of whole-body movement but also the description of local
limb movement. Muscle synergies theory suggests that the nervous system can reduce the computational burden of redundancy
control through modular control by recruiting several muscles simultaneously. This study retrospected the origin and basic
viewpoints of muscle synergies theory, and summarized the mathematical models and basic process of muscle synergies analysis. In
addition, this study focused on the application of muscle synergies theory in sports science, clinic and robot control. Although there
are different views on the physiological evidence of muscle synergies theory, studies have confirmed that muscle synergies exist in
vertebrate and human redundancy control systems, which can well explain the central nervous system's control mechanism of muscle
activity. Future research should still focus on the exploration of modular hypothesis and mechanisms of muscle synergies by
designing experimental paradigms for diverse tasks and theoretical modeling work.

Keywords: human movement; motor control; redundancy control; muscle synergies
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The effect of visual-vestibular sensory input consistency on standing stability and

electroencephalogram brain network characteristics in the elderly

YANG Yi', WANG Guo-Zheng’, HUA An-Ke', HAO Zeng-Ming’, HUANG Cong', LIU Jun’, WANG Jian""
'Kenisiology and Health Engineering Institute; “School of Biomedical Engineering, Zhejiang University, Hangzhou 310028, China;
*The First Affiliated Hospital, Sun Yat-sen University, Guangzhou 510062, China

Abstract: Aging is a crucial factor influencing postural stability control and contributing to frequent falls, yet its underlying mechanisms
remain incompletely understood. This study aims to explore the effects of aging on postural stability control by comparing differences
in postural stability and node strength of electroencephalogram (EEG) brain network between elderly and young people under the
conditions of congruent and incongruent visual-vestibular sensory inputs. Eighteen elderly volunteers without neuromuscular disorders
and eighteen young individuals participated in the present study. Virtual reality (VR) technology was employed to manipulate visual
rotation stimuli (clockwise and counterclockwise), and a horizontal rotating platform was used for vestibular rotation stimuli (clockwise).
Based on the directional disparity of sensory input in the horizontal plane, visual-vestibular input consistency was categorized as congruent
and incongruent. Postural stability was assessed by the center of pressure (COP) trajectory, and EEG signals were collected and analyzed
using directed network analysis to observe EEG brain network node connectivity strength. The results revealed that, under conditions
of incongruent visual-vestibular sensory inputs, the elderly exhibited significantly inferior postural stability performance in terms of

COP anterior-posterior (Y-axial) sway speed, total path length, anterior-posterior and medial-lateral sample entropy, compared to the

This work was supported by the Science and Technology Commission of the Military Commission 173 Plan Technical Field Fund
(No. B27005).
"Corresponding author. Tel: +86-571-888845877; E-mail: pclabeeg@zju.edu.cn
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young adults. Moreover, the node connectivity strength of visual cortex in the elderly was notably higher, while node connectivity

strength of superior temporal cortex was significantly lower than that in the young adults. These findings suggest that the elderly have

a heightened reliance on visual information in postural control and an impaired ability to cope with sensory conflicts arising from

incongruent visual-vestibular sensory inputs, leading to compromised postural stability. The outcomes of this study hold significant

implications for future assessments of balance function in the elder and fall prevention trainings.

Key words: visual-vestibular input conflict; postural stability; EEG brain network; node connection strength
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Table 1. Demographics of elderly and young subjects

Young (n = 18) Elderly (n=18) P value
Age (years) 23.80+2.20 63.90+3.12 <0.001
Gender (male, female) 14, 8 13,10 N/A
Weight (kg) 70.00 £+ 20.96 68.80 £+ 12.90 0.825
BMI 23.30+5.16 24.90 +4.41 0.285
MoCA score N/A 27.30+1.45 N/A
BBS score N/A 55.74 £ 0.54 N/A

Mean + SD. BMI, body mass index; MoCA, Montreal cognitive assessment; BBS: Berg balance scale. g independent-samples 7-test

was used to determine the differences in these characteristics between young and old subjects. N/A, not applicable.
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Fig. 1. Schematic diagram of experiment. Virtual reality (VR) technology was used to operate visual rotation stimulation (clockwise

and counterclockwise), and horizontal rotation platform was used to operate vestibular rotation stimulation (clockwise). According

to the difference of sensory inputs in the horizontal plane, the consistency of visual and vestibular inputs was divided into two condi-

tions: congruent and incongruent.
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Fig. 2. Effects of age and visual-vestibular input congruency on posture stability. 4. X-axial (medial-lateral) sway velocity (Vel X) of
center of pressure (COP); B: Y-axial (anterior-posterior) sway velocity (Vel Y) of COP; C: Path length (PL) of COP; D: X-axial sample
entropy (SampEn_X) of COP; E: Y-axial sample entropy (SampEn_Y) of COP. * represents significant differences in interaction, main

effects and intra-group comparisons. P < 0.05, P < 0.01,

age groups under the same conditions. “P < 0.05, P < 0.01, **P < 0.001. Mean = SEM, n =

3 ¥ig

AHIF 7 I % B AR AR 4R NAERLE - BT E
"D 4 N — B 9 2R A T sl 48 e ME AN G 22 EEG
G 9 2651 AR R P ) 22 S, R B R A A
Fe s M 1 10 EEG il X 28 5 fEBE g B 20, A
g RN, ZENTERDE - 57 RE S5\ P9 4%
£ COP i J& 77 MRS E . BBl DL AT S
e A5 77 1) A0 A5 3l 23 A ME R I B I AR
N, VC I piEREREHERTHFFEN, STC 1im
EERE RN TEEN Ak, PHE - A EE A
AMREM T, ZEN COP I G 75 1742 5 3 FE |
R DL G A2 A7 7 1AV RE A S5k 48 R e 1
T A R Ao - T RE N — R A R R .
TEM R FE4EN STC M X 45 25 58 FF B 2 /N T
HEN, WAAE—BRMT, B8N %MW X
WRESETFANNEZR LR EME. D EERER,
A YN S b L PO YR (S VL =

" P <0.001. # means that there are significant differences between different

18. a.u., arbitrary unit.

STC ¥ &bt i RAS EAL ], AERL DL - A BE S A\
{EP%%#? LAE NAHE LR B i R, A
N fa g RIMBRFFENZE

RS AR E T, AR BN, FEEM
JEGE 5 # e 5 3 COP 1 J5 77 1) 4% 3)) 3 & 48 K,
ST SE DDA AR I8N, AH AR 43 2RI -
A BE DL N PP RAG BB AC BN, AL - I B i
NI A N i R B AR 52w B 2K T35 4
No Jelith Ay —Les B ifaE A Bk 25 54T
M4 . Poulain SR TN, PLGEAE L H 46| o A
FH Bt 5 4 6 PR 1S K T 184 0, S A [ £ 40 2 T 46,
I HAE 60 % JanikAe 4k . Palazzo 2 AWEFL B,
FEBHAS UG LI 22 48 N b 75 48 N AR T (5 2.
S ek B Peterka S B Gt & ik L & TR
TF ixﬁﬁ’]%ﬂiﬁ%’ﬁ%xﬁ ORI, 255
P A R R AL 5 P2

$7ﬁﬂnﬁﬁ COP %45 ) B R MEdEAT I &, %8



924 B Acta Physiologica Sinica, December 25, 2023, 75(6): 918-926

1 voung
A B c = ow

44 44 4
# *

3 3 3 #
£ n 2
a - >

2+ 2 2+

1= 1- 1-

Congruent  Incongruent Congruent  Incongruent Congruent  Incongruent
4
4 44
*okok HH#
#Ht - - _##
3 -

34 *% 3 o
d = s
o (7]

2 2- 2 |l|

1- 1- 1 T T

Congruent  Incongruent Congruent  Incongruent Congruent  Incongruent
G Congruent Incongruent

Old

P 3 AR 73 LRI - I A N — S50 64 bl DX B o719 328 3 5 P2 P S

Fig. 3. Effects of age and visual-vestibular input congruency on node strength of six cortical regions. 4: Node strength of dorsolateral
prefrontal cortex (DLPFC); B: Node strength of frontal eye field (FEF); C: Node strength of sensorimotor cortex (SMC); D: Node
strength of posterior parietal cortex (PPC); E: Node strength of superior temporal cortex (STC); F: Node strength of visual cortex (VC).
Two-way mixed-effects ANOVA was used. * represents significant differences in interaction, main effects and intra-group com-
parisons. P <0.05, "P<0.01, P < 0.001. # means that there are significant differences among different age groups under the same
conditions. “P < 0.05, P < 0.01, "P < 0.001. Mean + SEM, n = 18. G: Average directed functional connectivity strength between six
cortical regions in the young and eldly groups under the congruent and incongruent conditions. Color bars code for partial directed
coherence (PDC) value (min = 0.15, max = 0.30). The lines connecting six nodes represent the group average node strengths, with a

redder color indicating stronger connections. The size of the nodes corresponds to their strength.
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Abstract Sensory conflict impacts postural control, yet
its effect on cortico-muscular interaction remains underex-
plored. We aimed to investigate sensory conflict’s influence
on the cortico-muscular network and postural stability. We
used a rotating platform and virtual reality to present subjects
with congruent and incongruent sensory input, recorded
EEG (electroencephalogram) and EMG (electromyogram)
data, and constructed a directed connectivity network. The
results suggest that, compared to sensory congruence, during
sensory conflict: (1) connectivity among the sensorimotor,
visual, and posterior parietal cortex generally decreases, (2)
cortical control over the muscles is weakened, (3) feedback
from muscles to the cortex is strengthened, and (4) the range
of body sway increases and its complexity decreases. These
results underline the intricate effects of sensory conflict on
cortico-muscular networks. During the sensory conflict,
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the brain adaptively decreases the integration of conflicting
information. Without this integrated information, cortical
control over muscles may be lessened, whereas the muscle
feedback may be enhanced in compensation.

Keywords Cortico-muscular interaction - Postural
control - Virtual reality - Electroencephalogram -
Electromyography - Sensory integration

Introduction

Maintaining standing balance is a challenging task for the
brain, as it requires a precise combination of multisensory
information to control the muscles executing coordinated
movements [1]. However, sensory information is not always
congruent. Issues in postural balance control mainly arise
from ambiguity in visual information. The visual system is
particularly susceptible to “deception”, where the movement
of environmental objects and self-movement can generate
comparable visual stimuli. For example, sitting in a station-
ary train carriage can produce an illusion of self-motion if
the train on an adjoining track moves off. In VR (virtual
reality) games or moving vehicles, individuals may incor-
rectly integrate conflicting visual and non-visual informa-
tion, potentially resulting in vertigo and unstable posture
[2, 3]. To overcome these challenges, the brain must process
multisensory information flexibly, harmonizing congruent
sensory inputs while minimizing interference from discord-
ant information [4, 5].

Numerous studies have demonstrated the brain’s ability
to discern the source of sensory cues [6—8], segregating sen-
sory information from different sources and combining that
from the same sources in proportion to their reliability [9,
10]. By analyzing the dynamic changes in brain networks,
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recent research has also found evidence supporting the idea
that the brain can flexibly process multi-sensory informa-
tion, establishing that the consistency of sensory informa-
tion can influence the information interaction of the cortical
network [11]. Nevertheless, as we all know, standing balance
control entails not only the brain’s integration of sensory
signals but also the control of muscle activity. Thus, does
the consistency of sensory information influence the interac-
tion between cortical and muscle information? This question
remains to be answered.

Cortico-muscular network analysis is widely used to
investigate the neural mechanisms of the sensorimotor
system [12, 13]. The first report about cortico-muscular
coupling was published in 1995 [14]. Since then, numer-
ous human and monkey studies have identified synchro-
nous oscillations in the contralateral sensorimotor cortex
and muscle during continuous muscle contraction [15, 16].
Initially, it was hypothesized that cortico-muscular coher-
ence was driven by cortico-spinal efferents, which essen-
tially reflect the cortical control over the muscular system
[17, 18]. Some studies further demonstrated that population
firing among corticospinal neurons encodes motor cortical
oscillations and thereby transmits them to spinal motoneu-
rons [19, 20]. However, recent studies have revealed that this
is not the sole source of cortico-muscular coupling [21-23].
With the development of directed functional connectivity
technology, it was revealed that there is significant directed
coherence in both the ascending (EMG—EEG) and descend-
ing (EEG—EMG) directions, indicating that humans have
bidirectional cortico-muscular coherence [23, 24]. The
downstream pathway entails motor commands that provide
voluntary control of muscle contraction. The upstream path-
way involves somatosensory feedback, which sends sensory
information from the muscles and other bodily regions back
to the brain. Consequently, directionality is crucial in the
examination of cortico-muscular interactions.

In recent years, cortico-muscular coupling during balance
control has also been scrutinized. Ozdemir et al. reported
that during postural perturbations, compared to the base-
line, the increase in cortico-muscular coherence (CMC)
for the rectus femoris muscle was more pronounced in the
elderly, while the increase in CMC for the tibialis anterior
muscle was more evident in the young group [25]. Liang
et al. reported that the connectivity from the cortex to the
muscle increases with task difficulty [26]. Both the standing
balance task and age have an impact on cortico-muscular
coupling. However, the question of whether the congruency
of sensory information influences cortico-muscular coupling
remains unresolved.

It is widely acknowledged that the brain evaluates the
source of multi-modal sensory cues based on sensory
input, integrating signals from common sources while
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separating independent signals. Previous research has
found that the connectivity between major brain regions,
including the posterior parietal, visual, somatosensory, and
motor cortices, is generally weaker during sensory conflict
compared to controls [11]. This suggests a decrease in
multisensory integration within the brain under sensory
conflict. In this study, we hypothesize that reduced connec-
tivity within the sensory network results in decreased cor-
tical control over muscles. This hypothesis stems from the
fact that multisensory interaction is crucial for providing
spatial location and other essential information required
for successful motion planning and execution. Further-
more, according to the theory of reliability-weighted
sensory integration, the brain assigns different weights to
sensory inputs based on their reliability or accuracy. The
more reliable or accurate a sensory input is, the greater the
weight the brain assigns to it. We proposed that when the
brain adaptively reduces its integration of unreliable visual
information, such as that induced by virtual reality (VR)
headsets, somatosensory feedback from the muscle to the
cortex may be amplified as a compensatory mechanism.
To test our hypothesis, we used an integrated system
combining a rotating platform and a VR headset to expose
participants to both congruent and incongruent multisen-
sory stimuli. We recorded EEG, EMG, and center of pres-
sure (COP) data from the participants and analyzed the
directional information interaction between the cortex and
muscles using partial directed coherence analysis (PDC).

Materials and Methods
Participants

In this study, 25 college students recruited through online
advertising volunteered to participate. Participants were
required to have no neurological, skeletal, or muscular
problems, and possess normal vision or corrected vision.
The experiment was approved by the Ethics Committee
of the Psychological Science Research Center at Zhejiang
University (Ethics Approval Number: 2020-003), and writ-
ten consent for the publication of any potentially identifi-
able images or data was obtained. All participants signed
informed consent forms prior to participating. During the
experiment, 4 participants were excluded from data analy-
sis due to strides or stumbles. Subsequent statistical analy-
ses included EEG and COP data from 21 participants (11
men and 10 women). In addition, due to falling off or the
EMG electrodes becoming loose during the experiment,
the statistical analysis only included EMG data from 19
participants (10 men and 9 women).



G. Wang et al.: Cortico-muscular Network in Sensory Conflict

81

Experimental Design

During the experiment, the participants stood on a rotating
platform (All Controller, Nanjing, China), hands on their
chests, and wore a VR helmet (VIVE PRO 2, HTC Corp.,
New Taipei). They were instructed to keep their eyes open
and look straight ahead, though blinking was permitted.
Participants subsequently maintained their balance under
either “congruent” or “incongruent” conditions, following
arandom sequence as depicted in Fig. 1 and Video S1. In the
congruent condition, the goal was to present multisensory
information that closely resembled natural conditions. The
incongruent condition aimed to show participants who were
rotating clockwise, the visual scene they would expect to see
while rotating counterclockwise. Before the actual experi-
ment, all participants were thoroughly informed of the pro-
cedures and given a trial run for familiarization. Considering
the adaptation effect of standing balance, only one trial was
completed per participant per condition.

In the study, the rotating platform rotated clockwise
at a speed of 30°/s. We established two experimental

EEG recording

Jusnibuo)

jusnibuoou|

| +——sEMG recording

COP recording
Rotating platform

Fig.1 Schematic of the experimental setup and installation. During
the experiment, the participant stands on the rotating platform hold-
ing the chest with the hands and maintains balance under both “con-
gruent” and “incongruent” conditions. The rotating platform always
rotates clockwise relative to the ground at 30°/s. In contrast, the vis-
ual scene rotates counterclockwise relative to the participants at the
same speed under congruent conditions and rotates clockwise relative
to the participant at the same speed under incongruent conditions.
VR-HMD, virtual reality-head-mounted display; SEMG, surface elec-
tromyography; COP, center of pressure.

conditions—congruent and incongruent—by presenting
two motion visual scenes via the VR helmet. In the “con-
gruent” condition, the goal was to present sensorimotor
information that resembled natural conditions. In this case,
the participant’s body rotated clockwise in synchrony with
the platform, relative to the ground. Meanwhile, the Iner-
tial Measuring Unit of the VR helmet captured the partici-
pant’s movement and adjusted the visual angle of the virtual
scene accordingly. As a result, the participant’s visual scene
appeared stationary relative to the ground but moved coun-
terclockwise at a speed of 30°/s relative to itself, mimicking
what would occur in a static environment.

Under incongruent conditions, we aimed to present vis-
ual motion information that conflicted with the actual body
motion of the participant. Specifically, the participant’s body
rotated clockwise at a speed of 30°/s relative to the ground.
Simultaneously, the visual scene displayed in the VR hel-
met rotated clockwise at 60°/s relative to the ground. This
discrepancy generated an illusion in which the participants
perceived themselves as rotating counterclockwise at a speed
of 30°/s, despite their actual physical rotation being clock-
wise at 30°/s.

During the two tasks, participants were instructed to stand
still for 30 s before the platform and visual scene began to
rotate at a constant speed for 36 s. After the platform came
to a stop, participants were instructed to continue standing
still for an additional 30 s, followed by a 5-min rest period
before beginning the next task. The acceleration phase initi-
ated by the rotating platform was completed within 2 s. To
minimize the impact of platform initiation and termination
on data stability, we analyzed only data collected between 8
and 28 s after the platform rotation was initiated.

Data Collection and Preprocessing

Data from 32 EEG channels data were collected using
ANT Neuro EEG caps (EE-225, ANT Neuro, Hengelo,
The Netherlands), and 6-channel calf muscle data were
collected by wireless EMG systems (Trigno, Delsys, MA,
USA), and COP data were gathered by the Wii balance
board (Nintendo, Kyoto, Japan). The impedance was main-
tained below 5 kQ by using a sampling rate of 1000 Hz for
both EEG and EMG data. The placement of the 32 EEG
electrodes conformed to the 10-20 international standard.
EMG data for the soleus (SOL), medial gastrocnemius
(GM), and peroneus longus (PL) were recorded on each
leg. The placement of the EMG electrodes was determined
according to the SENIAM (surface EMG for a non-inva-
sive assessment of muscles) guidelines (see https://www.
seniam.org/ for details). The electrodes featured a bipolar
Ag/AgCl surface with a fixed inter-electrode distance of
1 cm and a size of 10 mm X 1 mm. Double-sided tape
was used to secure the electrodes. The skin was shaved,
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abraded, and cleaned with alcohol before electrode place-
ment. The Wii balance board, strategically placed in the
center of the platform, was used to record COP data at a
sampling rate of 100 Hz. Numerous studies have confirmed
the accuracy and validity of the Wii balance board for COP
measurements [27, 28]. To further investigate the impact
of sensory conflict on cognition, a mid-experiment sur-
vey exploring participants’ spatial orientation and conflict
perception was administered to 18 participants. Specifi-
cally, after completing each task, participants were asked
a question to determine their spatial orientation: “What is
your direction of rotation? Please select clockwise (1) or
counterclockwise (0).”

All data were preprocessed using our customized Mat-
Lab (2021b, MathWorks, MA, USA) script. COP data were
filtered with a 20 Hz low-pass filter. Sway area, considered
a measure of overall postural performance, quantifies 95%
of the total area covered in the medial-lateral (ML) and
anterior-posterior (AP) directions, using an ellipse to fit
the COP data [29]. Furthermore, the complexity of COP
was calculated using multi-scale sample entropy (MSE),
which is a technique for measuring the complexity or
regularity of time series data at multiple scales. It is an
extension of the concept of sample entropy [30]. In this
study, we calculated the MSE of the COP trajectory during
platform rotation in both the AP and ML directions. We
used an 8 times scale factor and set the parameters m to 2
and r to 0.15, as recommended in previous studies [31].

Figure 2 depicts the EEG and EMG data processing
workflow. The EEG and EMG data were filtered through
a 1-48 Hz band-pass filter, and the 50 Hz line noise was
eliminated using the EEGLAB Cleanline plug-in [32].
For EMG data, full-wave rectification was additionally
required. Furthermore, for EEG data, we used artifact
subspace reconstruction (ASR) to eliminate data seg-
ments contaminated by substantial artifacts, such as body
movements [33]. We set the threshold at 20 SDs, ensuring
the retention of at least 65% of the data (to maintain data
synchronization, corresponding segments were removed
from the EMG data). ASR is an automated, online-com-
patible, component-based method that effectively removes
transient or large-amplitude artifacts from EEG data.
According to the study by Chang et al., the optimal ASR
parameter is between 20 and 30, which achieves a balance
between the elimination of non-brain signals and the pres-
ervation of brain activity [34]. It has been widely used to
inhibit the body motion artifact on EEG signals [35, 36].
Finally, the EEG signal was decomposed using Independ-
ent Component Analysis, aided by the ICLabel plug-in,
to remove interfering signals originating from various
sources, such as blinks, muscle artifacts, electrocardio-
grams, and linear noise [37].
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Block diagram of the EEG and EMG processing pipeline
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Fig. 2 Schematic of the EEG processing flow. The EEG and EMG
data are filtered using a 1-48 Hz band-pass filter, and the 50 Hz
line noise is removed using the EEGLAB Cleanline plug-in. For
EMG data, full wave rectification is also required. Furthermore, for
EEG data, we use Artifact Subspace Reconstruction to remove the
data segments polluted by large artifacts, such as body movements.
Finally, with the help of the ICLabel plug-in, independent component
analysis (ICA) is used to decompose the EEG signal to remove inter-
ference signals from different sources.

Construction of the Cortico-muscular Network

According to research by Van de Steen [38], causal con-
nectivity measures derived from sensor time series cannot
be interpreted as interactions between brain sources because
mixing effects caused by volume conduction can lead to
false connectivity. Therefore, in this study, we first recon-
structed the source of the time series of the EEG sensor
and then analyzed the directional connectivity between the
cortex and muscle. Further, considering the low density of
the EEG channels in this study, we chose the beamforming
algorithm to reconstruct the source of EEG. Low-density
(19-channel) EEG source reconstructions with beamformers
have been shown to be feasible for functional connectivity
analysis [39]. Particularly, the neural correlates of motor
behavior can only be captured using source functional con-
nectivity based on beamformers. First, the head model, also
known as the forward model, was generated utilizing the
boundary element method and the ICBM-152 brain archi-
tecture [40]. Cortical time-series data were computed using
inverse modeling based on the beamforming algorithm. The
sources were confined to the cortex, and the reconstructed
time-series data were projected to the region of interest
(ROI), as defined by the Brodmann Atlas (BA) [41]. We
chose the dorsolateral prefrontal cortex (DL-PFC; BA10, 46,
47), frontal eye fields (FEF; BAS, 9), sensorimotor cortex
(SMC; BAL, 2, 3, 4, 6), posterior parietal cortex (PPC; BAS,
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7), superior temporal cortex (STC; BA22, 40), and visual
cortex (VC; BA17, 18, and 19) as ROIs.

To construct the corticomuscular network, we used PDC
to calculate the directed functional connectivity between
various cortical regions, as well as between the two hemi-
spheric SMCs and the contralateral muscles. PDC is a math-
ematical measure used in signal processing and time-series
analysis to quantify the directed influence between pairs of
signals within a system. It is a type of frequency domain
causality measure that is based on the concept of Granger
causality [42]. In this study, we used the open-source toolbox
HERMES to calculate PDC within the 4-48 Hz frequency
range [43]. We selected this range as it encompasses the
main frequency bands commonly analyzed in EEG studies
and includes the frequency bands traditionally analyzed for
cortical-muscle coupling. The duration of the time window
was set at 6 s. This choice was based on the fact that in our
symmetric VR scene setup, a 6-s window corresponds to a
half rotation around the room at the rotation speed of 30°/s,
allowing the participants to experience all visual scenes. To
improve the robustness and sensitivity of our analysis, we
chose a step size of 2 s for the time window. This smaller
step size increased the number of overlapping windows
for analysis, thereby providing more samples for averag-
ing. Moreover, the model order p was determined using the
Akaike information criterion and was set at 9 [44]. Next,
we calculated node strength as the sum of the link weights
connected to the node, in order to characterize the strength
of interaction between the node and the network.

Statistical Analysis

Data from the study were thoroughly analyzed using IBM
SPSS Statistics version 26.0 (IBM, Armonk, USA). The
level of statistically significant differences was set at P
<0.05, with P-values reported to denote statistical signifi-
cance. All mean differences are reported alongside their cor-
responding 95% confidence intervals for better representa-
tion of the results.

We commenced the analysis with a y? test to evaluate the
impact of sensory conflict on self-motor perception. Follow-
ing this, to assess the influence of sensory conflict on pos-
tural stability and brain networks, we used a paired #-test to
compare the differences in COP sway area, MSE, and node
strengths under congruent versus incongruent conditions.
The normality of these difference values was confirmed
using the Shapiro-Wilk test, satisfying the prerequisite for
the application of the paired #-test. Datasets that passed the
Shapiro-Wilk test with a P-value >0.05 were considered to
follow a normal distribution.

Next, we shifted our focus to the influence of sensory
conflict on the cortico-muscular directed network. For this
purpose, we applied a two-factor repeated-measures analysis

of variance (ANOVA). This allowed us to discern poten-
tial interactions and primary effects of two within-subject
factors, namely directionality and sensory information
consistency. We again resorted to the Shapiro-Wilk test to
confirm the normality of the residuals. The degrees of free-
dom, F-value, and corresponding P-value resulting from the
ANOVA are duly reported.

Finally, we conducted a thorough investigation into the
specific impacts of sensory congruence on the connectiv-
ity between various calf muscles and the cerebral cortex.
Paired t-tests were carried out for each muscle-cortex pair.
The results were interpreted in light of the broader connec-
tivity trends among various muscles, thereby providing a
comprehensive understanding of how sensory congruence
or conflict influences cortico-muscular interactions.

Results

Effects of Sensory Conflict on COP and Spatial
Orientation

The sway area and MSE of the COP trajectories were cal-
culated and displayed in Fig. 3. First, the Shapiro-Wilk test
shows that the differences between the three sets of data all
conform to a normal distribution (sway area: P = 0.074;
MSE_ML: P =0.23; MSE_AP: P = 0.35). Therefore, here
we used a paired #-test to analyze the effect of consistency
of sensory information on the performance of stance bal-
ance. The results showed that under incongruent conditions,
participants’ COP sway area was significantly larger than
congruent conditions (mean difference = 312.3 mm?, 95%
CI (confidence interval): 72.0-552.6 mm?, P = 0.014). In
addition, the complexity of participants’ COP was found to
be significantly lower under sensory conflict compared to
congruent conditions (ML: mean difference = 0.16, 95% CI
=0.054-0.28, P = 5.7 x 1073, AP: mean difference = 0.29,
95% CI =0.16-0.52, P = 1.51 x 107%).

Further, by analyzing the motion perception reports, we
found that sensory conflict significantly influenced partici-
pants’ spatial orientation [y*(1) = 5.0, P = 0.025]. Specifi-
cally, under consistent conditions, all participants accurately
perceived their rotation as clockwise. However, in the pres-
ence of sensory conflict, 12 participants perceived them-
selves as rotating clockwise (consistent with the actual direc-
tion of motion) and 6 participants perceived themselves as
rotating counterclockwise (misled by visual information).

Effect of Sensory Conflict on the Cortico-muscular
Directed Network

Under incongruent conditions, information flow between
sensory processing areas such as the SMC, posterior parietal
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Fig. 3 Effect of sensory condi- A
tions on standing stability. A

The average COP sway area and

trajectory for all 21 participants.

The mean COP trajectories 10
for the congruent and incon-
gruent conditions are shown,

respectively, by the blue and e
red curves. The black ellipses E Of
quantify 85% of the total area E:
covered in the ML (medial-lat- <

eral) and AP (anterior-posterior)
directions. B Multi-scale sample -10 +
entropy (MSE) of the COP tra-
jectory to determine the effect

of sensory conflict on standing

Congruent

Incongruent

stability between congruent and 20 . , , . 220 . . . .
incongruent conditions. n = 21; ~ _ _ _ _ _
<0.001, paired -tests. ML (mm) ML (mm)
B *%
2.01 .
. *kk
%
= 1.51 [ Congruent
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1.01
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cortex (PPC), and visual cortex (VC) was reduced compared
to sensory congruent conditions (Fig. 4A). To validate this
difference, we calculated the node strength of each cortical
region and conducted a paired t-test analysis. Before con-
ducting these #-tests, the normality of the data distribution
was assessed using the Shapiro-Wilk test. The test results
indicated that the differences in the node strengths of all six
cortical regions were normally distributed (DL-PFC: P =
0.59, FEF: P = 0.37, SMC: P =0.91, PPC: P =0.33, STC:
P =0.22,VC: P =0.11). Further paired #-tests showed that,
during incongruent conditions, the node strength of the SMC
(mean difference = 1.40, 95% CI = 0.89-1.92, P <0.001)
and the PPC (mean difference = 1.11, 95% CI = 0.66-1.57,
P <0.001) were significantly lower than under congruent
conditions (Fig. 4B). However, no statistically significant
differences were found between the two conditions in the
VC (P =0.79), STC (P = 0.62), DL-PFC (P = 0.19), and
FEF (P = 0.69).

@ Springer

Figure 5A depicts the direction information flow between
the sensorimotor cortex and calf muscles. We applied the
two-factor repeated-measures analysis of variance (ANOVA)
to examine the influence of directionality and sensory infor-
mation consistency on the average strength of cortical-mus-
cular connectivity (Fig. 5B). Before conducting the two-
factor ANOVA, we assessed the assumption of normality
for our residuals, which is crucial for the validity of ANOVA
results. We utilized the Shapiro-Wilk test for each group.
The test results confirmed that the residuals from each group
conformed to a normal distribution, as all P-values were
greater than 0.05. Hence, we concluded that the assumption
of normality was met. The interaction between directional-
ity and sensory information consistency had a statistically
significant impact on the average connectivity strength,
F( 15 = 56.42, P <0.001. Consequently, we assessed the
individual effects of these within-subject factors. Specifi-
cally, under both congruent and conflicting conditions, the
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Fig. 4 Effect of sensory condi- A
tions on the cortical network. A
The average directed functional
connectivity strength between
six cortical regions in each con-
dition (sensory congruence and
incongruence). B Node strength
of each cortical region in the
two conditions. The upper and
lower error bars of the bins cor-
respond to the data’s upper and
lower quartiles, respectively.

n =21, *P <0.05, **P <0.01,
paired r-tests. PDC, partial
directed coherence; DL_PFC,
dorsolateral prefrontal cortex; B
FEP, frontal eye field cortex;

SMC, sensorimotor cortex;

Congruent

Incongruent

o
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PPC, posterior parietal cortex;

STC, superior temporal cortex; 8
VC, visual cortex; C, congruent;

IC, incongruent.
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strength of connectivity from the cortex to muscle was
found to be stronger than that from muscle to the cortex
(P <0.001), with differences of 0.34 (95% CI: 0.32-0.37)
and 0.21 (95% CI: 0.18-0.23), respectively. Importantly, we
found that, under conditions of sensory conflict, the strength
of connectivity from the cortex to muscle was significantly
lower than that under conditions of sensory congruence,
with a difference of 0.12 (95% CI: 0.01-0.16), P <0.001.
Conversely, from muscle to cortex, the connectivity strength
under sensory conflicting conditions was significantly higher
than under sensory congruent conditions, with a difference
of 0.0040 (95% CI: 0.0025-0.0060), P <0.001.

Further, we assessed the specific effects of sensory
consistency on each connection pair, as shown in Table 1.
Overall, the connectivity among various muscles exhibited
similar trends, with the cortical-muscle connectivity being
weaker during sensory conflict than sensory congruence,
and the muscle-cortical connectivity was stronger during
sensory conflict than sensory congruence. This difference

SMC PPC sTC Ve

was statistically significant for most connectivity pairs (P
<0.05), except for that from the left SOL to the right SMC,
and from the left SMC to the right GM (P >0.05).

Discussion

In this study, we aimed to investigate the relationship
between multisensory integration, cortical-muscular con-
trol, and postural stability by analyzing the directed corti-
cal-muscular interactions and COP trajectory under sensory
conflicts. This provides information for a better understand-
ing of the neural mechanisms of standing balance control.
We first analyzed participants’ COP data and reports of
motion perception. We found that, compared to sensory
congruence, sensory conflict led to an increase in the mag-
nitude of postural fluctuations and a reduction in complex-
ity. In addition, 33% of participants were misled by visual
information concerning the direction of movement during
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Fig. 5 Effect of sensory condi- A
tion on the cortico-muscular

network. A The average strength

of the directed functional con-

nectivity between the senso-

rimotor cortex and each calf

muscle. The first pair of images

represents the strength of the

connectivity from the cortex

to the muscle, and the second

pair represents the connectivity

from the muscle to the cortex.

The first column of images rep- 0.015
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Table 1 Directed interaction between the cortex and muscles. A paired #-test was used to examine differences in contralateral cortico-muscular
directional connectivity between the two sensory conditions in 19 participants.

Type Pair Strength [mean (SD)] Difference

Congruent Conflicting Mean difference 95% CI P-value
Brain R SMC—PL 0.38 (0.11) 0.23 (0.11) 0.15 0.081,0.21 <0.001
) SMC—GM 0.38 (0.14) 0.17 (0.12) 0.21 0.12,0.29 <0.001
Muscle L SMC—SOL 0.35 (0.14) 0.22 (0.12) 0.12 0.045,0.20 0.0041
Brain R PL—SMC 0.0027 (0.0021) 0.0056 (0.0027) 0.0029 0.0017, 0.0041 <0.001
1 GM—SMC 0.0025 (0.0011) 0.0042 (0.0023) 0.0018 0.00047, 0.0030 0.01
Muscle L SOL—SMC 0.0038 (0.0024) 0.0047 (0.0026) 0.00097 —0.00047, 0.0024 0.18
Brain L SMC—PL 0.43 (0.14) 0.24 (0.11) 0.19 0.11,0.27 <0.0015
! SMC—GM 0.25 (0.11) 0.22 (0.098) 0.029 —0.032, 0.088 0.33
Muscle R SMC—SOL 0.32 (0.1) 0.22 (0.13) 0.10 0.028,0.18 0.0097
Brain L PL—SMC 0.0035 (0.004) 0.0065 (0.003) 0.003 0.00073, 0.0052 0.012
) GM—SMC 0.0029 (0.0024) 0.0049 (0.0022) 0.002 0.001, 0.0030 <0.001
Muscle R SOL—SMC 0.0034 (0.0016) 0.0055 (0.003) 0.0022 0.00042, 0.0039 0.017

CI, confidence interval; R, right; L, left; SMC, sensorimotor cortex; PL, peroneus longus; GM, gastrocnemius medial; SOL, soleus.
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sensory conflict. Postural control is a complex process that
involves interactions between multiple physiological sys-
tems and control mechanisms [45]. The high complexity of
postural fluctuations indicates a high degree of adaptability.
The flexible, dynamic posture process enables the human
body to adapt to the complex environment and unpredict-
able changes [46]. Studies have found that the complexity
of postural fluctuations decreases with age and disease [47,
48], giving rise to the “complexity loss hypothesis” pro-
posed by Lipsitz and Goldberger [46, 49]. This hypothesis
suggests that a reduction in the ability of physiological sys-
tems to construct complex interaction networks precipitates
compromised physiological functions. Thus, the decreased
complexity of postural control under sensory conflict may
reflect a decrease in the adaptive adjustment of the postural
control system, culminating in less adaptable and more rigid
postural responses.

Furthermore, to investigate the mechanism of standing
balance control, we analyzed the directed connectivity of the
cortico-muscular network. Our results revealed that, during
sensory conflict, information interaction in the multisensory
integration network, centered on the PPC and SMC, is gen-
erally decreased and the processing of multisensory infor-
mation shifted from integration to separation, which aligns
with previous studies [50]. Most notably, we found that the
directed connectivity from the cortex to the muscles was sig-
nificantly reduced during sensory conflict, while the directed
connectivity from the muscles to the cortex was significantly
increased. It is well known that cortico-muscular coherence
reflects both descending motor output from cortex to muscle
and ascending somatosensory information feedback from
muscle to motor cortex [51, 52]. Thus, our findings indicate
that sensory conflict leads to diminished cortical control over
muscles, as well as enhanced somatosensory feedback from
muscles to the cortex. This may be related to the reduction of
information interaction in multisensory integrated networks.
In standing balance control, the brain needs to integrate and
coordinate the multisensory information to build unified and
stable cognitive information about body posture and motion.
On this basis, the nervous system can appropriately activate
muscles to adapt to complex environments [53, 54]. Our
findings suggest that the reduction of information interaction
in cortical multisensory integration may result in impaired
motor control, highlighting the importance of sensory pro-
cessing in movement and motor function. In addition, the
enhanced feedback from the muscles to the cortex may serve
as a compensatory mechanism when vision does not provide
valid motor information (visual and self-motor conflict). Pre-
vious research has found that when visual information is not
providing valid motor information, the human body relies
more heavily on somatosensory information [55]. This could
also partly explain why most people are still able to maintain
balance even when sensory information is in conflict.

Finally, we found the cortex-to-muscle connectivity was
significantly stronger than the muscle-to-cortex connectiv-
ity. This matches earlier results of CMC studies related to
the lower limbs [26]. This asymmetry may be related to
the hierarchical organization phase of the motor system.
The cortical-muscle connectivity is generally stronger,
mainly due to the role of this connectivity in transmitting
motor commands from the brain to the muscles, making
voluntary movements possible. In contrast, feedback from
muscles to the cortex, although crucial for proprioception
and motor learning, is less direct and robust [56].

Despite the novel insights provided by our study, we
acknowledge several limitations. First, the novelty of our
study design, which involves a unique combination of
EEG, EMG, and balance data analysis, means that our
findings may not be directly comparable to those of previ-
ous studies. Second, our study design, which involved a
specific balance task involving sensory conflict, may not
fully capture the complexity of real-world multisensory
integration and postural control. Third, our sample size
was relatively small, and the use of an experimental par-
adigm that induced artificial instability in the subjects’
posture could have introduced variability into our data.
Despite employing multiple methods to minimize this, a
degree of uncertainty might have persisted, potentially
affecting our results. This may be why consistent trends
were found across all connections, but some did not reach
statistical significance. An increased sample size might
allow for more robust statistical outcomes. Fourth, we did
not collect comprehensive data on the subjects’ subjective
experiences, such as feelings of motion sickness, which
could potentially influence their postural control and cor-
tical muscle interactions. Future research should aim to
address these limitations by incorporating a wider range of
tasks and conditions, increasing the sample size, including
diverse participant groups, and collecting more detailed
data on participants’ subjective experiences. Despite these
limitations, we believe our study provides valuable pre-
liminary insights into the role of multisensory integration
in cortical muscle control and postural stability.
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Stance balance control requires a very accurate tuning and combination
of visual, vestibular, and proprioceptive inputs, and conflict among these
sensory systems may induce posture instability and even falls. Although
there are many human mechanics and psychophysical studies for this
phenomenon, the effects of sensory conflict on brain networks and its
underlying neural mechanisms are still unclear. Here, we combined a rotating
platform and a virtual reality (VR) headset to control the participants’
physical and visual motion states, presenting them with incongruous (sensory
conflict) or congruous (normal control) physical-visual stimuli. Further, to
investigate the effects of sensory conflict on stance stability and brain
networks, we recorded and calculated the effective connectivity of source-
level electroencephalogram (EEG) and the average velocity of the plantar
center of pressure (COP) in healthy subjects (18 subjects: 10 males, 8 females).
First, our results showed that sensory conflict did have a detrimental effect on
stance posture control [sensor F(1, 17) = 13.34, P = 0.0019], but this effect
decreases over time [window*sensor F(2, 34) = 6.72, P = 0.0035]. Humans
show a marked adaptation to sensory conflict. In addition, we found that
human adaptation to the sensory conflict was associated with changes in the
cortical network. At the stimulus onset, congruent and incongruent stimuli
had similar effects on brain networks. In both cases, there was a significant
increase in information interaction centered on the frontal cortices (p <
0.05). Then, after a time window, synchronized with the restoration of stance
stability under conflict, the connectivity of large brain regions, including
posterior parietal, visual, somatosensory, and motor cortices, was generally
lower in sensory conflict than in controls (p < 0.05). But the influence of the
superior temporal lobe on other cortices was significantly increased. Overall,
we speculate that a posterior parietal-centered cortical network may play
a key role in integrating congruous sensory information. Furthermore, the
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dissociation of this network may reflect a flexible multisensory interaction
strategy that is critical for human posture balance control in complex and
changing environments. In addition, the superior temporal lobe may play a
key role in processing conflicting sensory information.

electroencephalography, sensory conflict, standing balance control, effective
connectivity, virtual reality

Introduction

Stance balance control is a complex process in which the
brain must continuously combine multisensory information
from the visual, vestibular, and somatosensory systems to
activate muscles for proper posture or movement. Vision plays
an important role in the control of posture, and when these
three sensory systems are isolated and tested for balance, it has
been found that vision is the most important contributor to
balance (Hansson et al., 2010). However, the source of visual
motion is inherently ambiguous, and the movement of objects
in the environment and self-movement can cause similar visual
stimuli (Fushiki et al., 2005). In some complex environments,
the conflict between visual and nonvisual information may lead
to unstable posture, vertigo, and even falls (Keshavarz et al,
2015). Theoretically, the brain could mitigate this problem
by combining visual signals with other types of information.
Human mechanics studies have shown that the integration
of sensory information used for postural control appears
dynamically regulated to adapt to changing environmental
conditions and available sensory information (Peterka and
Loughlin, 2004; Mahboobin et al, 2009). And numerous
psychophysical studies have shown that during multisensory
processing, the brain needs to make judgments about the
source of multimodal sensory cues, arbitrating between sensory
integration, and segregation (Dokka et al., 2010, 2019; Shams
and Beierholm, 2010; Acerbi et al., 2018; Rohe et al., 2019).
It performs weighted fusion for sensory signals from common
sources and separate processing for sensory information from
independent sources (Ernst and Banks, 2002; Fetsch et al,
2009).

The exact neural mechanisms of multisensory interactions
are still unclear, but several cortical regions have been identified
as a crucial contribution (Bolton, 2015). Neurophysiological
studies in macaques have shown that multisensory information
is combined in the dorsal division of the medial superior
temporal area and the ventral intraparietal area. Both areas
contain neurons that show selectivity for optic flow patterns
and directional tuning for inertial motion in darkness (Tanaka
et al, 1986; Duffy and Wurtz, 1991; Page and Duffy, 2003;
Gu et al, 2006), and some of these neuronal populations
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are sensitive to congruent stimuli and others to incongruent
stimuli. Neuroimaging studies in humans have also localized
multiple multisensory cortices, including numerous areas in the
parietal cortex (e.g., the ventral intraparietal area), temporal
cortex (e.g., the caudal superior temporal polysensory region),
and frontal cortex. Further, congruency of sensory cues was
also found to affect cortical activation, with stronger activation
in the posterior insula and temporal lobes during sensory
conflict and increased activation in the primary and secondary
visual cortex when sensory cues were congruent (Roberts et al.,
2017); Hemodynamic studies have shown that medial temporal
and medial superior temporal regions have stronger activation
in conflict conditions compared to congruent conditions
(Nguyen et al, 2020). In addition, the subjective strength
of the vertiginous sensation was negatively correlated with
the hemodynamic activity of the intraparietal sulcus and
supramarginal gyrus.

Although previous studies have identified many cortical
regions that are significantly activated during multisensory
interactions, the interactions within and between the relevant
cortical regions remain to be investigated. It is well known
that multisensory processing requires the coordinated activity
of different cortical areas, and key mechanisms involved in
these processes include local neural oscillations and connections
between distant cortical areas (von Stein and Sarnthein, 2000;
Keil and Senkowski, 2018). Therefore, it is important to study
the flow of information across multiple cortical areas that
process and integrate sensory cues. Traditional neuroimaging
methods are limited by fixed recordings and low temporal
resolution, such as functional magnetic resonance imaging
(fMRI) and functional near-infrared spectroscopy (fNIRS). In
contrast, electroencephalography (EEG) is a promising method
for assessing human cortical interactions during dynamic
homeostasis due to its high temporal resolution and portability
(Gramann et al,, 2011). Although EEG may be limited by low
spatial resolution and artifact contamination, cortical activity
can be obtained by source analysis techniques while removing
artifacts from it by blind source separation techniques such
as independent component analysis (ICA), thereby improving
spatial resolution and reducing artifact contamination (Gwin
etal., 2010).
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In the present study, we hypothesized that cross-modal
differences in sensory information affect the brain’s strategies
for multisensory processing in stance balance control and that
this can be revealed by quantitative measures of interactions
between relevant cortical regions. Here, according to our
working hypothesis, we combined a rotating platform and
a virtual reality (VR) headset to control participants’ body
movements and visual information to construct incongruous
(sensory conflict) or congruous (normal control) physical-
visual rotational stimuli. And the information flow in the
cortical network was measured quantitatively by partial directed
coherence (PDC, a time-varying, frequency-selective, and
directional functional connectivity analysis tool) (Baccala and
Sameshima, 2001; Friston, 2011).

Materials and methods

Participants

Twenty-two college students participated in this study.
Subjects were volunteers from the local university campus who
responded to a network advertisement. All participants had
no neurological, skeletal, or muscular problems and normal or
corrected vision and signed a written informed consent form.
The Ethics Committee of Zhejiang University Psychological
Science Research Center permitted our experiment (issued no.
2020-003). Four participants were excluded from data analysis
because of strides/stumbles during the experiment. Finally, data
from 18 participants [10 males, 8 females, age 24.1 & 2.3 years
(mean = SD)] were involved in the statistical analysis.

Experimental design

In this study, we used a rotating platform and a VR
headset to control the participants’ body movements and visual
information. The rotation platform (All Controller, Nanjing,
P. R. China) can rotate counterclockwise and clockwise with
a maximum rotation speed of 96 deg/s. The VR headset
used the VIVE Pro Eye wireless kit produced by HTC,
which can present a simulated laboratory environment through
the Unity3D program (Outside of the programmed scene
movement, normal head movements are also picked up by
the IMU in the VR headset and change the perspective of
the virtual scene accordingly). We used the written Unity3D
program to control both the rotating platform and the visual
scene in the VR headset, setting both “congruent” (visual
information synchronized with the actual body movement) and
“incongruent” (visual information conflicting with the actual
body movement) experimental conditions.

In the congruent condition, we did not provide additional
control in the VR headset. In this case, the participant moved
clockwise with the rotating platform at 30°/s relative to the
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ground, while that motion was picked up by the IMU in the VR
headset, and the visual scene in his eyes moved counterclockwise
relative to him at 30°/s (just as in a natural rotation in a
stationary environment, the visual scene should be stationary
relative to the ground, but moving in the opposite direction
relative to ourselves). In the incongruent condition, our goal is
to construct a scene that should be seen with counterclockwise
motion at the same speed in the case of clockwise motion. This
that the visual scene provides a message in the opposite direction
of the actual motion, with the same intensity. In this case, we
added an additional 60°/s of clockwise motion to the scene
of the VR headset. At this point, the participant’s body moves
clockwise at 30°/s, and the visual scene in his eyes also moves
clockwise at 30°/s. In both the congruent and incongruent
conditions, the platform and the visual scene began to move
after 30 s of standing and stopped after 36 s of uniform rotation
at 30 deg/s; The acceleration and deceleration processes were
completed within 1 s; Participants were then asked to continue
standing quietly for 34 s, and then rest for 5 min waiting for
the next test task.

The experimental setup and settings are shown in Figure 1.
Before the start of the formal test, we informed the participants
of the experimental procedure, and all participants familiarized
themselves with each condition. In the formal test, each
participant was asked to stand on the force plate with arms
crossed over the chest in a shoulder-width position. All subjects
were instructed to keep their eyes open (normal blinks were
allowed) and look straight ahead throughout the experiment,
which was ensured by an eye-tracking system built into the VR
headset. The force plate was placed in the center of the rotating
platform. Next, all participants were asked to maintain standing
balance to complete three test tasks (stationary standing
baseline, congruent and incongruent physical-visual stimuli).
The order in the three tasks was randomized and had 5 min
of rest between different test tasks. In the standing baseline
condition, the rotating platform and the VR scene remained
motionless for 100 s.

Data collection and preprocessing

In this study, we mainly collected plantar center of pressure
(COP) data and EEG data from participants during the
experimental task. We placed the Wii balance board in the
center of the rotating platform and measured the subjects’ COP
under the three experimental tasks with a sampling rate of
100 Hz. Many studies have verified the validity and reliability
of the Wii balance board in COP measures (Clark et al., 2010;
Huurnink et al., 2013; Leach et al., 2014). The validity of the
COP data in this study is discussed in Supplementary Figure 1.
The EEG signals were acquired with the ANTNeuro EEG device,
containing 32 channels in the 10-20 standard regime, and the
impedance of all electrodes was kept below 5 k ohms throughout
the experiment, at a sampling rate of 1,000 Hz sampling.
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FIGURE 1

Schematic diagram of the experimental setup and installation.
The experimental system was composed of an EEG acquisition
device, a VR headset, a force measurement platform, and a
rotating platform. During the experiment, the participants stood
on the force measurement platform and were asked to look
straight ahead with their hands on their chests the whole time.
Both physical and visual distractions were applied through the
rotating platform and the VR headset. The rotation was always
clockwise, while the visual scene was rotated counterclockwise
at the same speed in the congruent condition and clockwise at
the same speed in the incongruent condition.

We preprocessed the COP and EEG data in a custom script
in Matlab. First, we discard the signals in the acceleration or
deceleration phase of the rotation platform and then divide the
COP data and EEG data into six phases: baseline (BS, 12 s
before platform start), rotatingl (R1, 0-12 s after platform start),
rotating2 (R2, 12-24 s after platform start), rotating3 (R3, 24-36
s after platform start), afterl (A1, 0-12 s after platform stop),
and after2 (A2, 12-24 s after platform stop). The COP data were
filtered using a 20 Hz low-pass, 2nd order, zero-lag Butterworth
filter. Furthermore, the mean of the filtered data was removed.

Sway area quantifies 85% of the total area covered in the
ML and AP directions using an ellipse to fit the COP data,
which is considered an index of overall postural performance
(Palmieri et al.,, 2002; Paillard and Noe, 2015). Sway mean
velocity is calculated by dividing the COP trajectory distance
by the duration, which is considered to be the reliable dynamic
indicator of the efficiency of posture control (the smaller the
speed, the better the posture control) (Paillard and Noe, 2015;
Luo et al., 2018). We calculated mean sway velocity of the COP
signal as follows:

SN V@it — %)+ Qi —yi)2 F
N

MV =

where x(i) and y(i) are the COP displacements in the ML
and AP directions, respectively, N = number of samples,

F = sampling frequency.
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We processed the EEG data mainly based on a custom
script in the EEGLAB toolbox (Delorme and Makeig, 2004), it
was first band-pass filtered from 1 to 48 Hz, and the 50 Hz
line noise was removed using the EEGLAB Cleanline plug-
in. Further, to remove artifacts from body motion during
rotation, the EEG data segments contaminated with large
artifacts were removed using Artifact Subspace Reconstruction
(ASR) (Mullen et al., 2015), where the threshold was set to
20 standard deviations and ensured that at least 62.5 percent
(Every 12 s data is guaranteed to leave 7.5 s) of the data were
retained. Finally, the EEG signal was decomposed using ICA
with the aid of the ICLabel plug-in to remove interfering signals
such as blinks, muscle artifacts, electrocardiogram, and linear
noise that are not homologous to the EEG (Pion-Tonachini
et al, 2019). The processing flow of EEG data is shown in
Figure 2.

Electroencephalogram sourcing
analysis and connectivity computation

The EEG source analysis allows us to study cortical
dynamics from the potential cortical source activity estimated
from the sensor space EEG. Here, we used a standardized
low-resolution EEG tomography software package for source
localization (Pascual-Marqui, 2002). First, a head model
(forward model) was created using a Boundary Element
Method based on the ICBM152 brain anatomy (Fuchs et al.,
1998; Mazziotta et al, 2001). Inverse modeling based on
a standardized low-resolution electromagnetic tomography
algorithm was used to compute cortical time series data. The
sources were restricted to the cortex, and the reconstructed
time series were projected to the region of interest (ROI)
defined by the Brodmann atlas (Zilles and Amunts, 2010).
Specifically, we selected the following seven cortical regions as
ROIs: dorsolateral prefrontal cortex (DL-PFC; BA10, 46, 47),
frontal eye field cortex (FEF; BAS, 9), motor cortex (MC; BA4,
6), primary somatosensory (S1; BA1, 2, 3), posterior parietal
cortex (PPC; BAS5, 7), superior temporal cortex (STC; BA22, 40),
visual cortex (VC; BA17, 18, 19).

After obtaining the activity of the seven cortical regions
of interest, we used PDC to perform an effective connectivity
analysis (Baccala and Sameshima, 2001). PDC, a frequency
domain extension of Granger causality, can be used to
calculate the strength of directed information flow between
cortical regions. We used the open-source toolbox HERMES
to calculate PDC for theta (4-8 Hz) and alpha (8-12
Hz) bands, where the time window was set to 3 s with
50% overlap (Each segment of 7.5 s of valid data is
divided into 4 windows), and the model order p was
determined using the Akaike information criterion. Then
node strength was computed as the sum of weights of links
connected to the node.
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Statistical analysis

First, to determine the effect of sensory conflict on stance
stability, we used two-way repeated measures ANOVA to assess
the effects of the time window and sensory condition on
COP sway velocity. Differences in COP sway velocity within
rotating phase (R1, R2, R3) or after rotating phase (Al, A2)
were assessed with two-way repeated measures ANOVAs with
sensory condition (incongruent, congruent) and time window
(per 12 s) factor. Differences in COP sway velocity during
the movement state transitions were assessed with repeated
measures ANOVAs, which compared the baseline to the mean of
the rotating and after rotating phases in both sensory conditions.
In ANOVAs, predicted effects and/or interactions were explored
further with simple effects analyses, and unexpected effects were
explored further with Bonferroni post-hoc tests.

Further, in order to know the effect of incongruent and
congruent rotational stimuli on brain networks, we used paired
t-tests to analyze the differences in network connection and
node strength between two rotational stimuli to baseline.
Further, we examined the effect of time windows (R1, R2,
and R3) and sensory status on node strength using two-way
repeated measures ANOVA and Bonferroni post-hoc tests for
data from the interference period. In the analysis of cortical
connections, p < 0.05 was defined as a significant difference,
and all p-values were corrected for the false discovery rate
(FDR) method (Benjamini and Hochberg, 1995). Significant
connections corresponding to p < 0.05 were plotted onto MRI
templates using the BrainNet Viewer toolbox (Xia et al., 2013),
where red represents significantly stronger, and blue represents
significantly weaker. Studentized residuals were tested for
normality by Shapiro-WilK’s test, and non-normal data were
analyzed using the Wilcoxon signed-rank test or Friedman
two-way analysis of variance.

Results

Effect of sensory conflict on standing
balance

To investigate the effect of sensory conflict on standing
postural stability, we collected participants’ center of plantar
pressure (COP) in both sensory conditions and recorded their
trajectories (Figure 3A). Using a paired t-test showed that the
range of COP sway was significantly greater in incongruent
condition than in congruent condition (P = 0.0019). This
suggests that sensory conflict has a detrimental effect on stance
stability.

Further, to investigate the dynamic effects of sensory
conflict on standing posture stability, we used two-way repeated
measures ANOVA to assess the effects of the time window
and sensory condition on standing posture stability, as shown
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in Figure 3B. First, the sway velocity increased substantially
in both sensory conditions after the platform started to rotate
(Figure 3B). A repeated measures ANOVA contrasting average
sway velocity at the two windows of baseline with an average
of three windows in rotation period confirmed it [window F(1,
17) = 108.14, P = 8.7e-11], and also sway velocity significantly
greater in the incongruent condition than in the congruent
condition [sensor F(1, 17) = 12.11, P = 0.0029].

Then, we analyzed the sway velocity during the rotation
duration (R1, R2, R3) using repeated measures ANOVA. The
results showed that the sway speed of participants decreased
significantly over time [window F(2, 34) = 49.38, P = 8.8e-11],
which reflected the adaptation of the humans to the balance
disturbance. And the sway velocity was significantly greater
in the incongruent condition than in the congruent condition
[sensor F(1, 17) = 13.34, P = 0.0019], which reflected the
detrimental effect of sensory conflict on the standing balance.
More importantly, we found a significant interaction effect of
the two factors [window*sensor F(2, 34) = 6.72, P=0.0035]. This
implies that the detrimental effect of sensory conflict on stance
stability diminishes over time. Bonferroni pairwise comparisons
also demonstrated that the sway velocity in the incongruent
condition was significantly greater than that in the congruent
condition only during the first time window of platform rotation
(R1: P = 0.063), with no significant difference between the two
subsequent windows (R2: P = 0.099; R3: P = 0.40).

Finally, we analyzed the sway velocity after the platform
was stopped. The results show that the mean sway velocity
after platform stop is still significantly larger than the baseline
[window F(1, 17) = 43.71, P = 4.0e-06], indicating that there
are some after effects of the disturbance. Further, analysis of
the sway velocity for the two windows after platform stopping
showed that the sway velocity decreased over time [window F(1,
17) = 45.38, P = 3.0e-06] and was greater for those experiencing
sensory conflict [sensor F(1, 17) = 18.99, P = 4.3e-04]. In
addition, a significant interaction effect was also shown between
the two factors [window*Sensor F(1, 17) = 9.85, P = 0.006].
Bonferroni pairwise comparisons also demonstrated that the
sway velocity after the incongruent condition was significantly
greater than that in the congruent condition only during the
first time window after platform stop (Al: P = 0.0019). This also
implies that the detrimental effect of sensory conflict on stance
stability diminishes over time (A2: P = 0.11).

Changes in brain networks under
multisensory stimuli

To quantify the status of cortical information flow during
equilibrium under multisensory stimuli, we constructed a
cortical effective connectivity network using a partial directed
coherence function (PDC). Figures 4A, 5A show the significant
changes in effective cortical connectivity (p < 0.05, false
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Schematic diagram of the EEG processing flow. As shown in the figure, EEG processing includes three parts: preprocessing, soliton source
analysis, and network connection calculation. In the preprocessing, raw EEG is cleaned up by band-pass filtering, removal of linear interference,
artifact spatial reconstruction, and independent component analysis steps. Then the sensor space EEG is transformed into source activity and
clustered into regions of interest by the sSLORETA software package. Finally, the effective connections between cortical regions of interest are
calculated quantitatively using PDC.

discovery rate correction) in the rotational stimuli compared the incongruent condition, we mainly found a significant

to the stationary baseline. The red/blue lines represent enhancement of information flow from the temporal lobe to
effective connectivity during rotational stimulation significantly other regions. In addition, the trends were similar in the alpha
greater/less than during stationary standing (Supplementary to theta bands, but the alpha band activated fewer connections

Figures 2, 3 provide the specific p-value for each connection during stimulation than the theta band (Figure 5A).

pair).

First, at the onset of the rotating stimulus (R1), the effective
connections centered in the frontal lobe were significantly
increased compared to the baseline. From the first columns of
Figures 4A, 5A, we can find that all frontal (DL-PFC, FEF,
SMA) regions have enhanced effective connections with other
regions in the congruent condition. While in the incongruent
condition, in addition to significant activation of the frontal
cortical-centered networks compared to the baseline, there was
a significant increase in the outflow of information from the

superior temporal lobe.

Second, after a period of sustained rotational stimulation
(R2, R3), we found a wide activation of cortical networks in the
theta band compared to the baseline (as shown in the third and
second columns of Figure 4A). In the congruent condition, the
effective connections between the visual cortex, motor cortex,
somatosensory cortex, posterior parietal lobe, and superior
temporal lobe were generally significantly enhanced, forming
a network of information interactions centered on parietal-
temporal extensions to visual and sensorimotor cortices. In
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Then, we calculated the node strength in the posterior
parietal and superior temporal cortices to further explore the
effect of multisensory stimuli. Paired t-tests were used to
determine the difference in node strength between rotating
phase (R1, R2, R3) and baseline and were corrected for multiple
comparisons using Bonferroni as shown in Figures 4B, 5B. We
could see that the posterior parietal lobe node strength was
significantly greater in sensory congruent rotational stimulation
compared to the baseline (Theta: Pg; = 0.0013, Pr, = 0.00040,
Pr3 = 0.0060; alpha: Pr; = 0.034, Pry = 0.0041, Pg3 = 0.019),
while there was no significant change during the sensory
conflict (Theta: Pg; = 0.091, Pry = 0.087, Pgr3 = 0.22; Alpha:
Pr1 = 0.64, Ppy = 0.14, Pp3 = 0.87). In addition, node strength
in the superior temporal lobe increased significantly in both of
congruent (Theta: Pg; = 0.015, Pgy = 0.0095, Pg3 = 0.0016; alpha:
Pry =0.050, Pgy = 0.035, Prz = 0.013) and incongruent (Theta:
Ppr; = 0.010, Pry = 0.0060, Pr3z = 0.00030; alpha: Pr; = 0.057,
Pry =0.029, Pr3 = 0.00090) condition.

Finally, we analyze the difference in the effective cortical
network between the congruent and incongruent conditions
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FIGURE 3

Effect of rotational stimuli on stance stability. (A) The mean COP sway trajectories and area for all 18 participants. The blue and red curves
represent the mean COP trajectories in the congruent and incongruent conditions, respectively. The black ellipse quantifies 85% of the total
area covered in the ML and AP directions, using the ellipse to fit the data. (B) Comparative analysis of participant sway velocities between
congruent and incongruent conditions. According to the starting and ending points of the rotating stimuli, we divided the COP data into BS (12
s before platform initiation), R1 (0-12 s after platform initiation), R2 (12-24 s after platform initiation), R3 (24—-36 s after platform initiation), and
Al (0-12 s after platform stop), A2 (12-24 s after platform stop). We used two-way repeated measures ANOVA to assess the effects of the time
window and sensory condition on standing posture stability. Differences in COP sway velocity within rotating phase (R1, R2, R3) and after
rotating phase (A1, A2) were assessed with two-way repeated measures ANOVAs with sensory condition (incongruent, congruent) and time
window. Differences in COP sway velocity during the movement state transitions were assessed with repeated measures ANOVAs, which
compared the baseline to the mean of the rotating and after rotating phases in both sensory conditions. In ANOVAs, predicted effects and/or
interactions were explored further with simple effects analyses, and unexpected effects were explored further with Bonferroni post-hoc tests.
The upper and lower error bars of the bins are the upper and lower quartiles of the data, respectively.

(p < 0.05, false discovery rate correction), as shown in no effective connections with significant differences between
Figure 6A, where the red/blue lines represent the effective the congruent and incongruent conditions. Then, after a while
connections in the incongruent condition significantly (R2, R3), a similar phenomenon was observed for both alpha
greater/less than the congruent condition (Supplementary and theta bands; that is, the network of effective connections
Figure 4 provides the specific p-value for each connection pair). centered in the parietal lobe is significantly weaker in the
First, At the beginning of the rotational stimulus (R1), there are incongruent condition compared to the congruent condition,
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FIGURE 4
Cortical activity in theta band. (A) Changes of theta band cortical connectivity compared to standing baseline in congruent and incongruent
conditions. Red lines indicate a statistically significant increase (SSI) in connectivity compared to baseline, and blue lines indicate a statistically
significant decrease (SSD) in connectivity compared to baseline (p < 0.05). Significances were calculated using paired t-tests and corrected by
the false discovery rate (FDR) method. The cortical areas of interest are as follows: dorsolateral prefrontal cortex (DL-PFC), frontal eye field
cortex (FET), motor cortex (MC), primary somatosensory (S1), posterior parietal cortex (PPC), superior temporal cortex (STC), visual cortex (VC).
The arrows represent the direction of information flow. (B) Theta band node strength in posterior parietal and superior temporal cortices. Paired
t-tests were used to determine the difference in node strength between rotating phase (R1, R2, R3) and baseline and were corrected for
multiple comparisons using Bonferroni. Congruent _PPC: Node strength of posterior parietal cortex in the congruent condition.
Inongruent_PPC: Node strength of posterior parietal cortex in the incongruent condition. Congruent _STC: Node strength of superior temporal
cortex in the congruent condition. Inongruent_STC: Node strength of superior temporal cortex in the incongruent condition. The upper and
lower error bars of the bins are the upper and lower quartiles of the data, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.

but the information flow from the superior temporal lobe is
significantly stronger.

Further, to analyze the differences in node strengths between
the congruent and incongruent conditions. We used two-way
repeated measures ANOVA with Bonferroni post-hoc tests to
assess the effects of the time window and sensory condition
on node strengths, as shown in Figure 6B. We can also find
that the node strengths of the posterior parietal lobe in the
congruent condition are significantly greater than those in
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the incongruent condition [Theta: sensor F(1, 17) = 15.25,
P = 0.0011, Pr, = 0.0045, Pr3 = 0.021; alpha: sensor F(I,
17) = 8.59, P = 0.0093, Pr; = 0.032, Pr, = 0.0045, Pg3 = 0.019],
while the node strengths of the temporal lobe in the incongruent
condition are significantly greater than those in the congruent
condition [Theta: sensor F(1, 17) = 4.79, P = 0.043, Pg3 = 0.015;
alpha: sensor F(1, 17) = 4.56, P = 0.048, Pr3 = 0.017]. In terms
of time window factor, there was no statistically significant
difference in the node strengths of both posterior parietal
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Cortical activity in alpha band. (A) Changes of alpha band cortical connectivity compared to standing baseline in congruent and incongruent
conditions. (B) Alpha band node strength in posterior parietal and superior temporal cortices. *p < 0.05, **p < 0.01, ***p < 0.001.

[Theta: window F(2, 34) = 1.22, P = 0.31; alpha: window F(2,
34) =2.51, P = 0.096] and superior temporal lobes [window F(2,
34) = 0.80, P = 0.46; alpha: window F(2, 34) = 0.87, P = 0.43].

Discussion

In the present study, we combined a rotating platform
and a VR headset to control the participants’ physical and
visual motion states. Then we analyzed the effective connectivity
dynamics changes and postural stability of subjects under visual
and actual motion congruent or incongruent. We mainly find
that: (1) Sensory conflict had a significant detrimental effect on
postural stability. However, human can adapt to this detrimental
effect over time. (2) The recovery of humans standing balance
under sensory conflict was associated with changes in the
cortical network. At the onset of the rotational stimulus, sensory

Frontiers in Neuroscience

09

congruent and incongruent rotational stimuli had similar effects
on brain networks. And after a while, synchronization with
the restoration of balance control, congruent and incongruent
stimuli had broad and different effects on cortical networks.

The role of frontal cortex

In the present study, we found that although sensory conflict
significantly negatively affected participants’ balance control at
the beginning, this effect diminished and disappeared over time.
This suggests that the humans has an adaptive capacity to
balance challenges in sensory conflict. Furthermore, we found
that effective connectivity networks centered in the frontal
cortex were significantly activated during the beginning of
balance challenges and persisted throughout the task, regardless
of the sensory condition.
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The effect of sensory conflict on cortical effective connectivity networks. (A) Significant changes in effective cortical connectivity in the
incongruent condition compared to the congruent condition. Red connections indicate significantly stronger connectivity in the conflict
condition, and blue connections indicate significantly weaker connectivity in the conflict condition (p < 0.05). Significance levels were
calculated by paired t-test and corrected by the false discovery rate (FDR) method. The arrows represent the direction of information flow. (B)
Differences in node strength (STR) in the posterior parietal and superior temporal lobes. A two-way repeated measures ANOVA with Bonferroni
post-hoc tests to assess the effects of the time window and sensory condition on node strengths. *p < 0.05, **p < 0.01.

Actually, the frontal cortex has long been widely known
to play an important role in reasoning, decision-making,
and adaptive behavior (Mihara et al., 2008). Also, the frontal
lobes are thought to have an important role in balance
control; several studies have shown increased activation
of the frontal lobes during balance perturbations (Clark
et al, 2014; Fujita et al, 2016). And the intensity of frontal

activation is positively correlated with task difficulty and
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inversely correlated with balance performance (Lu et al,
2015; Osofundiya et al., 2016). In addition, in multisensory
processing, several studies suggest that the frontal lobes may
play a role in multisensory causal inference, participating
in the arbitration of integration and dissociation, and
may be critical to the brain’s flexibility in multisensory
information processing (Rohe and Noppeney, 2015; Cao

et al,, 2019). Here, We also found that rotational stimulation
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first activated the frontal cortex. Then synchronized with
the restoration of balance control, in congruent and
incongruent conditions, the sensory systems of the brain
connectivity network showed integrated and dissociated
connectivity, respectively. This may be a crucial mechanism for
humans stance balance control during complex and variable

environments.

Multisensory integration network

During balance control under congruent conditions, we
found a general increase in information interaction between
the posterior parietal, superior temporal, motor, somatosensory,
and visual cortices in the theta and alpha band. It forms
a network of information interactions centered on parietal-
temporal extensions to visual and sensorimotor cortices, which
may be a vital neural process for multisensory integration in the
stand balance control.

Actually, many studies have highlighted the important role
of the posterior parietal and superior temporal lobes in sensory
integration and suggest that multisensory information may
be combined in it (Calvert, 2001; Beauchamp et al., 2004;
Macaluso and Driver, 2005). By using neuroimaging, multiple
cortical regions in the human brain’s parietal and temporal lobes
can respond to stimuli of more than one modality (Bremmer
et al,, 2001; Macaluso and Driver, 2001), which agrees with
single-cell recordings of cortical heteromodal neurons in these
regions in other primates (Graziano et al, 2002). Further,
neurophysiological studies in primates have shown that the
activity of some multisensory neurons in the superior temporal
and posterior parietal lobes is regulated by changes in the
reliability of cues on trial, similar to the dynamic adjustment
of psychophysical weights, which are a hallmark of sensory
weighting integration (Schaafsma and Duysens, 1996; Bremmer
et al., 2002; Gu et al.,, 2008; Morgan et al., 2008; Fetsch et al,,
2011). In addition, oscillations and synchronization in the
alpha spectrum and below are increasingly understood as a
component of neuronal communication and integration. Theta
oscillations are also suggested to coordinate different brain
functions (e.g., updating motor planning after somatosensory
input-the sensory-motor integration hypothesis) (Bland and
Oddie, 2001). Jensen and colleagues describe theta oscillations
can be used as a carrier wave for information transfer between
brain regions (Jensen and Colgin, 2007). Further findings from
performing a pathfinding task in a VR environment suggest that
the mechanism of sensorimotor integration is guided by theta
oscillations (Caplan et al., 2003).

Taken together, during balance control under congruent
physical-visual stimuli, it is not surprising that we found
network activation centered on the parietal-temporal lobe in the
theta and alpha band, which may reflect the cortical information
interaction process of multisensory integration.
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Flexible multisensory processing under
sensory conflict

The effective connectivity of cortical networks under
sensory conflict significantly differed from control. First, during
the conflicting sensory condition, we found a general paucity of
information flow across cortical areas involved in the sensory
integration network centered in the parietal-temporal lobe. This
may reflect a flexible multisensory interaction strategy, and
separate processing of sensory cues may be a general response
to sensory information mismatch. In addition, during sensory
cue conflict, we also found a significant increase in the influence
of the superior temporal lobe on other cortical regions, and
the posterior parietal centered cortical network was significantly
diminished. This may reflect functional specialization of the
superior temporal and posterior parietal lobes.

Although no previous studies have proposed specific
functional differences between the superior temporal lobe and
the posterior parietal lobe, it has been shown as early as in
primate neurophysiological studies that the posterior parietal
and superior temporal lobes differ in their response properties
to sensory stimuli (Chen et al, 2013; Cao et al, 2019). It
has been found that there are roughly equal populations of
neurons in the superior temporal lobe that are sensitive to
congruent or incongruent stimuli, whereas more populations of
neurons in the posterior parietal lobe are sensitive to congruent
stimuli (Yang et al., 2011; Chen et al,, 2013). It is well known
that congruent neurons may be the neural basis of sensory
integration, but the role of opposite neurons has puzzled
neuroscience for a long time (Morgan et al., 2008; Fetsch et al,,
2011). In recent years, some researchers have suggested that
combining opposite and congruent neurons may help people
make multisensory causal inferences for the flexible processing
of multisensory information. Signals were attributed to the same
event driving sensory integration when congruent cells are more
active. In contrast, when opposite cells are more active, they
are attributed to different events for independent multisensory
processing (Zhang et al., 2019; Badde et al,, 2021; Rideaux et al,,
2021).

These studies’ conclusions are mutually supportive of our
study’s results. The posterior parietal lobe is the center of sensory
integration, and its information interaction with other cortical is
enhanced mainly when sensory cues are congruent. In contrast,
the superior temporal lobe also plays a role in the arbitration of
sensory integration and segregation, and it should be activated
in both incongruent and congruent stimuli but may play a
greater role in the sensory conflict.

Conclusion

The present study analyzed the effective connectivity
dynamics changes during standing balance control under
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visual-actual motion congruent and incongruent. We found
that the recovery of humans standing balance was associated
with changes in the cortical network and synchronized
with the recovery of the balance control congruent and
incongruent stimuli had broad and different effects on
cortical networks. During sensory congruent, information
interactions among sensory systems are significantly enhanced
and integrated. While during the sensory conflict, information
pathways between visual and sensorimotor systems are almost
disconnected, and only the influence of the superior temporal
lobe on other cortical regions significantly increases. These
results may reflect a flexible multisensory interaction strategy
critical for human posture balance control in complex and
changing environments.
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Considerable disagreement exists on the linearity of the development of standing balance
in children. This study aimed to use different traditional and nonlinear methods to investigate
age-related changes in standing balance in preschoolers. A sample of 118 preschoolers
took part in this study. A force platform was used to record the center of pressure during
standing balance over 15 s in three conditions: eyes open, eyes closed, and/or head
extended backward. Detrended fluctuation analysis (DFA), recurrence quantification
analysis (RQA), and traditional measures were used to evaluate standing balance. The
main results are as follows: (1) Higher range and SD in the anterior-posterior (AP) direction
were observed for 5-year-old than for 4-year-old children, while higher DFA coefficient (at
shorter time scales) and higher determinism and laminarity in the AP direction were found
for 5-year-old children compared to 3- and 4-year-old children; and (2) as sensory
conditions became more challenging, all traditional measures increased and DFA
coefficients (at shorter and longer time scales) decreased in the AP and mediolateral
directions, while determinism and laminarity significantly declined in the AP direction. In
conclusion, although increased postural sway, 5-year-old preschool children’s balance
performance improved, and their control strategy changed significantly compared with
the younger preschoolers. Sensory perturbation (eye closure and/or head extension)
changed preschoolers’ balance performance and control strategy. Moreover, both
traditional and nonlinear methods provided complementary information on the control of
standing balance in preschoolers.

Keywords: standing balance, preschool children, nonlinear analysis, recurrence quantification analysis, detrended
fluctuation analysis

INTRODUCTION

Maintaining standing balance is a complex sensorimotor process. It involves multiple sensory
systems and actions of muscles distributed over the whole body. A deficit in any sensory
systems or integration of multisensory information can affect standing balance (Balasubramaniam
and Wing, 2002; Molloy et al., 2003). The control of standing balance is affected by perceptual
information, attention, and cognitive processes (Balasubramaniam and Wing, 2002). It should
be noted that age is an essential factor affecting standing balance (Hsu et al., 2009). Several
studies have found that the ability to control standing balance develops during childhood until
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early adult life and deteriorates from 40 to 59 years (Sheldon,
1963; Goble and Baweja, 2018). However, these studies did
not cover preschool years, and the development of sensory
systems and central nervous systems integration for preschool
children is incomplete (Steindl et al., 2006; Hsu et al., 2009;
Sa et al, 2018). Nonetheless, intra-modal reweighting was
exhibited in children as young as 4 years of age, while inter-modal
reweighting was only observed in older children (Bair et al.,
2007; Rinaldi et al,, 2009). Preschoolers may not effectively
suppress the influence of unreliable proprioception and visual
information on standing balance (Forssberg and Nashner, 1982;
Foudriat et al., 1993). Especially for 3-year-old children, many
of them fail to maintain standing balance under some challenging
conditions (e.g., eyes closed and/or on a foam surface; Slobounov
and Newell, 1994; Verbecque et al., 2016a). Several studies
found that younger children sway more with the eyes open
than with the eyes closed (Riach and Hayes, 1987; Slobounov
and Newell, 1994; Newell et al., 1997a,b). Moreover, an increase
in sway amplitude was found for 5-year-old children compared
with 3- and 4-year-old children in another study (Verbecque
et al,, 2016a). These phenomena conflict with the traditional view
of the influence of vision and age on standing balance. For
typically developing children, postural sway decreases with increasing
age under different sensory conditions (Sa et al., 2018; Villarrasa-
Sapifa et al., 2019). Nonetheless, considerable disagreement exists
on whether this developmental trend occurs linearly or whether
turning points can be identified (Kirshenbaum et al, 2001;
Rival et al., 2005; Verbecque et al., 2016b).

The most common method for assessing standing balance
is the postural sway’s characterization by measuring the center
of pressure (COP) displacements (Verbecque et al., 2016a). COP
signals can be used as an effective method to determine whether
a child has sufficient postural control under different sensory
conditions. Several studies have shown that COP signals are
non-random and nonstationary, containing structural information
of the postural control system (Collins and De Luca, 1993;
van den Hoorn et al, 2018). However, traditional methods
(e.g., range, SD, root mean square, sway velocity, sway path
length, and sway area) have been usually used to evaluate the
COP signals by assuming that postural sway is stationary
(Verbecque et al., 2016a,b). In fact, traditional methods have
some limitations for assessing standing balance. For example,
one study found that the sway area did not distinguish standing
balance between 5-year-old children and 3-year-old children
(Slobounov and Newell, 1994). Another study’s results showed
that sway velocity and Romberg quotient of most traditional
measures remained unaltered among different age groups of
preschool children (Verbecque et al., 2016a). These results indicate
that conventional methods may ignore some critical information
about standing balance. In contrast, many nonlinear methods
are based on concepts of chaos, fractals, and complexity (Ma
et al., 2018; Henriques et al., 2020), which have been used to
evaluate the COP signals to understand the dynamics of standing
balance in different groups (Doyle et al, 2005; Seigle et al.,
2009; Ramdani et al., 2013; Rigoldi et al, 2014; Zhou et al,
2017; Lobo Da Costa et al, 2019). Postural sway variability
can be quantified using multiscale entropy (MSE) and fractal

dimension (FD). Older adults with lower postural sway complexity
experienced more falls in the future, while traditional measures
were not associated with future falls (Zhou et al., 2017). FD
measures are more reliable than traditional COP measures in
assessing standing balance (Doyle et al, 2005). Detrended
fluctuation analysis (DFA) can assess the persistent and anti-
persistent behaviors of COP signals in different time scales
(Peng et al., 1995; Teresa Blazquez et al.,, 2009, 2010). Besides,
recurrence quantification analysis (RQA) was used to investigate
the dynamical properties of COP signals, even for a short
duration and for nonstationary data (Sylos Labini et al., 2012).
Some studies have shown that RQA measures in the anterior-
posterior direction are sufficient to distinguish the young and
elderly group and even distinguish non-fallers and fallers (Seigle
et al.,, 2009; van den Hoorn et al,, 2018). Thus, using nonlinear
methods may provide crucial information about COP signals,
contributing to more accurate insights into standing balance.

In previous studies, most authors investigated the age-related
changes in standing balance in preschoolers under challenging
conditions by perturbating the sensory inputs of vision and/
or proprioception (Verbecque et al., 2016a,b). Especially for
the condition of standing on a foam surface with eyes closed,
the vestibular input dominated because both visual and
somatosensory inputs had been removed or reduced (Young,
2015). In contrast, preschoolers” development of the vestibular
system did not reach functional maturity (Steindl et al., 2006;
Hsu et al,, 2009; Sa et al., 2018). During the preschool period,
proprioception may be the only relatively reliable sensory input
for standing balance (Steindl et al,, 2006; Hsu et al, 2009).
The head extension is also an effective method for evaluating
standing balance (Kogler et al, 2000; Buckley et al, 2005;
Vuillerme and Rougier, 2005; Paloski et al., 2006; Vuillerme
et al., 2008). The head-extended posture is recognized to induce
a modification of the vestibular inputs and abnormal sensory
inputs from neck proprioceptors, representing a challenge for
the postural control system (Vuillerme et al, 2008). Most
previous studies reported a standing duration of 30 s and
above (Verbecque et al., 2016b). Choosing a longer time for
data recording has the advantage of being a more realistic
estimation of the standing balance of preschool children.
However, it is difficult for children below 5 years to maintain
balance with eyes closed for longer durations (Forssberg and
Nashner, 1982; Verbecque et al., 2016a). Moreover, preschoolers
are easily distracted (Lobo Da Costa et al., 2019). Postural
sway data of 15 or 20 s can effectively distinguish the standing
balance among different age groups (Newell et al., 1997a; Goble
and Baweja, 2018; van den Hoorn et al, 2018). Therefore, a
shorter duration (e.g., 15 s) may be suitable for evaluating
preschool children’s standing balance. In general, the longer
the time for data recording, the better the reliability of COP
signals’ measures. Nonetheless, some nonlinear measures applied
to short data also had better reliability (Doyle et al., 2005;
Teresa Blazquez et al., 2009; Sylos Labini et al., 2012; van den
Hoorn et al, 2018). Fractal measures and RQA measures
are more reliable than traditional measures of COP signals
in assessing standing balance for a duration of 10 or 15 s
(Doyle et al., 2005; van den Hoorn et al.,, 2018).
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Thus, the purpose of the current study was to investigate
how age and sensory perturbation affect the control of standing
balance for preschool children on a firm surface using traditional
and nonlinear methods. The hypotheses were as follows: (1)
The balance performance and control strategy of 5-year-old
preschool children’s standing balance would change significantly
compared with the younger preschoolers; (2) sensory
perturbations (eye closure and/or head extension) would change
the control of preschoolers’ standing balance accordingly; and
(3) both traditional and nonlinear methods may discriminate
the age-related changes in standing balance in preschoolers,
and nonlinear methods may provide different information about
the effect of age on standing balance.

MATERIALS AND METHODS

Participants
A cross-sectional study was performed in a sample of 118
preschool children. They were grouped according to chronological
age: 3-year-old children (n = 40), 4-year-old children (n = 39),
and 5-year-old children (n = 39). The parents or guardians
of children provided written consent before any measurements.
A questionnaire was also completed by the parents or guardians
to identify any presence among participants of developmental
problems or interest in cooperation, which were all considered
exclusion criteria. Participants were recruited from one of the
regular preschools in Hangzhou, China. This study was approved
by the local ethical committee of Zhejiang University (issued
no. 2020-003) and conformed to the Declaration of Helsinki.
Among the 3-year-old children, 90% completed all conditions
(four children were excluded because of test failure). Among
the 4-year-old children, 97.44% completed all conditions (only
one child was excluded because of test failure). Among the
5-year-old children, 100% were able to complete all conditions.
In total, the final sample of 113 children are presented, which
include 3-year-old children (n = 36), 4-year-old children (n = 38),
and 5-year-old children (n = 39). Table 1 presents the descriptive
characteristics of the participants. Body height and body mass
increase significantly with age (p < 0.01 for height and body mass).

Data Collection

In an upright bipedal stance, participants were asked to stand
barefoot on a force plate (0.4 x 0.5 m, 1,000 Hz, model OR
6-5-2000, AMTI Inc., United States) with feet together (Verbecque
et al., 2016b) for 15 s. They were asked to stand on a firm
surface and keep their arms beside their bodies and stand as

still as possible. Standing balance was measured in three
non-randomized test conditions: (1) EO: eyes open; (2) EC:
eyes closed; and (3) ECHB: eyes closed and head extended
backward (Smith et al., 2012). Participants were asked to keep
their head in a straight-ahead direction under the condition
of EO and EC, and they were asked to tilt their head backward
for at least 45° under the condition of ECHB. Each condition
was designed to remove or reduce sensory inputs. For the
condition of EO, all sensory inputs are available; for the
condition of EC, only the visual information is unavailable;
and for the condition of ECHB, sensory inputs arising from
vision, vestibular system, and neck proprioceptors are removed
or reduced (Vuillerme et al., 2008; Smith et al., 2012). All
participants familiarize themselves with each condition before
the formal test and have 30 s of rest between different conditions.
According to previous studies, a visual target used in the
condition of EO can enhance children’s attention and motivation
(Scharli et al., 2013; Verbecque et al., 2016b), and gazing at
objects at a near distance (small eye-object distance) can reduce
body sway (Verbecque et al., 2016b; Aoki et al., 2018). Thus,
in the EO condition, the children were instructed to look at
a stationary marker positioned 1 m away and individually
adjusted for the eye height. One investigator stayed close to
the participant throughout the entire test to prevent them
from falling. Once the participant moved their feet or fell,
the trial was stopped, and the results were excluded for
further analysis.

Data Analysis

Demographic data (gender, height, and body mass) were reported.
All signals from the force platform were processed oftline using
MATLAB software (MathWorks, Natick, MA, United States).
The COP positions were calculated from the ground reaction
forces and moments of force and then filtered using a 20 Hz
low-pass, 2nd order, zero-lag Butterworth filter. Furthermore,
the mean of the filtered data was removed. The COP displacements
were subsequently analyzed using traditional and nonlinear
methods in the anterior-posterior (AP) and mediolateral (ML)
directions. Traditional methods included the range, SD, sway
mean velocity, sway path length, and sway area, which quantified
the postural sway (Verbecque et al., 2016a,b). Nonlinear methods
included the DFA and RQA.

The range is the distance between the maximum and minimum
COP displacement in the AP and ML directions, representing
the entire trial’s postural sway. In general, the greater the range,
the worse the postural stability (Palmieri et al., 2002; Paillard
and Noé, 2015). Because the COP signal of zero mean, SD,

TABLE 1 | Descriptive characteristics of the participants.

Age group P N Gender (M/F) Height (cm) Body mass (kg)
3 years 90% 36 19/17 103.44 + 4.96 17.35 + 3.16
4 years 97.44% 38 17/21 111.53 £ 4.03 19.19 + 3.30
5 years 100% 39 21/18 119.71 + 6.61 23.38 + 5.47

P, percentage of children that completed all three condiitions; N, number of children of whom the results were analyzed; M, male; F, female.
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and root mean square (RMS) provide the same result, which
is defined as the square root of the mean of the squares of
COP displacement in the AP and ML directions. SD is a
variability index of COP displacements (Palmieri et al., 2002;
Paillard and Noé, 2015; Luo et al., 2018). Path length quantifies
the magnitude of the two-dimensional displacement based on
the total distance traveled and is considered a valid index (the
smaller the path length, the better the postural stability; Paillard
and Noé, 2015). Sway mean velocity is calculated by dividing
the COP excursion by the duration time, which is considered
an index with the greatest reliability, reflecting the efficiency
of postural control (the smaller the velocity, the better the
postural control; Paillard and Noé, 2015; Luo et al., 2018; van
den Hoorn et al, 2018). We calculated Sway mean velocity
and Path length of the COP signal as follows:

MV _ml=3"" [x(i+1)—x(i)«F/N
MV _ap=3"" [p(i+1)—y(i)+F /N
. )2 . )2
Path = 3 (x(i+1) = x()) + (v +1) - »(0)
where x(i) and y(i) are the COP displacements in the ML

and AP directions, respectively, N = number of samples,
F = sampling frequency.

Sway area quantifies 85% of the total area covered in the
ML and AP directions using an ellipse to fit the COP data,
which is considered an index of overall postural performance
(Paillard and Noé, 2015; Verbecque et al, 2016a). Figure 1
shows some details of the sway area calculation of COP trajectory
from a 4-year-old child under the condition of ECHB. It can
be seen that all traditional measures of COP signals reflect
the balance performance with the small the value, the better
the balance performance.

Detrended fluctuation analysis is a technique for quantifying
the long-range correlation behavior in a time series (Peng et al.,
1995), and frequently used to study the behavior of the COP
trajectory (Teresa Bldzquez et al., 2009, 2010; van den Hoorn
et al,, 2018; Lobo Da Costa et al, 2019). DFA can measure
the relation between COP fluctuations at different time scales
by the slope of a linear region on the log-log plot of COP
fluctuations vs. time scales (Figure 2). Based on the shorter
duration of tests in this study, the time window ranged from
0.10 to 4.42 s (van den Hoorn et al, 2018). The COP signal
was integrated over time and divided into smaller time windows
with 50% overlap. Each time window’s linear trend was subtracted,
and the root-mean-square fluctuations of the integrated COP
around the linear fits were determined. For the log-log plot of
COP fluctuations vs. time scales, two linear regions were fitted
by minimizing the squared errors between the two fitted lines

30 T |

COP trajectory

-40 -30 -20 -10
ML (mm)

FIGURE 1 | The raw (gray trace) and filtered (blue trace) center of pressure (COP) signals for a 4-year-old child under the condition of eyes closed and head
extended backward (ECHB) during 15 s. Estimated sway area (red trace) is superimposed onto the plots of COP trajectory.
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FIGURE 2 | Detrended fluctuation analysis (DFA) method and DFA coefficients. (A) Original COP signal in the anterior-posterior (AP) direction from a 4-year-old
child under the condition of ECHB during 15 s. (B) Integrated COP signal y(k), the red solid line represent the linear trend in each box with 50% overlap. (C) Log-log
plot of COP fluctuations vs. time scales, DFA; (red line) and DFA; (green line) reflect the COP fluctuations at shorter (to the left of the blue line) and longer (to the right
of the blue line) time scales, respectively.

and actual data (Figure 2), and two slopes of different time
scales were determined. The first slope (DFA,) in general greater
than 1.5, indicating that a persistent pattern of COP sway. The
second slope (DFA,) in general smaller than 1.5, indicating
that an anti-persistent pattern of COP sway. Higher DFA values
indicate smoother and more persistent behavior at short (DFA,)
and long (DFA,) time scales, while lower DFA values indicate
less smooth and more anti-persistent behavior at short (DFA,)
and long (DFA,) time scales (van den Hoorn et al, 2018).
We calculated DFA, and DFA, of the COP signal as follows:

k

The original COP signal is integrated as: y (k)= x()—X|
1=1

where x(t) is the original COP signal at time f, X is the

average of the entire time series, and y(k) is the integrated
COP signal.

The fluctuation of the integrated COP signal is
N
calculated as: F(n)—\/%z:[y(k)yn(k)]z
k=1

where y, (k) is the local linear trend, F(n) will increase
with the box size n. The slopes of the fitted lines of the
log-log plot at short and long time scales are the DFA coefficients
(DFA, and DFA,).

Recurrence quantification analysis is a tool for studying the
dynamics of a signal. It is based on the construction of a

recurrence plot (RP) from which quantitative measures are
extracted. The time delay was calculated using the mutual
information method, and the embedded dimension was determined
using false nearest neighbor analysis. Figure 3 shows a recurrence
plot of a COP signal in the AP direction from a 4-year-old
child under the condition of ECHB. RP’s features can be quantified
by the diagonal lines and vertical lines using Marwan’s RQA
toolbox (Marwan et al., 2007). Determinism (%DET) refers to
the percentage of all recurrences in phase space that form
diagonal line lengths longer than a pre-set threshold distance.
Higher %DET values indicate a more predictable, less random
COP data motion, which is consistent with better balance
performance (van den Hoorn et al., 2018). Laminarity (%LAM)
refers to the percentage of all recurrences in phase space that
forms vertical line lengths longer than a pre-set threshold
distance. Higher %LAM values indicate a more intermittent
COP motion with more periods of minimal COP fluctuations
(van den Hoorn et al, 2018). To avoid the ceiling effect of
the %DET and %LAM, minimal length of both diagonal and
vertical line features were set as 0.1 s; the recurrence threshold
was chosen as 5% of the recurrence rate (Seigle et al., 2009;
Ramdani et al., 2013; van den Hoorn et al., 2018).

We calculated Determinism (%DET) and Laminarity (%LAM)
of the COP signal as follows:

Recurrence plot is briefly defined as R}"}" = G)(f-:,- —|%—x ]")

where ¢ is a predefined threshold and ¥;X; are phase space
trajectories in an m-dimension phase space;
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FIGURE 3 | Recurrence plot of a COP signal in the AP direction from a 4-year-old child under the condition of ECHB duration 15 s (time delay = 28 samples,

where P° (l): {I,-;i = 1...N1} is the frequency distribution
of the lengths I of diagonal structures, and Nj is the absolute
number of diagonal lines;

S ()
S P (v)

%LAM = x100

where  P°(v)={v;i=1...N,} denotes the frequency
distribution of the lengths I of vertical structures.

The following measures were selected for analysis. Traditional
measures included amplitude (Range), SD, and sway mean
velocity (MV) in the AP and ML directions; sway path length
(Path) and sway area (Area) were also included. Nonlinear
measures included DFA coeflicients (DFA, and DFA,), determinism
(%DET), and laminarity (%LAM) in the AP and ML directions.

Statistics

Each measure’s distribution of normality was tested (Shapiro-
Wilk test, p > 0.05). A mixed repeated-measures ANOVA with
between-subject factors (age) and within-subject factors (condition)
was conducted to assess the effects of age and condition on
all the measures. Significant interactions were explored further
using simple effects analyses and performed with Bonferroni
post hoc tests. Greenhouse-Geisser corrections were applied for
circumstances in which sphericity could not be assumed (Mauchly’s
test, p < 0.05). The significance level was set as p < 0.05 with
two-tailed. Effect size values (1) were reported for ANOVA.
All statistical testing was conducted using SPSS (IBM SPSS
Statistics, Version 25, SPSS Inc., Chicago, IL, United States).

RESULTS

Traditional Measures
Table 2 provides an overview of mean values and SDs for
traditional measures of standing balance in each condition
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TABLE 2 | Overview of mean values and SDs for traditional measures of standing balance.

Age group EO EC ECHB

Range_ml (mm) 3 years 33.07 + 8.85 43.38 + 12.08 51.26 + 15.85

4 years 30.76 + 8.50 41.583 £ 11.40 52.89 + 17.31

5 years 29.69 + 11.31 44.41 +18.57 51.21 +17.43
Range_ap (mm) 3 years 32.79 +9.35 37.24 +11.63 51.95 + 16.49

4 years 27.09 +7.57 37.27 + 8.84 4712 +£13.43

5 years 33.92 + 13.49 42.52 + 14.94 52.06 + 19.52
SD_ml (mm) 3 years 6.71+1.64 8.28 +2.32 9.98 + 3.07

4 years 5.96 + 1.43 8.12 +2.07 9.74 +2.85

5 years 577 +1.88 8.563 £ 3.25 9.67 +2.81
SD_ap (mm) 3 years 6.57 +1.85 7.38 +2.44 9.78 £ 2.98

4 years 5.73+1.82 7.26 +1.61 9.06 +2.33

5 years 7.17 +2.81 8.81+2.97 9.36 + 2.59
MV_ml (mm/s) 3 years 19.16 + 6.08 25.39+7.13 31.78 + 11.36

4 years 17.53 £ 5.51 26.80 +9.19 32.09 + 11.71

5 years 1712 £ 6.27 25.61 +11.42 30.88 + 13.91
MV_ap (mm/s) 3 years 21.85+6.17 26.86 + 6.95 38.24 + 10.58

4 years 17.98 + 4.24 2531 +7.14 35.22 +9.04

5 years 18.97 £8.20 25.71 +9.24 35.73 + 14.87
Path (mm) 3 years 484.76 + 137.50 617.29 + 156.29 829.63 + 243.83

4 years 420.13 + 108.33 616.99 + 182.48 794.92 + 233.59

5 years 428.54 + 169.32 606.14 + 232.30 788.23 + 327.28
Area (mm?) 3 years 517.25 £ 233.98 755.14 + 450.46 1213.20 + 759.88

4 years 410.59 + 179.09 718.19 £ 297.22 1082.66 + 554.14

5 years 515.29 + 326.91 936.00 + 654.67 1111.97 + 657.01

EO, eyes open; EC, eyes closed; ECHB, eyes closed and head extended backward.

classified according to the age group of preschool children.
Significant main effects of age were found for Range_ap
and SD_ap. Post hoc tests revealed that Range_ap (p = 0.03)
and SD_ap (p = 0.03) were significantly higher for the
5-year-old children than for the 4-year-old children. Effect
sizes were small to medium, ranging from 0.058 to 0.060
(Table 3). No age-related differences were found for Range_
ml, SD_ml, MV_ml, MV_ap, Path, and Area. Significant
main effects of condition were observed for all traditional
measures. Range_ml, Range_ap, SD_ml, SD_ap, MV_ml,
MV _ap, Path, and Area significantly increased as conditions
became more challenging (p < 0.01, all traditional measures).
Effect sizes were large, ranging from 0.354 to 0.600 (Table 4).
No significant age by condition interaction effects for
Range_ml, Range_ap, SD_ml, SD_ap, MV_ml, MV _ap, Path,
and Area.

Nonlinear Measures

Table 5 provides an overview of mean values and SDs for
nonlinear measures of standing balance in each condition
classified according to the age group of preschool children.
Significant main effects of age were found for DFA, ap,
%DET _ap, and %LAM_ap. Post hoc tests revealed that DFA,_ap,
%DET_ap, and %LAM_ap were not statistically different for
the 3- and 4-year-old children (p > 0.05 for these measures),
DFA,_ap was significantly higher for the 5-year-old children
than 3- (p < 0.01) and 4-year-old children (p = 0.04),
%DET_ap was significantly higher for the 5-year-old children
than 3- (p < 0.01) and 4-year-old children (p = 0.02), and
%LAM_ap was significantly higher for the 5-year-old children
than 3- (p < 0.01) and 4-year-old children (p < 0.01).

TABLE 3 | Main effects of age on traditional measures of standing balance.

3years 4years 5years F P Effect
mean mean mean size (n,?)

Range_ml 42.57 41.73 a41.77 0.079 0.924 0.001
(mm)
Range_ap 40.66 37.168 42,838 3.405 0.037 0.058
(mm)
SD_ml 8.32 7.94 7.99 0.433 0.650 0.008
(mm)
SD_ap 7.91 7.358 8.448 3.512 0.033 0.060
(mm)
MV_ml 25.44 25.48 24.54 0.214 0.808 0.004
(mm/s)
MV_ap 28.99 26.17 26.81 1.664 0.194 0.029
(mm/s)
Path (mm) 643.89  610.68 607.64 0.588 0.557 0.011
Area 828.53  737.15 854.42 0.965 0.384 0.017
(mm?)

84-year-old children # 5-year-old children for p < 0.05.
Significant differences are shown in bold font.

Medium to large effect sizes were found for DFA,_ap,
%DET _ap, and %LAM_ap, ranging from 0.093 to 0.153
(Table 6). No age-related differences were found for nonlinear
measures (DFA,_ml, DFA, ml, DFA, ap, %DET_ml, and
%LAM_ml).

Significant main effects of condition were found for DFA, _ml,
DFA,_ap, DFA, ml, DFA, ap, %DET_ap, and %LAM_ap. Post
hoc tests revealed that %DET _ap and %LAM_ap (p > 0.05)
were not statistically different for the EO and EC. %DET_ap
was significantly lower for the ECHB than EO (p < 0.01) and
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TABLE 4 | Main effects of condition on traditional measures of standing balance.

EO EC ECHB F P Effect size (1,?)

mean mean mean
Range_ml (mm) 31.17+ 43.11+ 51.79* 88.703 <0.001 0.446
Range_ap (mm) 31.27+ 39.01+ 50.38** 80.884 <0.001 0.424
SD_ml (mm) 6.15% 8.31+ 9.80** 108.292 <0.001 0.496
SD_ap (mm) 6.49+* 7.82+ 9.40* 60.311 <0.001 0.354
MV_ml (mm/s) 17.94+ 25,93+ 31.58* 83.950 <0.001 0.433
MV_ap (mm/s) 19.60** 25.96% 36.40** 165.037 <0.001 0.600
Path (mm) 444,48 613.47+ 804.27** 131.230 <0.001 0.544
Area (mm?) 481.04 803.11+ 1135.95* 82.315 <0.001 0.428
EO, eyes open; EC, eyes closed; ECHB, eyes closed and head extended backwards.
*EO # EC for p < 0.05.
*EO # ECHB for p < 0.05.
"EC # ECHB for p < 0.05.
Significant differences are shown in bold font.
TABLE 5 | Overview of mean values and SDs for nonlinear measures of standing DISCUSSION

balance.

Age group EO EC ECHB
DFA;_ml 3 1.77 £ 0.04 1.73 £ 0.05 1.70 + 0.08
4 1.73 £ 0.06 1.72 £ 0.05 1.70 £ 0.07
5 1.75 £ 0.05 1.73 £ 0.06 1.71 £0.08
DFA,_ap 3 1.72 £0.07 1.65 +0.08 1.65 + 0.09
4 1.71 £ 0.06 1.67 +£0.07 1.66 + 0.08
5 1.73 £ 0.04 1.71 £ 0.06 1.68 +0.08
DFA,_ml 3 1.22+0.15 0.97 +0.25 1.04 +£0.23
4 1.08 + 0.21 0.92 £0.23 1.01 £0.27
5 1.07 £0.22 1.02 +0.23 1.05+0.26
DFA,_ap 3 1.13+0.20 0.99 + 0.26 1.00 +0.16
4 114 £0.20 1.06 £0.17 1.04 £0.23
5 1.25+0.20 1.09 £0.18 0.98 +0.22
%DET_ml 3 80.66 +6.46 81.47+4.85 79.20+6.70
4 80.10+5.78 78.95+6.53 77.98 +6.01
5 79.50£6.55 79.94+544 80.21 £6.21
%DET _ap 3 72.88+851 70.60+7.81 69.31+9.93
4 75.06+7.083 73.82+7.19 70.17+8.15
5 79.07 £6.62 77.38+7.04 7289x7.76
%LAM_ml 3 83.36 +5.08 82.78+3.87 81.62+5.07
4 82.89+530 80.64+594 80.58+4.54
5 81.73+4.94 8226+4.39 8281517
%LAM_ap 3 7746 +6.66 7576+6.30 74.70x7.75
4 78.94 +5.60 77.93+560 74.98 +6.81
5 82.95+527 81.19+525 76.89+6.31

EO, eyes open; EC, eyes closed; ECHB, eyes closed and head extended backward.

EC (p < 0.01), and %LAM_ap was significantly lower for the
ECHB than EO (p < 0.01) and EC (p < 0.01). DFA,_ap was
significantly lower for the ECHB than EO (p < 0.01) and EC
(p < 0.01), DFA,_ml was significantly lower for the ECHB
than EO (p < 0.01) and EC (p < 0.01), DFA, ap was significantly
lower for the ECHB than EO (p < 0.01) and EC (p < 0.01),
while DFA,_ml (p < 0.01) significantly decreased as conditions
became more challenging. Medium to large effect sizes were
found for DFA,_ml, DFA,_ap, DFA, ml, DFA, ap, %DET_ap,
and %LAM_ap, ranging from 0.120 to 0.172 (Table 7). No
significant age by condition interaction effects for DFA,_ml,
DFA,_ap, DFA, ml, DFA, ap, %DET_ap, and %LAM_ap
was founded.

The main findings are as follows: (1) 5-year-old children showed
more postural sway in the AP direction than 4-year-old children;
(2) 5-year-old children showed decreased variability and more
intermittent in the AP direction than 3- and 4-year-old children;
(3) standing balance in the ML direction was the same for 3- to
5-year-old children; (4) as the sensory conditions became more
challenging, the amount and variability of postural sway increased,
while intermittency decreased; and (5) traditional and nonlinear
methods provide complementary information for evaluating
standing balance in preschoolers. These results are discussed below.

Five-Year-Old Children Showed Increased
Postural Sway in the AP Direction

According to traditional methods, the age-related difference
of standing balance in preschoolers was only found between
the 4- and 5-year-old children. This difference was shown with
higher Range_ap and SD_ap in the AP direction for the 5-year-
old children, consistent with the previous study (Verbecque
et al, 2016a). MV_ap, MV_ml, and Path were the same for
3-, 4-, and 5-year-old children, consistent with the previous
study (Verbecque et al., 2016a). The mean velocity is the most
common measure used to evaluate standing balance (Wachholz
et al,, 2020; Xiao et al., 2020); however, it ignored some critical
information about the control of standing balance (Zhou et al.,
2017), especially for preschoolers. Nonetheless, based on the
result of the increased postural sway of the 5-year-old children,
we cannot conclude that the balance performance of the 5-year-
old children has declined, given that 100% of the 5-year-old
children in our study completed all three sensory conditions.
In comparison, 2.56-10% of younger preschoolers failed to
complete the whole test. The number of children able to cope
with sensory perturbations (EC or ECHB) increased with age,
consistent with previous studies (Slobounov and Newell, 1994;
Verbecque et al., 2016a). Therefore, compared with younger
preschool children, the balance performance of the 5-year-old
children improved rather than declined, which may be associated
with a persons ability to safely explore the limits of his or
her base of support with an altered control strategy
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TABLE 6 | Main effects of age on nonlinear methods of standing balance.

3years 4years 5years F p Effect
mean mean mean size (n,?)

DFA;_ml 1.732 1.716 1.732 1.711 0.186 0.031
DFA,_ap 1.6724 1.679° 1.706"8 5.082 0.008 0.093
DFA,_ml 1.075 1.005 1.043 1.858 0.161 0.034
DFA,_ap 1.042 1.079 1.104 1.968 0.145 0.035
%DET_ml 80.44 79.01 79.88 0.968 0.383 0.017
%DET_ap  70.93* 73.018 76.45"8 9.604 <0.001 0.149
%LAM_ml 82.59 81.37 82.26 1.143 0.323 0.020
%LAM_ap  75.97* 77.28° 80.3448 9.906 <0.001 0.153

A3-year-old children # 5-year-old children for p < 0.05.
E4-year-old children # 5-year-old children for p < 0.05.
Significant differences are shown in bold font.

TABLE 7 | Main effects of condition on nonlinear methods of standing balance.

EO EC ECHB F p Effect
mean mean mean size (7,7)

DFA;_ml 1.750** 1.726+ 1.703* 22.015 <0.001 0.172
DFA;_ap 1.717+ 1.678* 1.662* 17.666 <0.001 0.151
DFA,_ml 1.123* 0.970* 1.029* 14.776 <0.001 0.121
DFA,_ap 1471+ 1.047+ 1.008* 22.012 <0.001 0.171
%DET_ml 80.09 80.12 79.13 1.407 0.247 0.013
%DET_ap 75.67* 73.93* 70.79* 15.038 <0.001 0.120
%LAM_ml 82.66 81.89 81.67 1.761 0.174 0.016
%LAM_ap 79.78* 78.29% 75.53* 18.211 <0.001 0.142

EO, eyes open; EC, eyes closed; ECHB, eyes closed and head extended backwards.
*EO # EC for p < 0.05.

*EO # ECHB for p < 0.05.

*EC # ECHB for p < 0.05.

Significant differences are shown in bold font.

(Dusing, 2016; Verbecque et al.,, 2016a; Lobo Da Costa et al,,
2019). Increased postural sway of 5-year-old children may also
be viewed as a positive adaptation to physiological development
to ensure that the input to the peripheral sensory receptors
exceeds the threshold for detection and enhances the sensory
information available to the CNS (Carpenter et al, 2010).
Besides, body height and body weight may also affect children’s
balance performance, as age, body height, and body weight
are positively correlated (Hsu et al., 2009). However, the control
of standing balance develops during childhood reaching an
optimum in early adult life (Sheldon, 1963; Goble and Baweja,
2018); age-related changes in standing balance were found with
higher postural sway for 8-year-old children compared with
older children (Mickle et al., 2011). These results indicate that
the nonlinear developmental trend of standing balance in
children (Kirshenbaum et al., 2001; Verbecque et al., 2016b),
and traditional measures cannot effectively reflect the age-related
changes of balance performance for preschool children.

Five-Year-Old Children Showed Decreased
Variability and More Intermittent in the AP
Direction

The variability of COP sway decreased for the 5-year-old children
compared with 3- and 4-year-old children, as shown with higher

DFA,_ap, consistent with the previous study (Lobo Da Costa
et al,, 2019). Three- and four-year-old children present a more
complicated COP sway than 5-year-old children (Lobo Da Costa
et al, 2019; Phinyomark et al, 2020). The higher DFA values
are linked to a better standing balance performance (van den
Hoorn et al,, 2018). Hence, it is clearly shown that DFA can
evaluate postural stability and its variations due to age-related
changes (Duarte and Sternad, 2008). COP sway’s regularity
increased for the 5-year-old children compared with 3- and
4-year-old children, as shown by the higher %DET _ap, consistent
with the previous study (Lobo Da Costa et al., 2019). Because
sample entropy (SEn) was negatively related to the regularity
of COP signals (Donker et al, 2007), lower SEn values and
higher %DET values indicate a more regular and predictable
COP sway. In the current study, 5-year-old children presented
a more predictable, less random COP motion, representing
better balance performance (van den Hoorn et al, 2018).
However, another study found that the regularity of COP sway
reflected by SEn did not show a developmental trend in 6- to
12-year-old children (Schirli et al., 2013). These results also
indicate the nonlinear developmental trend of standing balance
in children (Kirshenbaum et al., 2001; Verbecque et al., 2016b).

Center of pressure sway’s intermittency increased for the
5-year-old children compared with the 3- and 4-year-old children,
as shown by higher %LAM_ap. The intermittent behavior of
COP motion reflects an intermittent control mechanism of
standing balance (Nomura et al., 2013; Dutt-Mazumder et al,,
2018; Stins and Roerdink, 2018), which is manifested as the
COP motion exhibiting changes in COP dynamics from
fluctuating to relatively stationary (van den Hoorn et al., 2018).
In fact, a decrease in the %LAM was observed with aging
for the elderly compared with the young adults, and a reduction
in the %LAM was also found for older fallers compared with
older non-fallers (van den Hoorn et al., 2018). These results
indicate that the intermittency of COP motion increases with
age for preschoolers and decreases with age for older people,
which may be associated with physiological changes of
development or aging (van den Hoorn et al., 2018). Therefore,
5-year-old children showed decreased variability and more
intermittent in the AP direction.

Standing Balance Was the Same for 3- to
5-Year-Old Children in the ML Direction

In contrast with the age-related changes of preschoolers’ standing
balance in the AP direction, no age-related changes of standing
balance for traditional and nonlinear measures were found in
the ML direction, which may be associated with the control
mechanism of standing balance in preschoolers or the sensory
conditions adopted in the present study. For example, feet
together mainly increase the difficulty of standing balance in
the ML direction (Kirby et al., 1987; Izquierdo-Herrera et al,,
2018), while the condition of ECHB mainly perturbs the
standing balance in the AP direction (Johnson and Van Emmerik,
2012). However, age-related changes in standing balance were
found in the ML direction from 4-year-old children to adults
(Lemos et al, 2016), and the changes in standing balance
were also found in the ML direction between autism spectrum
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disorder (ASD) children and typically developing (TD) children
(Wang et al, 2016). Moreover, standing balance is different
between the AP and ML directions (Btaszczyk and Klonowski,
2001). Therefore, the control of standing balance in preschoolers
changes significantly in the AP direction while remaining
unaltered in the ML direction.

Sensory Perturbation Changed the Control
of Standing Balance
As the sensory conditions became more challenging, the balance
performance significantly declined, as shown by higher values
of all traditional measures in the AP and ML directions. These
results indicated that all traditional measures could effectively
reflect the condition-related changes in preschool children’s
balance performance. Moreover, the control strategy of standing
balance changed significantly, as shown by lower values of
fractal measures (DFA, and DFA,) in the AP and ML directions.
These results indicated that less persistent COP sway at shorter
time scales and more anti-persistent pattern of COP sway at
longer time scales as conditions became more challenging. Also,
there was no difference between EC and EO for %DET in
the AP direction, consistent with the previous study (Seigle
et al., 2009). Based on these results, it can be seen that eyes
closure during quiet standing on a firm surface might not
influence the complexity and regularity of the standing balance
in preschoolers (Seigle et al.,, 2009). However, head extension
resulted in decreased %DET in the AP direction, which indicated
that ECHB, a challenging postural task for preschoolers, caused
significant changes in the regularity of the standing balance
in preschoolers. These results show that the %DET is not
sensitive to visual deprivation for preschoolers. Moreover, no
difference was observed between EC and EO for %LAM in
the AP direction, consistent with the previous study. It is clearly
shown that eye closure during quiet standing on a force platform
might not necessarily influence the intermittent control of the
standing balance in preschoolers and young adults (van den
Hoorn et al.,, 2018). However, the head extended backward
position resulted in the decrease of the %LAM in the AP
direction, which indicated that ECHB, as a challenging postural
task for preschoolers, caused significant changes in the
intermittent control of standing balance. These results show
that the %LAM is not sensitive to the visual deprivation for
preschoolers. Therefore, traditional and nonlinear methods have
distinct sensitivities to different sensory perturbations. The three
sensory conditions applied in the present study can effectively
change the standing balance and distinguish the age-related
changes of standing balance in preschoolers. This testing paradigm
has the same effectiveness as the extensively used four sensory
conditions on firm and foam surfaces with eyes open and
closed. Moreover, under this testing paradigm, the vast majority
of preschoolers can complete all the sensory conditions, which
is convenient for comparison with older children, young adults,
and the elderly and allows for a better understanding of the
age-related changes of standing balance during the whole life
span (Verbecque et al., 2016a; Goble and Baweja, 2018).
The general view is that the greater the complexity, the better
the balance performance, which is contrary to this study’s results.

This conflicting phenomenon may be associated with the sensory
conditions adopted in this study, in which the plantar
somatosensory input was not perturbated. Also, the nonstationarity
of the COP signals may be another impact factor. Several studies
removed the fluctuations at a lower frequency using different
methods (Gow et al., 2015; Zhou et al., 2017). However, the
COP signals are nonstationary data (Collins and De Luca, 1993),
and the control of standing balance is intermittent (van den
Hoorn et al,, 2018). In fact, many studies’ results are consistent
with this study’s results, which is that the lower the complexity
(the higher the regularity), the better the balance performance.
For example, lower complexity (MSE) of raw COP signals was
found for young adults compared with the elderly (Duarte and
Sternad, 2008); lower complexity (SEn) was found under the
condition of eyes open compared with eyes closed (Rigoldi
et al., 2014); lower complexity (SEn) was also found for 5-year-
old children compared with 4-year-old children (Lobo Da Costa
et al., 2019). Nonetheless, to investigate the relationship between
complexity and balance performance of postural sway in children,
standing balance during childhood deserves further investigation.

Both Traditional and Nonlinear Methods
Provided Complementary Information

As the sensory condition challenge increased, all traditional
measures and fractal measures changed significantly in the AP
and ML directions. Nonetheless, no condition-related changes
in standing balance for RQA measures were found in the ML
direction. It is shown that these RQA measures are not sensitive
to the specific sensory condition (Seigle et al, 2009). These
results indicate that all traditional measures can evaluate postural
stability under different sensory conditions. However, the
interpretation of these traditional measures should be considered
carefully. For example, the traditional measures indicate that
5-year-old children’s standing balance showed more postural
sway than 4-year-old children. In contrast, nonlinear measures
suggest that 5-year-old childrens standing balance showed
decreased variability, better balance performance, and more
intermittency compared with 4-year-old children. These seemingly
conflicting results can be explained by the free energy principle
(Friston, 2010; Hur et al, 2019). The free energy principle is
called a minimum entropy principle; a low entropy means that
the body posture is relatively predictable (Hur et al., 2019). In
fact, standing still is impossible for humans since it requires
excessive efforts; little control efforts are made with flexible
postural sway within a specific range. In addition, more sensory
inputs are removed or reduced as the sensory conditions become
more challenging (EC or ECHE), while different traditional and
nonlinear methods have distinct sensitivities to the different
sensory perturbations. The previous study has shown that different
measures of COP signal can reflect different information of
standing balance control (Luo et al, 2018). Therefore, both
traditional and nonlinear methods provide complementary
information for evaluating age-related and condition-related
changes of standing balance in preschoolers, and the interpretation
of these measures should be considered together. Based on the
advantages of nonlinear methods applied to even short and
nonstationary data, nonlinear methods can be used as a quantitative
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tool to assess gait stability in patients with different balance
disorders (Sylos Labini et al., 2012) and effectively discern the
gait stability between toddlers, young adults, and elderly (Bisi
et al, 2014). Thus, these advanced methods can also investigate
the gait in preschool and primary school-aged children.

Limitations

In this study, the lack of randomization of the three test
conditions could have induced fatigue, influencing the balance
performance in preschoolers. However, we did not expect the
preschoolers to fatigue because all preschoolers were allowed
to rest between different conditions. Each child performed
only one trial in each condition for 15 s. Future research for
preschool and primary school-aged children is needed to evaluate
the developmental trend of standing balance in children.

CONCLUSION

Although increased postural sway, 5-year-old preschool children’s
balance performance improved, and their control strategy
changed significantly compared with the younger preschoolers.
Sensory perturbation (eye closure and/or head extension) changed
preschoolers’ balance performance and control strategy. Moreover,
both traditional and nonlinear methods provided complementary
information on the control of standing balance in preschoolers.
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