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L Lans, AHAE0 LS ICABIMICERLED., €0
MERMTHILENTEARV, S5I0, #KFHED LS EMG
Fe B OREMFERE LERE. ZORRIEDHEIED
R DB~ LR E T E 2,

BLEDZ Eh b, fERFHEIT. 1505 o R IO E Rk
NEERBMOERIL~ERRELTEXE 00, BE A2 AR
R0 i S I 0 U KE T B R RE RO 22 EHREE L Vb ) B S K O 7
EE S H L A E R T S kTR AR R AT
D .

1.5 fithiH & > 2+ 5 FikE

B L7z k90T 1 b oo R EEIGHEZ 36 L7z AT,
ZEEHESTOE FOFBIEHHEBORFHEAELZ DI LT TER
W, TOBEHBIX, E FOFERIINEZHBELELL TH D,
EroFEIZE, BIFEEERT 2O HROBE AR E L
SHIZEZL OBV HFET H, 2O ETHEHEOILEMEMEITAN
NWrvaZdAUBEELTESAmLNATWDS 30, Z OEEICH
FET2EBABREOF NS, CNS BED X HICL Ty 72 fig %
EIRL EEBHEZHBL TODE WD EEBHERSE ZITH TV AR,
ZOHIZHEWVWT, CNS IC X 2MISEHIE A =X L% M 5
ewll, FFEWRB M FENEREL TE 2,

1.5.1 a4 v Fa—= 7
R L7ZE21C, e hOFEKRIZEWT, 120 ~d b
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V7RI EBHE - BB O 1IORBEAEMETIT R, B
DHBEEGELTWDS, 612, “HEEHE W BEEEE O LY
JHERICHLE G TP ELLZ LIcL o T, ZOBKMEITE
DEHEIZ 72 D, Nozakib T, “BHE B 2 & It R 20 F B E #%
RIZBWT, CNSB ED X 91T L Thili 72 2 5/ o 0 1% & o<
YU EBRRTL200FEETo., TOME., B - ZBHEIMHIC
o, HISEIEE - BREE NV ERERMOBEBREE RS 2
EBRHL ML RS, Thabb, xR RKES - MAAGDYE
O - BEEE MV ERBICERLEZEE, EMHICELTH D
—EOMABLEDLETHEREHZ RT a0 I—TO0HE % b
HIEBnbnols, ZOEKIEEE AT HNILERES M
(Preferred direction: PD) L PRI TWS, £ L T, BE&E kv
JHARICERT DZHEMHOBFEEH NZ T, 20 LTS
FLIPBEPDRT b~ a4 VEEICK > TRESIND (K
5)Z&mb, ZoOZtExab A rFa—=rv 7 LS. ERL
72 X 912, NozakiH3839(% | T E K RIZEIT 5 F EH8HH
OPDEFEE L, B - BWEE b s BEICB T 5228 BOHMRIE
FIXEHPDOa YA Fa—=2 T ICLosTREEND Z &%
EBROICHPA L, 612, K- BEG MLV EEE T TR
<O BEE MV RAERSHTERRET D TREmME X7 b
WX DN VFEHTHHRINT D2 EDNHL NI 5 4040

AV A U Fa— =TI BB OHMIEER N F B RE DT
LMWL EDHMEHNEEZ2 oD, ThWET, TREZEHER
EROHBEBRICBVWT. b2 HMWET r2EBZERT 5720 I1C,
BHOBOMAEDLENPLWVWNICL TRELRBRIFEEH NF v %
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WELTWDL 2, R lbEw@mEHOTH LN SN TE L, Kl
LB & X, MBI HFETHAREEOFR L, H2D a3 X NEED
REICESWT, a2 @ERT 2 H5ETH D 12, £/ O PD
Doy, TOREFIEOHRBETH D LNFEIES N 39,
Aok, BB Td D KEHN - SR 5 13 A7 5 77 79 A7 B AR
MO ENERNYEBEEO NV ERICORBEET D EE DN
2o Lizido T, BEHEf © PD X, #4800 1E A J5 17 (Mechanical
direction: MD) T & % Ik - BBIHi b v 27 & AT 5 F I AL &
LZEBnTHEIND, LarL, EED PD & MD 2oz L.
- RBEE O Sy BERT D HFRICAE L 38, Z0FEE
T BB TON ., BERGO PV ERICEET I 2 E
T 5, 2L T, HOMIAFHRRMEMEZNSEXB SN L5 MD 2
HEWER S M TH D PD BRALT 2B RIE, TSt o5 8
D/MMeEwd a2 FEEORELFTREICI > THHAINLD Z
ENBIBIINE R ol 884340 X 5T TSRS ) 05y B &
IMEIE ERIEBOR/ND_FFME VW) aX MEKERMBTH D Z
EMFEH ST, L7z > T, CNS b b= X FHEEOKE
CESWTHEHAZHBEL VWD ERETLIRHIE,. a1 F
—= U3 EOREBN R EEHHA A KL TS EF R D,
A MMHEICB T 2 RASEREG COLMEMmE T AHO
Fe ) 2 i B O W IZ DWW T, LR O - BB Ly X
J MVIE2HOPDRNT D at A Fa—=2 71280 Tl
HT&E 52 &EnHmEINT 49,
EHI, ZHEBOBRIEEH X R at M Fa—=v 7k
SWTHREENDIBEA. LD b7 AKICH T %45 o H ik

21



X, PDRZ7 A O EME»S, FEEHO AR LT, HH
HELTOBREEZHLNIZT DI ERNTED, &M OFEBKEIX
YA UEBEICEL o THEBMTEEZ L5, PDE90° T HEXH
OIEBHHA L L TRIND, EMHMPDRIHET LIE L, 2 DiFH
HHITEEL., ZRIIERRNGEZEW®R T 5, Nozakibld, T 0
FRFI A LB ERIEZ HO 5720 TCiER, abf v Fa—=
7GR E L TOBFIEHZ KB LEZ)DRRTH D EWmE
L 72 38),

UboZ &b, B ICBTL285HBPDERLNICT S L
ko T, K -BHEESH M7 E2ERT DO, WNITLTE
B o iEE N & N EALT D A& o R R o B 5
EEBIT, TEDOAD=ARLEMPAT L ENTE D,
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Y4 F1-=00

K 5. a9 4 vFa—=v7oBaX
P ZFHICENT, TED P A ZTICEHBRT 2 EE X, TE PDO o 4

A vBRICX-TERFTZERTE S,
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1.5.2 T M debm i 73~ 27 Lo 355 ik

HBEE MLV OERICIE, EHPDIrbOa A Fa—=r
JICHESWT RERZEFOHMEER N Z PR IRESHD 2L
TR Lz, I, TORBEN TR EmNPORERHEINDL L LT
EDOXIITHNEHREL THDINHALNICTHILEND D,
IEENEM D LTHBBEEIC b2 2ERT 5, £ LT,
B hv 7 idMEEm b0 e L THbERD (K 1), £L
T.HHARLT L —E TR ESEND D 2o UL
NELTEBESHDIH IR bbb iEbo& %245, 2065
L. 18 51K 1F / 4 X (Signal Dependent Noise:LL F, SDN) &
XL, BRSNS FHH D OIICHE-> TEE S5 iEB) ALK
WHH L TRELS QDI EDPHMOLN TS 46, F /o, T Hkhm
HAOOEBHITEHBNIORE I OHRRE T B dHE0N7RME
HAmzROBRGOBHIZEoTHENT DA RENS L, B
KWICHBAT 2L TETLHANEMOFME, HD— 20O HE
WA RER TS BT 256, Y%MBITEHEH L L TEWVIE
Barrl, TOEHEIHANE 2D, O~ T, i OB
ERGmE —ELAanHmIiZed 25 h8ETIT, BET MRS
A2 FF OB O WA RITE A LS L, EOEBME LA O
WHOER Mo LabEt L THODEND (K 6), EEIZ,
Kutch LI RfEREs O M A1~ 27 Mo atEiL, B 5 i Ok
WER TR =B L TEm R Ex@ELRE 4D, Lizho
T, TSt X7 brohdkp#~ >y v 7 (Force
Covariance Mapping : LA F. FCM)D 54 & i+ % = & <. H
DNHMITIS T2 HBHOHBREES N2 o OELEZHLNITT D
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TEMNTESL, b, a4 v Fa—=r7L FCM % [FH|C
T A ik o T kb ENTEZE GO PFHIEE XX RN
TR E DK IETEEBLZHALNIT 2R TEHK 7),
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F
B 6. FCM & fif o ##R i fE A & o BE &

A FHICH T 2 A-D OB EMR~27 v zRd. BN IZ&A O

WM IER 2 bre —HLZZ#HzZzRL, fFHTRHEINSE, C:EHO

W EHN~27 v rohlco hZSZ, BET 28200 o6 KM

ELCRBEIN, HBICR %, D:IFCM, &M 0o MM ER <2 b r e —%

LaimoZ8 M., 2als3MEckBE sh s,
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fABOPD

M 7.FCMt apfvFa—=v 7 of&E
A FIE L £ PD & o BfRME. B:% M PD & FCM & o B {R1E, T
i I PD & —E T A~ ZLEHEE R T, B PD BfEEL &
WHiPH X, BAE ST 3 PDIC L AEZEHEORLAEDEIC L o> THRHL X

ns,
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1.5.3 i v ¥ —fi#r

R U7mat gy Fa—=0 7%, EHE RIS E S O KiEb
ERBLIZAERTHDL Z b GimBFEOPDZFMT 52 &%,
CNS IZL2ZHMOBHRIEENA D =X LDOMHAICENRDL, TO
— F T, LT LELTEREOEBMN Y A7 ITBWT, &t
B OWMPTIEE S X BN TH D0 B HEREZITH TR0,
ZZT BN FZAZIZBWT MRS ¥—Mir 2 RE
BN

e Fo—id, BTN S 0EASNTEEICHEET D EME O
MREEY 22— N ENTHI LT . ZHOHBIEBE L HEDO 7LV —TF
CHHE L . BHERAESHZHB LTV E NI EXICESVIER
MThHDH, Yy —ICBHT 2 EBEANIIIT. 1990 FRICEFH
HYELErH W CITOR D, 2L TIX, v 4 7 = fil i
REERN I AT T o —F 2 HWT, T L 48,490 3k o
50 Z v b SUDOFEREIEMEICEWTEY 2 — A EEELALTH
52 &ML TE e, 2000 FEAMLLRE. 2 ¥ — AT I3ER
BTz T B MBI 2ZE2HIEICIEA I
T &7z, Ivanenko & 52/%, CNS b O 1 L TRIAIND
EMG 7 —ZIZxt L TERG O E VIR FILELZBEA L, 45
TICHET D2 HOIEEN 5 DOMMERICERK ciband Z
EEHI LN LT, BRITHEDEA 3599 FET ~DEE 9|2 &
STELPOEARETHD DD, 2D 5 >0 KEFITHITH I
MhorEAMALMEERE LT, TOoEMBEIHREIN T
56)

ey y—oBBICIE, FHIDPRMEE SOREE5ELTWD
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ZENDH, ZLOETHBEEIHREEFTICELEZY TTWND 59

o Clark & 590% | S ME BRI 2 Fr 8 & 3 2 I A5 T BB & 2 42
LV EMEMENEE CHDIZ L HE DM T VB
K7D 2 & am L, BMEROE T, A B0k 5 52 MW 5 23 A R I
L., ETHER2AHLIEENREE AN 22T 52205, T
Rbb, ZHROBENFERNMET21FTE BT =N T
HZEHERT D, 20D, YT YT, 285 O R K
I AE 2 ERMICTFM T 22 &N TED, EBEIZ, W 20D
TE. BTy —ra <, Z8H 0 HHFEIEE N Z o 2
L CTW % 62.63)

oY — ATk, CNS &KL 2 G 8h il 2 Kk L Tuv7g
EVWOHOMHMARBER LD Db, By U — Mo E
T, ZEGOMAITE N L ERESIT LI EIEXTER Y,
— T, EMG 7 —ZZx L THBEMFEZMND Z & THEHFT
XL Y RAT 8500 T 88 L h Ed b 697 U Rk
REE~OHERE W, ZOZ b, at Ay TFa—= T
CEAEHHBOWBRIEI A D = X O A T - ATER L L
T, TREEBHOT L GilE OZHMH O WG ¥ %
EEMICHEMT 2 FEELTADTHD EE T2,

1.6 AWFFE DO H K

KRB OBWIZ, @A ICB T2 EBEEAOE NS, P
FEREZHEGOWBFAFEBH SNZ o0 T, &M o R K IHE o B
HLEBIZ . ZFDAD =LA T LI ELETHL, ZDTDIC
I 1 T T Y —MiTE AW T, HITE WO BN Y XTI
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BT THEEGHOMBAREZN2HBRIEE SN2 286 I
T5, ZL TR LICE > TH LML R o T2 R ZHF O
WiES N v icH LT 2 Tat A Fa—=r T 0K
EWHEEFIEA OB D MEICHE D 2 OHRIEE 2 D
= ALEHLNZIT D,

2E MREL:HYFO—BWEZ2AVCEEEGOBRED & v

oD FN e B e R D R B

2.1 HWY

ek Uiz Ko, @ E X iy, o RBERMEZ b 725
FT(.3%2ZH), L2rLAans, TRORFIMIZER L2
EFTOMEDLLIT. 25 -HHEH KT 2 EEHIE-FHRmo 1%
1DOBEBIZROND, By T y—MiraHnws 2 & T, TREZE
o RE O R R ILHE M 2 E BRICHM T 22N TED, 22T, K
WO HME, (DEBE LB LT, @BEIEH YT Y —0K
Nl hnrhrEr2pEeRboncTdZ e, )Yy F Y — 0
R R A REMICRENT T 5 2 & T e R R 72 (R R I & B
LT HZEE LT,

2.2 Jik
2.2.1 #brE
XS HE TR Sl E 11 4 (Young: LLF. Y BE) . @i a
10 4 (Elderly: DL T, EB)DOAF 214 & Lz, BRAFEUET
AR AR AR B O BETE L BRI EME AT DI E DG FIF O B
., EERALEECHEBOME, HITHEELATLIHE L LI,
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Flo EEEEEICITD O U DK o B & AT 8 E 2 5L
L. BB TEmRA0° )zt d I & el

2.2.2 M EH8
WBRHE T, KR AFANBELY 7L s L v K2 (1000Hz,
AM6500, Bertec, Ohio, USA) EToOHAIT % FEiii L7z, HITH
EEZRET LD, TXTOHBEEIX 1kn/h 725 5km/h £ T
D 5B EE S (1km/h, 2km/h, 3km/h., 4km/h, 5km/h)
THITEAIT>Te, TDO 5L, KT, T XTOHKBRE M FEi
AIRE CTd o 72 8km/h O#ME A I Lo, ERATIC, HBRE T+

IR E AT o T2,

2.2.3 7 — X R4

EMGT — % 1X. VA4 ¥ 1L X% &E# (10000Hz, Delsys
Trigno Wireless System, DELSYS, Massachusetts, USA) %
MW TERE L, #BMmIT. MM oF LB (Paravertebral
muscle: L F PVM. Opposite Paravertebral muscle: L T,
opp PVM). A il T K ® K E # (Gluteus maximus: DL T |
GMAX). # B (Gluteus medius: LA F. GMED). KXJR#H
% i (Tensor fasciae latae: UL F . TFL). Mk B &N B
(Adductors: LT, ADD). KIRE# (Rectus femoris: LT,
RF). WA (Vastus medialis: LL T, VM), 4l JA # (Vastus
lateralis: LT, VL), ¥ #E A (Semitendinus: LT, ST). KX
R — B8 % (Biceps femoris: L TF. BF). E BEH # (Peroneus
longus: LT, PL). Aif€& & (Tibialis anterior: L F. TA),
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o

WERE 5 NI BE (Medial Gastrocnemius: LA F. MGAS). WEJE A

¥

o

4k 4 85 (Lateral Gastrocnemius: L F ., LGAS). B 7 X §
(Soleus: LT, SOL) D &R 16 i & L=, & O &N & B
MO TIE, AMES - FRICEAT 53 —r v o L[EEH
(BIOMEDID) {2 & v £ #Efb S v 7z, R i XKIZ & 2 IR ERFE
fli (Surface Electromyography for the Non-Invasive
Assessment of Muscle : SENTAM) £ % (2 5t - 7265,

B P T — Z L =k ot @ 1E AT 22 & (100Hz, Vicon Motion
Systems, VICON, Oxford, UK)Z{H L T, &@FICliff L7
BIE DS ~— T OoREEHRELELEICY 7 U = 7 Nexus2. 512 T
W& v >~ %5 (Plug in Gait Full Body AI functional
model) Z i L., W& H) FF- R 21T, HEES LR H L7, &
AT —ZEI X TN Ly RIAVICHE SN 2/ O KR
KOGt EEH L TR ETIIRRK T2 LT,

E2TOHMUMERE»ODOEFIX. 7Tl —7 1V THEFLE =
ROTENEMATEE LICIRVAENRD Z & TRIMEIH ST,

2.2.4 EMG 7 — % 0oL

RELLZEMGT — %13, EMORENKLE /) 4 X0 E %R
ETDH720IT.20- 450HzO N RN A T 4 L Z5DZT T 4 )V 4
Uy 72470, Mz HEREOoRMELL, TOK, &
KOFHEEZBAE LEROEEEG LY, 2RI, 4HzO =
—NAT 4 N EINT T e T o, BE L EE) T —
X6HzO B — XX 7 4 NV ZE2HWTT7 4V EZ ) T 24757,

KT —XE, HHTHEOE—AVA NI A 7 2AEL T, FMA
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ThHokoe—nrarv 27 hETEISBITEAMEERE L, &5
TR W12 100% TR IEBIAL 24T v B TAFZE6OIC e B, Ak
TR OZEI0BHTEIM O T — X I TIMREEH W & Ek L 7=,
Eo. HOEE &I, MEEHEENICIB T 5% i iEE) IR iE O &
KAEA#100% & L CIEHILZ1T - 7=,

2.2.5 vt Y —oHMH

Y —oFE I, FEAMEITHIK F 5% (Non—negative
matrix factorization: LA T, NNMF) % J \) 72 64,6768 KB 5
EWT, My Yy —OBMRERITETY 22—V ELTESRL
7zo EMGT — % O ME X)W HIL. 165 (7 © ) X 10017 (K [H
EHfbsn =BT EY) cHksnd, NNMFiZ, Z ®EMGT
— % (M) 2> DMl B 37 (=R ) 23 (W) & Ry 223 (C)) 12
SrfRT 5, NNMGiZ, R(2)eLTERSND,

M=WC+e (2)

22T, Mm Xt mid@of, tiZBTEH) L, WlnXn;

niTEY 2 — ) L C nXt) DB T, eld AT 55 ik D ERIC
ETLHAFHEELZRT, M T 22—, K@) CRT
variance account for (UL F, VAF)Z i # L L7, VAFIZ. W&
CHhoHHERENTZEMGT — 2 BN E®H 5t DEMGT — % O A &)
BExRTHIETH D69,
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(EMG, — EMG,)?
VAF =1-— T (3)

2T, EMGIEIA VY F VT — X Th V., EMGIIW & C DR
RV EERINTET 2 Thd, TNDLD2FFREN, TV ¥
FTNAT =2 O2RMEICEDDEEGEZ RO, RFE TIE., KiE 2
TV a— AV EEEERETHDIC, OVAFR90% & 8 % 7= KF sl &
QFDORKANLEY 2 — L E12BMLTH5%LL BB X 72 Wik
B EWVWI200F%K M ERE L, T2 M- LT

RICBT L2V 2=V HEeXEREOET Y2 — LKL LTER

L 77 54.59)

I3

s
=

2.2.6 HEMH T o B &I A B O b
TV a2 VDL EHZLENEZRMNT D72DIC, 2
BE(YRELCER M CHBESAEZ LKL, BREEIZEBAMNTH
DIEEALERBETCHDL Z 0D, AR TIEZHY TR b

S
&

i B H 2 T R 9T 2 37 M) o0 R R IR BE R e ot A R A R L 7o

2.2.7T FY =2 — )LD EF*
BB EOKS T Y 2 — LD, HATH 9355124t - T,

FEV 2= /VORHEKERCO K KEIZE SV TIT - 2,

2.2.8 F Y o — )L OELM DB
TV a2 VEOENAMEBRKRT 200 FMT 5201, &
TOWBECE 2 — NV EAE4-52HE LT, NNMF#% 1T - 7=

34



59, NNMFTiZ, #iHENEZEY 2 — A RNEL L TV TIER S
BWEERINTWVWD, Thbb, KIFETHELL4D>DEY
2= VIET R TAEWIIHRZLTWDLIMENDL D, EY a2 — /L[
DM ZFMT 272D, =24 v HLPEEZFEH L (v
20.50)70. YA CEHLPELIZ, X7 MO RTHATHDL Y
ADORETSEHOWTHUMEZET HETH 504, KT 520
DEY 2= VOFEUERENGEE, EIZ0ES3<, ZhiE. 2
ODEV 22—V RNHEHWIZMY L TWSZEaEWKT S, KX
. ERLICESLIFE, 200F Va2 — RN ELHMLTWD Z &
AERT, BV LE. INH200F YV a—iE, TV 2 — L
MofaoREs L TBInTnsEESH D, AT
X, 0. 5L EoEEFHEMERE W, 0. 5L FOME KW & EE
L, 3. EHANTHEINTZEY 2 — LVHOEL M % ik
L, FHENOEHEHREICODVWTHLULEE Y 2 — AR S
B R Lz, WRIZ, BETHRERRICHBELZ LB L,
BB, SHOZLET Y 2 —ARMI LTI E»EH KT 25
ZHic, EYa— HOEUMEZ KL,

S b, BOoRBIMEEEZFMT D220, EYV 22— T ¢
THEBLEHOBEZHE L, FEHOERIT, TEVa2—10D
ZEHMEFEWT0. 32X HEEZ R LM EER L6263, Z 0
FEE, HFEYV 22— VN TEHBNL TV 5 E I O % % R~ 315
mELTHWLERLTWS, HEIHOKIT, £EY2—LAT
16(16f5. T X CoORKIMME O 1(AREHEINMEZR L) £TO
#HHTRSND, AWHZETIE, SHE TEHM SRR A ZER
DHENE, HFEV2—ANLIEHHEEHELB L,
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2.2.9 AR AT
QRME(YRELERO B 0 ® Y = — v & B E dh /8 B o i
J& D72 W E & WD TAT o oo mEEF IR B 22 13 p<0. 06T H - Tz,
2T O BE BT I OIS BT EE MR AT AL IS I E AT Y 7 by = T
(MATLAB2018b, Mathworks, Massachusetts, USA) Z H 7=,

2.2.10 fiiw B H B &

NV FREFICAY RERIREMEFEZAES D AR
AT o 72 ORRBE S 28507), #BRFICITFATICERICET
LTV, REE~OFEL /L, AMEFTR#MNSOKE
EErHEL, MENMET LI OB LI ITHEEICRE L
oo MET —ZIXEAL LRV FW, 4% —3 vy MITERKL
WA=V F N a s a—XIZRE, FlZr 7 A VIZEEL/VR
U— RERZREL T,

RPN FEIC2AU ETERB L., 20T 5720 F0)FE
SHEHIPAICEITHRZABL, SOICHIEEBE LM RS 2
ECHEO/RBA TH SR EA T2 b5 L )5 ICH L
oo BATHENRBMNE T 2HEE THhAIC EFTnE, 2
HWEEARNEZOLRWEIICERL TIiTok, £o. FHIMHIX
FC R RS IR ECRVNEI I ICEEL -,

2.3 iR
2.3.1 Y 2 — V¥
NNMFOfERIZB W T, YEETIES-4HDOE Y =2 — 23 i H
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SNzl L T, EfIF2 -3 Y2 — ANl S

oo BV a— VB0 T, YRHELEKL CEHTHEICE Y
22— VNVl o 7= (p <0.05) (K 8), VAFIX. 15ff £ THh
HL7zEYa2—05bH, 1-11HICBWT, YR L LE L CTE

FHECTHEBEICKMAZ LT (p <0.05) (X 9),
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2.3.2 K£E TV 2 — /LD ER

B 10ICVAFO EEIZE ST I N EHFHOEY 2 — L %
RY, HICHEOLLT ., TXTOHRE T2-4HDOE Y 2 — LR
sz, oy — NI &%, EITHED
fE 547172 L~ L T 7z, Neptunedb 7V, HiTh oW 74
27 CTCHRITRABMANO#ME . SO (~15%) . L #%
B (~45%) . WY (~70%) & WM %W (~85%) & EFHK L
oo KWFRIZBWT, D EY 22— L RHH SN ZYE O34
T, ZTOERICHI - CEKEEY2a—NVE W7, YRELERET
3 D F ¥ 2 — LN Hl I S AU BRI S oo 24/ (32 I A7)
LR ) L EM B o ME s S v, ERETHIE S iz 248
DEY 2—/Vid, YHMPEERMHTERLENIEDOETY 2 — R
=,

WIZ, DIBRWVEY 2= VEPMEZEWKRT 200 M 5720
. BEHOETOHBRE T4 Y 2 — L2 i L, 11
T, FHOBEMRERZ T, AV YIBOEY 2 — b L
TY-A-E-A, BiZ L& 8, CixiEl g <., DixidE Ml %W &
LCHEEINE, SHIIC, £ Va2a— VITHERNOEHERER T

EWHELE AR LZ(Y: 0.81-0.66, EC: 0.91-0.62).
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A Y-A Y Hf A B C
E-A 0.62 B 0.49

B Y-B C 0.43 0.42

E-B 0.81 D 0.55 0.35 0.55
C Y-C E #f A B C
E-C 0.65 B 0.45

D Y-D C 0.53 0.41

E-D 0.65 D 0.64 0.41 0.57
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ETEH. 78 A= 0BrR/DPBRICMALZENTE T
7o £72. Macaluso & 1&. KERE O BT OFVifH#& 0 F = 1%,
EHMSLERE LB L ThTnThy, HimE & EmmaE M oET
BIVBEETHDIZ LR REINT 86,

LEDOMABIZK ST, KfFETEY 2 — A HER LR o
FEREKELT, 7B A N2 OB I IHK/NBIZMA DI LNT
Tl ERXLND,

2. 4.6 b 78 [R5
RIFFRTIE. Ty —@irx A WD Z LT, 28O FF
WAz EEBNICHEMT 22 DA THo, £ L T, SLHA
MBI 22500 RIS &ERE SRS &E., A
TR OLEMNARERTH o, R TIZ., 25 DR K
i 2 PO RS MESIE E LCRERR AT T e L BRI A I LD E B

54



EERNF~NEBRBETCETRVRTAFIEORRTCHL -T2, 2Dz
D ABITI NI Y RN AEK ORI E D RBE
EGATWL 0, BB D 2MITFE 226 0E THRIEL TS
VERD D,

Frr.AMMEKETCRENEE Y 2 — A BBIOEY 2 — 1
MEOENIT, FlELEREROSROENEZ KL TWND
AREERH D5, LAL.AWMIXP TET —ZE2RIRNoT7D,
TR W T, FTEEESAE (RBEA&ZR) - BEHEE— X

C2HB TTHRMBMMNREVCRE D DN o, LR o T,

AW TEINRDODONTEHRBEHALEDOENNE Y 2 — LV HE
FOEV2— VM HEOCENICEBELEE X TZAREELN GV, T O
—H T, T E R ICBWT, B8 L BN IR O R
OV THERBAEZ L TR, B IS & X7 O BITHEEME
WRBNTH D 8D &b B - (A o@EE) 5 - EE) )2
BN SRICEELEZ R LTHEHOELLE 2L T
AREERBZZbND, %I, TREHESHICRHE T, B
KB EBHOHRMAN LN LEY 22— L EBLOEY 2 — LI
HEOEEOHEMEZRIEL., TOEEBEHOKREIEHL NI
TOMEND D,

2.5 WF2E 1D % iE

DLEDORRERNS, EEEFEBIZ SO ICB T 5 KEG. KR
WEERH & N ARNY U7 AOHBPRAIEE N2 O REBEYTH D
TEPHLEMNER ST, Fl. B E XA & LR L T,

55



SN EIC R T o BB B AERRETWNI &N DL, R
REBHOBHMIEE AN Z TEE AL ERICH T ORE L L
T, HHEiLE Mz REBRMETHLEWVWIFRLERoT,

3E WE2-1:'Z2EHOBRAEBICBIZa YA Fa—=
v L TREWRME AL DOBEEY DR

3.1 HHY

ML K-> T, mEIXEEEHE LKL T, BAINLDE
Ca— VBN DLRWNWZ LR LN, . EY 2 —
VWD o LERIE, SHAHMICBT D NLANY TR
DIEBNEBEEL T, Wxix, COZHGOHRAIGEE S x
VIEBAT R TR LA RN BN P T o B R E AL o
O OREBIM CTH D EMM ST, ZoRBEIE. SlEIC
BB omRiEeh X% v &R L TWDaEMHITEY
WL LT XSS v Y — T TIXCNSIT X % i 8) il 4
Hl Z KB L TV 5D & F R 72042,

T, MF2TIE., ABREEIEOLSICL CEAMEE MLy
ERRE XN B H D o6 2 o RIS o2 v &
RELTWD O, EEHIEMDOENLNDL, TDRAT =X L
DR ZRLD, TORTERELE LT, HFE2- 1CTIHE. G H
rEBELEaYr A TFa—= 7L FRERE AN L
DEEBMEELEHE LZFCMD 2o O W iHiE &) X % o M5 o
BEME AW O NCT 5, RFFEORFHIT., FEH L7 B X
O FREESmEH I~ hridatbr g rFa—=r 710K T

56



flE SN TWDEEZXZLIND,

3.2 H ik
3.2.1 # B &

X G TR i 104 (Young: AT, YRE) & L7z, B4
AT, PR REEREOBEE. HBRICEIEFET DT E DN
ELTFWMoOEE, EELRZLKBECHEROBETFZAE T H L
L7,

3.2.2 Ml E iR 8

PR E T AMBENNL & 720 A TR K - BB 2 EHE
AL DL b ode, . A TFTERIZKmIZETICAY 7
THmALEEREELAE (K 13A), ARBEESIHIZIT ¥ vF X v
FAEARHOWTEBEICEESINTZHF TV ICERCETE S, #HR
T 18BIC R T Lo ckkx e im~0 %% 3 2HE%
L L7, TH v TF A MiZiE6E )R Y (1000HZ,
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Wi . B0 4 A T360K ., & FkT1245 M & L 728990, K
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3.2.3 7 — 2 R4

EMGT — % 1X. VA %L A% &R (1000Hz, Delsys
Trigno Wireless System, DELSYS, Massachusetts, USA)
FHWTHE L, B IE. GMAX, RF, VM., VL, ST, BF
DER 6 e L, SMHOBEBMMEMIICO>WNTIE, £
2R icB 523 —no vy "o EEHH (BIOMEDIDIC LD
LI, Rl EKICK D IFERBENF M (Surface
Electromyography for the Non-Invasive Assessment of
Muscle : SENIAM) & % 2 it - 72 65),

FTEREWH DT =213, 6 R 2 MW TREL 2,

3.24 a2V A v Fa—=rv I OHEH
EMG7T —# 1%, Gt L 726 B o 5 b T kw723 %2 &
L7721 o — % % ¥ (Root mean squared; L F., RMS) %
MnT, iE#h v~ e LT L, SHEBREORBE., T
MRE ., BBEEAE, ThREmbE ho R&E S LHhmaexic, T
K 7 A hERELIZET AL, LLFORX(4) %2 HWw
TR - B (T, TOWC MDD B hL 7 28 H L (8 16),

TT = AFT (4)

T . THEEAERL, AT —RA L N T — 278 2 £ T
(X (5)),
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B) TET ML SN TEHIEH L0500 a2t B3 2 BE ¥ m
ZAER L T2,

EMG = aTh + ka (6)

2T, oakblF. ENEFNEEES ERBEE NV oBEFR K
FT, PDOEHBICIE., BIIFRBEE (a izt LT, (1) % H
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b
PD = tan™! o (7)
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3.2.5 FCM & & H{

FCMIZ., & HM~DONWBEEROX BN BEEE T 5 HmE
CEORE—HT o0z ERMTDHEELMSEME M EZHWT
FEAM L 72 (SR (8)) (X 18)47.90.90) N i e i ) (K, F) &, &f
WMLZeBMo>bH, TREWHIIOLZE LA O T — 4
A L7 (M 18B), AR, nE o HHIZ L, 8B 108
4P D F — 2 BEHE L TWD, Lol KFETiE =4
Y Fa—=r 7 okdic, ABICEMGT — 4% 2# 5 Z & »
L. XU AR D EE S EHUG O R RIUHE 2 5] & 23
REMEND D, PHEMHARICBWT, SR 4RO T — & T
FCMIZZEALR 2 W ER RSN, AR TIE LD Bk
W CThI24DMOT — 22t R e L, HOoEBHITKHT D
BEE M e w52 KT 2720, 5Hz-30HzD N ¥ — T — 2 N
YRR AT 4N FEHWNT, SO ET o2 U 7L
7=

F target COV[F]Ftarget
Trace {cov [F]}

(8)

T, FEREEFMICIBELEENOEE E LY E R
L. D"BELEHBEOLEHELZAL T —LLTELEDELOT
o, K 18DODIZFRT L O, AEGMIC %L, FH O X

I ThANIE, nEle T, O~ T, A H
ELE %P, HEGLIWVWIETERLFMOKEHZRTH 4
X, nl3 oz o<,
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3.2.6 7% fii [ Iy LA o> FF A
n I Lo TR FEES G T2 255 oW FHE s ¥
YICE o THEbL SN NED . 1 xR H O RIHE IS X o
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BRI R72 X 512, EMGZ 2 75 @ 5 HIEE) O KW\ /) I8 8 L
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OIEB)EIL 36 H M (12 Fm X3 E)DH>H DK KMEIZK > TIE
HibEn, 2o ond 1ofmETRIENTEZ, Lo T,
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Usefulness of Muscle Synergy Analysis in
Individuals With Knee Osteoarthritis
During Gait

K. Kubota™, H. Hanawa, M. Yokoyama, S. Kita, K. Hirata, T. Fujino, T. Kokubun™,
T. Ishibashi, and N. Kanemura

Abstract— Objective: To clarify whether there are
any muscle synergy changes in individuals with knee
osteoarthritis, and to determine whether muscle synergy
analysis could be applied to other musculoskeletal dis-
eases. Methods: Subjects in this study included 11 young
controls (YC), 10 elderly controls (EC), and 10 knee
osteoarthritis patients (KOA). Gait was assessed on a split-
belt treadmill at 3 km/h. A non-negative matrix factorization
(NNMF) was applied to the electromyogram data matrix to
extract muscle synergies. To assess the similarity of each
module, we performed the NNMF analysis assuming four
modules for all of the participants. Further, we calculated
joint angles to compare the kinematic data between the
module groups. Results: The number of muscle modules
was significantly lower in the EC (2-3) and KOA (2-3) groups
than in the YC group (3—4), which reflects the merging of late
swing and early stance modules. The EC and KOA groups
also showed greater knee flexion angles in the early stance
phase. Contrarily, by focusing on the module structure,
we found that the merging of early and late stance modules
is characteristic in KOA. Conclusion: The lower number
of modules in the EC and KOA groups was due to the
muscle co-contraction with increased knee flexion angle.
Contrarily, the merging of early and late stance modules are
modular structures specific to KOA and may be biomarkers
for detecting KOA. Significance: Describing the changes
in multiple muscle control associated with musculoskeletal
degeneration can serve as a fundamental biomarker in joint
disease.

Index Terms—Electromyography, knee osteoarthritis,
muscle co-contraction.

I. INTRODUCTION

BNORMALITIES of the neuromuscular system includ-
ing muscle strength loss occur with aging [1], [2]. The
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progression of these abnormalities leads to pathological con-
ditions such as osteoarthritis [3]. In particular, the knee joint
is one of the most complex structures in the human body that
undergoes large motions. Therefore, deviation from normal
joint motion contributes to the development and progression
of knee osteoarthritis (KOA). To prevent this abnormality,
it is important to comprehensively verify the difference in
the neuromuscular system between healthy and elderly indi-
viduals and those with KOA. KOA can be defined through
symptoms or pathological findings, especially pathological
assessments characterized by radiographic features such as
joint space narrowing, subchondral sclerosis, and marginal
osteophytes [4]. These altered structures and mechanics of the
knee joint induce joint instability and dysfunction. To stabilize
the knee joint during gait, KOA involves greater muscle co-
contraction. While these alterations are believed to be attempts
to reduce pain and protect the knee from further degeneration,
in the long term, they may have adverse effects on the knee
joint [5].

Additionally, several studies reported the relationship
between aging and increased muscle co-contraction [6]-[8].
Muscle weakness associated with aging required multiple
muscle activity to exert the proper torque [9]. However, age
does not necessarily lead to KOA. Therefore, it is essential to
understand the changes in the neuromuscular system specific
to KOA based on the muscle activity patterns between older
adults and those with KOA.

Recently, the muscle synergy analysis [10] has been used
as a method to clarify the alteration of the neuromuscular
system. The muscle synergy describes a potential mechanism
by which the nervous system can simplify the control of a large
number of muscles [11], [12]. In this method, multi-channel
electromyography was used to evaluate the quantitative activity
patterns of multiple muscles. Many researchers have investi-
gated the muscle synergy associated with gait, and three to five
synergies were defined from over 16 muscles [13], [14]. The
more primitive elements of the motor system, such as muscle
synergy, have robustness, and these are hard-wired into the
motoneuronal network involved in gait control [15].

Since the spinal cord [16] and cerebral cortex [17] are
involved in the recruitment of muscle synergy, many previous
studies have focused on neurological disorders [18]-[21].
Contrarily, muscle co-ordination patterns and muscle synergy

For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE |
THE PARTICIPANT DEMOGRAPHICS

Mean SD Range
YC group (n=11)
Age (yr) 20.5 1.8 20-26
Sex (male/female) 11/0
EC group (n=10)
Age (yr) 70.0 5.0 61-77
Sex (male/female) 8/2
KOA group (n=10)
Age (yr) 70.3 6.5 53-77
Sex (male/female) 1/9
WOMALC pain score (out of 20) 4.6 2.2 2-8
I I il v
K-L grade 2 3 2 3

are constrained by the biomechanics of the musculoskeletal
system [22]-[24]. The structure of muscle synergy could reveal
the relationship between musculoskeletal dynamics [25] and
other biomechanical properties of the limb [26]. Based on
these findings, muscle synergy analysis may be useful in
musculoskeletal diseases that affect the biomechanics of the
limbs.

However, few studies applied the muscle synergy analy-
sis to musculoskeletal disease [27]. KOA and older adults
may reduce muscle synergy due to simultaneous muscle
co-contraction. To apply muscle synergy analysis in KOA,
we formulated two aims: (1) to clarify whether there was a
lower number of muscle synergies for both elderly individuals
and those with KOA comared with young participants during
gait; and (2) to clarify characteristic muscle synergies of
KOA through a detailed analysis of muscle synergy compo-
nents. Characterizing the changes in multiple muscle control
associated with musculoskeletal degeneration may serve as a
fundamental biomarker in joint disease.

[l. MATERIALS AND METHODS
A. Subjects

Eleven young control subjects (YC), ten elderly control
subjects (EC), and ten patients with KOA (KOA) volunteered
as participants in this study. Patients with KOA were recruited
from a local orthopedic clinic and were diagnosed by an
orthopedic doctor. The severity of KOA was graded using
the Kellgren and Lawrence grade (K-L grade) [28] based on
radiographs. Both bilateral and unilateral KOA were included
in this study. In the case of bilateral KOA, the more severe side
in the K-L grade was defined as the measurement side. The
participant demographics are shown in Table I. The presence
of pain may alter the muscle activity pattern [29]. In order
to avoid any effects of pain, an assessment of pain was

conducted using the Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) [30]. The WOMAC
consists of the following five factors: 1. Walking, 2. Stair
Climbing, 3. Nocturnal, 4. Rest, and 5. Weight bearing. In this
study, a pain score of 4.6 meant that subjects reported pain in
any of the four factors, excluding the Walking factor. There-
fore, subjects complaining of pain during gait were excluded
from our study. The EC group completed the WOMAC as
well. All subjects in the EC group had no pain in any factor.
Moreover, individuals with a history of stroke, lower limb
fracture, or pain during gait were excluded from the study.
We explained the experiments in detail and obtained written
consent from all subjects. All procedures used in this study
were in accordance with the Declaration of Helsinki and
were approved by the ethics review committee of Saitama
Prefectural University (28507).

B. Experimental Data

Gait assessments were performed on a split-belt treadmill
(Bertec, Columbus, OH, USA). To determine gait speed, all
subjects performed gait at speeds from 1 km/h to 5 km/h
(1 km/h, 2 km/h, 3 km/h, 4 km/h, 5 km/h) However, 4 km/h
was difficult to achieve for many subjects, especially in many
KOA cases. A recent study showed that the number of modules
is affected by the gait speed [14]. In order to eliminate changes
that are speed-dependent variations between subjects, it is
necessary to have consistency of gait speed. In a previous
study, it was shown that the gait speed of 2 km/h was the
highest gait speed suitable for all patients with osteoarthritis
without pain [31]. In our study, we chose a speed of 3 km/h,
which could be performed by all subjects without pain. Before
the experiment, the subjects were familiarized with moving on
the treadmill at 3 km/h.”

C. Data Collection

Surface electromyography (EMG) data from 16 muscles
in the trunk and ipsilateral leg were collected at 1000 Hz
by a wireless EMG system (Delsys Trigno Wireless System;
DELSYS, Boston, MA, USA) with an inter-electrode dis-
tance of 10 mm. The measured leg was defined as the left
leg for YC and EC, and the measured side for KOA. The
16 muscles included the paravertebral muscle (PVM), opposite
paravertebral muscle (opp PVM), gluteus maximus (GMAX),
gluteus medius (GMED), tensor fascia latae (TFL), adductor
magnus (ADD), rectus femoris (RF), vastus medialis (VM),
vastus lateralis (VL), semitendinosus (ST), biceps femoris
(BF), peroneus longus (PL), tibialis anterior (TA), gastrocne-
mius medialis (MGAS), gastrocnemius lateralis (LGAS), and
soleus (SOL).

A camera motion capture system (Vicon Motion Systems,
Oxford, UK) was used to determine the spatial location of
the body segments, as well as to calculate each joint angle
during gait. The passive retroreflective markers were placed
over bony landmarks according to the plug-in-gait full body
functional model implemented in the camera motion capture
system (bilaterally on the 2nd MTP head, heel, ankle, knee,
thigh, anterior of shank and thigh, anterior superior iliac crest,
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shoulder, upper arm, elbow, radial and ulna wrist, 2nd finger,
forehead, and posterior head; single markers were placed
on the jugular notch, inferior sternum, C7, T10, and right
scapula). The data were collected at a rate of 100 Hz.

All data were synchronized using Vicon Workstation
v4.5 software and saved to a disk for offline analysis.

D. Data Processing

Muscle activation signals were band-pass filtered (20—
450 Hz) with a zero-lag fourth-order Butterworth filter,
demeaned, rectified, and then smoothed with a zero-lag fourth-
order low-pass (4 Hz) Butterworth filter [20]. In a previous
study, it was reported that a slower cycle movement at 1 Hz
should be accompanied by the use of a 5 Hz low-pass
filter [32]. The gait speed of 3 km/h in this study is roughly
equivalent to movement at 1 Hz. Therefore, the low-pass
Butterworth filter at 4 Hz was used for smoothing based on a
previous study [20]. Kinematic and kinetic data were low-pass
filtered (6 Hz) with a zero-lag fourth-order Butterworth filter.

Each type of data was segmented into cycle-by-cycle
sequences, with heel strike as the starting point. A gait cycle
was defined as the interval between two consecutive heel
strikes on the measurement side. For intra-subject compar-
isons, the data were time-interpolated over each gait cycle
to fit a normalized 100-time point base. In addition, muscle
activities from EMG data were normalized with reference to
the peak values for each muscle activity. Each data profile
of 10 continuous cycles was averaged to obtain the final profile
of a gait cycle [32].

E. Extraction of Muscle Synergies

A non-negative matrix factorization (NNMF) was applied
to the EMG data matrix to extract muscle synergies [12],
[33], [34]. In this study, we defined a muscle module as each
muscle synergy component. The EMG data matrices (M) were
composed of 16 (number of muscles) x 100 (number of time
points). These were decomposed into two components: spatial
component (W) and temporal component (C). NNMF can be
expressed as follows:

M=WC+e (1)

where M (m x t matrix; m is the number of muscles and t is
the number of time point of gait cycle) is a linear combination
of spatial component W (m X n matrix; n is the number of
module) and temporal component C (n X t matrix), and e is
the residual error matrix. The number of muscle modules was
determined using the variance account for (VAF). The VAF
describes the amount of variability in the original EMG data
accounted for by the EMG reconstructed from the temporal
component and their spatial component [35]. To define the
optimal module number, two criteria were used in this study.
First, VAF was >90% for each of the 16 muscles [36]. Second,
the inclusion of an additional module did not increase VAF
by >5% [14], [20].

F. Comparison of Knee Joint Angles Between Groups

Knee angles were compared between the three groups to
examine factors affecting changes in the number of modules.

The knee joint angle was used in this study as it is clear that
it is affected by KOA. In the present study, peak knee flexion
angle in the stance phase was adopted.

G. Defined Muscle Module Groups

Sorting of muscle modules across each subject was first
erformed on the basis of the peak timing of the temporal
component of each muscle module, according to previous
studies [36], [37].

H. Similarity in Muscle Modules

We performed NNMF analysis assuming four modules for
all of the participants to assess how fewer modules would
affect the result [20]. The definition of NNMF stipulates
that intragroup modules must not be similar. In other words,
the four modules used in the present study must all be
independent of each other. To assess the independence between
modules, cosine similarity was used (r > 0.50) [38]. Cosine
similarity is a method of measuring the angle between two
modules [34]. The lower the similarity, the closer the value
is to zero. This means that each module is independent of
the other. Conversely, the higher the similarity, the closer
the value is to one. A high value of similarity means that
each module is similar to the other. In other words, these
modules may be extracted as a result of merging between the
modules. In our study, values higher than 0.5 were defined
as high similarity and values lower than 0.5 as low similar-
ity. First, the similarities between the sorted modules within
each group were compared to confirm if similar modules
were extracted for all subjects within each group. Next,
intergroup similarities of the sorted modules were compared.
Finally, to determine whether each module within the group
was independent, the similarities between the modules were
compared.

Moreover, to determine muscle co-contraction, the number
of active muscles per module was calculated. Active muscles
in a module were defined as muscles that showed values
exceeding 0.3 for the spatial component [21], [39]. This
method has been used as an indicator of the number of
co-contraction muscles contributing per module. For each
module, the number of active muscles varied from 16 (i.e., all
recorded co-contraction muscles) to 1 (i.e., no co-contraction
muscles) [39]. The number of active muscles per module
was calculated for the average spatial component in each

group.

|. Statistics

Differences in the number of muscle modules among the
three groups (YC, EC, and KOA) were evaluated by the
Kruskal-Wallis test. Additionally, comparison of the knee
flexion angles between the three groups was performed using
the one-way analysis of variance (ANOVA) test. If a significant
difference was found in the Kruskal-Wallis test and one-way
ANOVA test, post-hoc multiple comparisons were performed
to determine the relationships among the groups. Statistical
significance was indicated by p < 0.05.
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Fig. 1. Number of modules in each group (left: YC group, middle: EC
group, right: KOA). Each dot shows the value for each subject. Each line
in the box indicates the mean value for each data group. The light gray
area and dark gray area in the box shows the standard deviation and
95% standard error of mean, respectively.
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Fig. 2. The number of muscle modules selected accounted for >90%
and additional module accounted for <5% of the VAF as depicted by the
plot from all subjects (left: YC group, middle: EC group, right: KOA).

Ill. RESULTS
A. Number of Muscle Modules

In the NNMF findings, three to four modules were extracted
in YC group, whereas two to three modules were extracted in
EC group and KOA group (Fig.1). The number of muscle
modules was significantly different among groups. In particu-
lar, it was significantly lower in the EC and KOA groups than
in the YC group (p < 0.05). The VAF was significantly lower
in YC group compared to the EC and KOA groups from one
to 10 modules (Fig.2).

B. Profiles for Each Muscle Module

Fig. 3 shows the temporal and spatial component in each
group based on the results of the number of modules. The
two to four modules were extracted in all subjects. The four
modules were extracted in gait, which is consistent with
previous studies [14], [40], [41]. Neptune et al. [41] have
defined module contribution to the gait sub-task of body
support as consisting of the following: forward propulsion
and leg swing in the beginning of the early stance (~15%
gait cycle), the late stance (~45% gait cycle), the early swing
(~70% gait cycle), and the late swing (~85% gait cycle).
In the present study, the four modules in the YC group were

defined as the gait phases of early stance, late stance, early
swing, and late swing, as they were consistent with these
gait cycle [41]. Three modules in the YC, EC and KOA
groups were extracted: two modules during the stance phase
(early and late) and one module during the swing phase. Two
modules in the EC and KOA groups were further extracted as
one module during the stance phase.

To investigate how the merging of the modules would
affect the results, four modules were extracted for all of the
subjects in each group. Fig. 4 shows the temporal and spatial
component in each module. A was categorized as YC-A, EC-A
and KOA-A in the early stance phase, and B in the late
stance phase. C was categorized in the early swing phase.
Furthermore, D was categorized in the late swing phase. The
four modules (A, B, C, and D) were defined as the gait
phases, each of which showed results consistent with those
of a previous study [41]. Furthermore, each module showed a
high similarity between subjects within the group. one module
during swing phase.

C. Comparison of Spatial Components of
Each Module Group

The similarity between muscle modules was assessed
using cosine similarity (0.50). Each value in Fig. 4 indicates
the mean value of the similarity of each sorted module
within groups. High values were showed within groups (YC:
0.81-0.66, EC: 0.91-0.62, KOA: 0.84-0.58). From these
results, similar modules were extracted for all participants
within each group by assuming four modules. Next, when
comparing each module between groups, spatial compo-
nents that assumed similar modules indicated high similar-
ity (Table II; left). From this result, similar modules were
extracted between groups (Module A: 0.74-0.62, Module B:
0.83-0.78, Module C: 0.69-0.63, Module D: 0.65-0.59).

On the other hand, the independence between modules
within each group was indicated by the low similarity
(Table II; right). The YC group showed independence in each
module (A, B, C, and D). However, modules A-D and modules
C-D showed higher levels of similarity. The EC and KOA
groups showed less independence between modules A-D and
C-D. Moreover, the KOA group was less independent in the
modules A-B (YC: r = 0.49; EC: r = 0.45; KOA: r = 0.57)
and B—-C (YC: r = 0.42; EC: r = 0.41; KOA: r = 0.51), more
so than in the YC and EC groups.

D. Number of Muscles in Each Module

The number of active muscles per module was calculated for
each module group by determining the differences in spatial
components (Table IIT). The cross mark shows the muscles
exceeding 0.3 in the spatial component. In the YC group,
the first module (YC-A) mainly represented the activation of
hip muscle (GMAX, GMED and TFL) and knee extensors
(RF, VM, VL). The second module (YC-B) was included in
the activation of plantar flexor muscles (MGAS, LGAS and
SOL). The third module (YC-C) represented some muscle
contribution to swing of limb (ADD, TA and PVM). The fourth
module (YC-D) mainly described a large contribution of the
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hamstring muscles (ST, BF), hip flexior, and knee extensors
(RF, VM, VL). Several different characteristics were observed
in the EC and KOA groups compared to the YC group. In the
EC and KOA groups, the first module (EC-A and KOA-A)
were included in the activation of hamstring muscles (ST
and BF). Furthermore, only KOA-A included the activation
of plantar flexor muscles (LGAS and SOL).

E. The Peak Knee Flexion Angles Between Groups

Fig. 5 presents the comparison of peak knee flexion angles
in the stance phase between groups. The EC and KOA groups

displayed significantly greater knee flexion angles than the YC
group (p < 0.05).

IV. DISCUSSION
A. Summary

The aims of this study were as follows: (1) to clarify
whether there was a lower number of muscle synergies for
both elderly individuals and those with KOA compared with
young participants during gait; (2) to clarify characteristic
muscle synergies of KOA through a detailed analysis of
muscle synergy components. The results showed significantly
fewer modules in the EC and KOA groups than in the YC
group. Next, in order to clarify what having fewer modules
indicates, the similarity and the number of active muscles
per module was investigated between modules. The results
showed the merging of modules A-D, which may reflect
age- or disease-specific muscle co-contraction for knee joint
stability. However, the merging in modules A and B was shown
only in the KOA group. It was indicated that the activity of
the triceps surae muscle during the early stance phase is one
of the characteristic patterns of muscle activity in KOA. Our
results suggest that muscle synergy analysis may be useful
in musculoskeletal diseases by focusing on the characteristic
module structure within the spatial components, rather than
comparing the number of modules.

B. Why Muscle Modules Merge: Modules A-D

Our results showed that the EC and KOA groups have
fewer modules than the YC group (Fig.1). The fewer modules
reflects the merging of module A-D (Table II; right), because
the EC and KOA groups included the hamstrings in module
A (Table III). These results showed that the fewer modules
might reflect co-contraction between antagonistic muscles to
support the lower limb during the early stance phase in the
EC and KOA groups.
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TABLE Il
COMPARISON OF FOUR MODULE RESULTS IN EACH MODULE GROUP

Comparison of each module between groups

Comparison of between modules within each group

A YC-A EC-A YC group A B C
EC-A 0.62 B 0.49
KOA-A 0.74 0.71 C 0.43 0.42
B YC-B EC-B D 0.55 0.35 0.55
EC-B 0.81 EC group A B C
KOA-B 0.78 0.83 B 0.45
C YC-C EC-C C 0.53 0.41
EC-C 0.65 D 0.64 0.41 0.57
KOA-C 0.63 0.69 KOA group A B C
D YC-D EC-D B 0.57
EC-D 0.65 C 0.50 0.51
KOA-D 0.59 0.60 D 0.57 0.46 0.59

The threshold value was set to 0.5. The values higher than 0.5 were defined as high similarity and values lower than 0.5 as low similarity. In comparisons
of between modules within each group (right), values in bold indicated a value higher than 0.5.

TABLE IlI
DETERMINING THE DIFFERENCES IN SPATIAL COMPONENTS

phase Stance Swing

YC_ A X X X X X X X %

YC B X x X x X x x x

YC C X X x x

YC_D X X X X X X X X X X

EC_ A X X X X X X X X X X X

EC B x x X x X x x

EC C X X x x x x

EC D x x x x X x x x x
KOA_A x x x x x x X x x x x x x
KOA_ B x x X x X x x x x
KOA _C X X x x x
KO A_D X X X X X
Muscle GMAX GMED TFL RF VM VL PVM(opp) MGAS LGAS SOL PEL | ADD PVM TA ST BF

The cross mark show the muscles exceeding 0.3 in the spatial components. A was categorized as module of YC-A, EC-A and KOA-A in the early
stance phase, and B in the late stance phase. C was categorized in the early swing phase. Furthermore, D was categorized in the late swing phase.
Each muscle was sorted in the order of activity from early stance to late swing.

In a previous study, KOA is characterized by knee joint
instability with the deformation of the knee joint structure [42].
By assisting the non-contractile tissue (i.e., bone structure,
ligament, meniscus) in maintaining and enhancing control,
stiffness, and stability while performing various tasks, the mus-
culature plays a significant role through co-contraction [43],
[44]. Many previous studies have shown that KOA increased
muscle activity and suggested the possibility of increased
co-contraction of antagonistic muscle pairs in key lower
extremity muscles during gait [5], [45], [46]. The lower
muscle synergy in this study might be partially explained by
compensatory movement with alterations of knee structure.

On the other hand, the EC group also showed fewer
modules and merging between module A-D. Many pre-
vious studies have indicated age-related changes in the
co-contraction during walking, even among active, healthy
elderly individuals [6]—[8], [47]. Many elderly individuals
have associated sarcopenia, which is characterized by age-
related loss of skeletal muscle mass and function [48]. More-
over, with aging, the complement of motor units undergoes a
process of reduction and adaptation, which in turn affects the
capacity to produce a force on the joints [9]. The maximal
voluntary contractile (MVC) force in persons over 60 years of
age is more than 25% lower than the MVC force in young
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Fig. 5. Comparison to the peak knee flexion angle between groups
(left: YC group, middle: EC group, right: KOA).The errorbar indicates the
standar deviation.

adults in several muscles [49]. Thus, to exert the desired
torque, the co-contraction of multiple muscles is necessary.
For this reason, the EC group showed the fewer modules and
merging between modules A and D.

Furthermore, we also found that module merging was asso-
ciated with knee joint stability. A greater knee flexion angle at
the stance phase was related to fewer modules (Fig. 5). This
result suggests that a common kinematic feature of EC and
KOA, reduced knee extension, is involved in merging between
the modules A-D.

It is well known that the knee extension angle during gait
is decreased in older adults compared to younger adults [50].
This may be due to an age-related decrease in the knee
extensor muscle function associated with sarcopenia [48], such
as a loss of quadriceps muscle volume [50] and a decline
in quadriceps strength [1], [51]. Additionally, many studies
have revealed that KOA is related to quadriceps muscle weak-
ness [52]. For these reasons, aging and joint degeneration are
considered to be common factors that hinder knee extension
movement during gait.

The knee joint is more unstable in the flexion position than
in the extension position. Dynamic stability of the knee joint is
generated by an interplay between non-contractile tissues (i.e.,
bone structure, ligament, and meniscus) and contractile tissue
(i.e., muscle). Regarding non-contractile tissues, knee joint
stability is mainly obtained by the shape of bones, meniscus,
and medial/lateral collateral ligament in the knee extension
position. By contrast, knee flexion causes the loss of the
stability with these non-contractile tissues without tension of
the anterior/posterior cruciate ligaments. As a result, knee
flexion induces an increase of muscle co-contraction. The
reduction of modules may reflect a compensatory activity
pattern in both KOA and EC that improves the stability in
the knee flexion position.

Thus, we hypothesize that the fewer modules in EC and
KOA was due to the merging between module A-D and muscle
co-contraction. Furthermore, our study showed that this muscle
co-contraction might cause the knee joint flexion position,
a feature common to both EC and KOA.

C. The Difference Between EC and KOA

In our study, the EC and KOA groups showed similar
results. However, some of the results showed characteristic
alterations of the module structure in the KOA. It was the
merging of module A and B. This feature is a modular
structure specific to knee OA and may be a biomarker for
detecting knee OA.

In our results, the KOA group showed lower independence
in the moduel A-B (YC: r = 0.49; EC: r = 0.45; KOA:
r = 0.57) more than the YC and EC groups (Table II; right).
Moreover, module A included LGAS and SOL (Table III). The
activity of the triceps surae muscle during the early stance
phase is one of the characteristic patterns of muscle activity
in knee OA. Heiden et al. had reported that the greater levels of
muscle activation seen in KOA were associated with greater
levels of lateral muscle activation (e.g., VL and LGAS) in
early stance compared to controls of the same age [53]. The
merging of module A-B in the results of this study may be an
effect of the inclusion of LGAS and SOL in module A. These
results were an effect that reflected the characteristic muscle
activity pattern of KOA.

However, module A did not include the MGAS in our
study. A previous study reported prolonged activity of the
medial gastrocnemius compared to the anterior tibialis muscle
in KOA patients [5]. In addition, it has been reported that
in severe KOA the MGAS muscle is active for most of the
gait cycle [3]. Contrarily, moderate KOA and asymptomatic
individuals showed decreased MGAS activity during gait [46].
The reduction in MGAS activity may be an attempt to reduce
joint loading, in particular, to reduce medial joint loading
selectively in moderate and asymptomatic KOA. In the present
study, the severity of KOA was not standardized (Table 1).
Therefore, MGAS activity may not have consistently shown a
typical pattern of muscle activity.

D. Muscle Synergy in Aging

A previous study reported that muscle synergies during
walking were not affected by aging [40], in contrast to the
findings of this study. This difference may be due to the
different measurement protocols. While the previous study
ensured a consistent cadence using a metronome, our study
defined gait speed with a treadmill. Because the subjects in
the previous study were restricted to cadence in addition to
walking speed, the muscle synergy between the young and
elderly participants did not change. Moreover, the previous
study used principal component analysis (PCA) as a method
to extract muscle synergy rather than NMF. NMF can present
better results than rigorously orthogonal methods like PCA
because muscle activation or neural spike shows a positive
value [12], [33]. These factors possibly explain the differences
between our findings and those of the previous study.

E. The Modules Dependent on Gait Speed

In the present study, many subjects across all three groups
had three modules extracted (Fig. 1). In addition, the decrease
in the number of modules to three modules represented a mod-
ule deficit during the swing phase (Fig. 3). Moreover, because
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of the slightly high similarity between the C-D modules in all
of groups, the decrease in modules during the swing phase was
an indication of merging between the C-D modules (Table II;
right). This result differs from that of a previous study that
clarified that gait is achieved from four to five modules [13].
This difference may be influenced by gait speed.

Previously, each module of muscle synergy had been
thought to be consistent across gait speeds [13], [36], because
primitive motor characteristics such as muscle synergy are
hard-wired into the motoneuronal network involved in gait
control [15]. However, a recent study showed that the num-
ber of modules changed depending on the gait speed [14].
In particular, a decrease in gait speed has been shown to
reduce modules during the swing phase. Our selected gait
speed (3 km/h) in the present study was consistent with the
range of speeds that have been shown to reduce modules in the
aforementioned study [14]. Therefore, the reduction to three
modules and the merging modules during the swing phase may
be a result of the influence of gait speed in all three groups.

In addition, the merging of modules A-D was indicated in
the YC group (r = 0.55) (Table II; right), because the YC
group included the RF, VM, and VL in module D (Table III).
During a slow gait speed, the pendulum-like properties of the
swinging leg can no longer be utilized for forward progression
throughout the full swing phase [54]. Therefore, the RF, VM,
and VL activity was shown during the swing phase and may
have led to the merging of modules A-D.

F. Suggestion the Usefulness of Muscle Synergy
Analysis for Musculoskeletal Disorder

Our results suggest that muscle synergy analysis may be
useful in musculoskeletal diseases by focusing on the charac-
teristic module structure within the spatial components, rather
than comparing the number of modules. Most recent studies
attempted to apply muscle synergy analysis to neurological
disorders. Clark et al. reported that patients with post-stroke
hemiparesis have reduced modules during gait compared to
controls [20]. Moreover, in patients with Parkinson’s disease,
fewer modules were required during gait compared to healthy
older adults. These reports of reduced modules in these pre-
vious studies reflect the co-contraction of muscles associated
with abnormal muscle tone [20]. Therefore, it may be useful
as an indicator of disease severity. However, it is difficult to
identify underlying neurological disorders from the changes in
module structure, because patients with neurological disorders
show a wide variety of symptoms regardless of the loca-
tion of the disorder. Contrarily, in musculoskeletal diseases,
it may be possible to extract disease-specific module structure
by using muscle synergy analysis. Musculoskeletal disorders
cause any kind of abnormal movements with joint dysfunction.
Co-contraction and prolonged activity of muscles are some of
the most characteristic changes. Patients with anterior cruciate
ligament injury walk with prolonged duration of hamstrings
muscle activity [55]. These changes in muscle activity may
affect muscle synergy analysis. Patients with anterior cruciate
ligament injury showed different muscle synergy component
compared to non-injured subjects [27]. Some specific mus-
cle activities have also been shown in hip osteoarthritis.

In a previous study, patients with hip osteoarthritis reported
increased activity for gluteus medius, tensor fascia latae, and
semitendinosus muscles [56]. And, another previous study
reported altered muscle activity of the tibialis anterior muscle
in hip osteoarthritis [57]. Thus, although muscle synergy may
be altered in hip osteoarthritis, it has yet to be applied to hip
osteoarthritis in research.

The results of this study have shown that a gait speed of
3 km/h could cause fewer modules during the swing phase.
Many musculoskeletal diseases are associated with pain and
joint dysfunction, which decrease gait speed. In a previous
study, it was shown that the highest gait speed without
pain and loss coordination in patients with osteoarthritis was
2 km/h [31]. Therefore, it is possible that there are fewer mod-
ules during the swing phase in patients with musculoskeletal
diseases.

In this context, the fewer modules in the stance phase
may be a disease-dependent change that can occur in any
musculoskeletal disease with co-contraction and prolonged
muscle activity. This is similar to patients with neurological
disorders in which co-contraction of muscles results from
abnormal muscle tone. Therefore, a comparison of the number
of modules alone cannot reveal the anomalies underlying
musculoskeletal disease. However, by quantifying the muscle
activity contained within the modules, it may show a disease-
specific module structure. In our study, we have been able
to provide an indication of neuromuscular features in KOA
patients. This finding demonstrated the potential application
of muscle synergy analysis to other musculoskeletal diseases.

G. Limitations

The present study has some limitations. First, we could not
clarify the differences in the number of modules between the
EC and KOA groups. The difference between both groups may
affect the activation level of muscle co-contraction. A previous
study hypothesized that some smaller co-contraction levels
tend to stabilize the system, and higher levels of co-contraction
were not particularly efficacious [43]. Thus, the co-contraction
in the EC group may be less compared to KOA. However,
the co-contraction in the KOA group may have shown higher
activity than that in the EC group. The difference in these
co-contraction levels may reflect the characteristic muscle
co-ordination found in KOA. However, in this study, which
was normalized by the peak value in the gait cycle of each
muscle, it was not possible to evaluate the activity level.
Additional studies are needed to clarify the characteristic mul-
tiple muscle activation patterns in KOA, using normalization
at maximum voluntary contraction. Second, the sex of the
participants could not be controlled. All participants in the
YC group were male, whereas the majority of the KOA group
were female. In several studies of healthy young individuals,
the subjects were all male [14]. In order to compare the EC
and KOA groups in the present study, we considered that
the control group (YC) needed to show results that were
consistent with those of the previous study [14]. Therefore,
only males were recruited for the YC group. On the other
hand, the KOA group consisted of many female participants.
A previous study reported that the prevalence of KOA was
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higher in females than in males in Japan [58]. Therefore, the
number of female participants was higher than the number
of male subjects. Finally, this study could not determine the
relationship between KL grade and the merging of modules
due to the small number of subjects. Therefore, it is necessary
to increase the number of subjects in future studies to deter-
mine the relationship between KL grade and the merging of
modules, and to improve gender imbalance.

The cross mark show the muscles exceeding 0.3 in the
spatial components. A was categorized as module of YC-A,
EC-A and KOA-A in the early stance phase, and B in the
late stance phase. C was categorized in the early swing phase.
Furthermore, D was categorized in the late swing phase. Each
muscle was sorted in the order of activity from early stance
to late swing.

V. CONCLUSION

Our study found fewer muscle modules in both the elderly
and KOA groups due to the increase of muscle co-contraction.
By focusing on the module structure, our results showed that
the merging of modules A and B is characteristic in KOA. This
indicates that muscle synergy analysis may be useful in future
studies exploring other musculoskeletal diseases characterized
by focusing on the abnormalities of components in muscle
activity. As such, describing the changes in multiple muscle
control associated with musculoskeletal degeneration can serve
as a fundamental biomarker in joint disease.
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