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Abstract

It is important for improvement of quality of life and sports performance to enhance the regulatory ability
of motor performance. This motor performance, often referred to as steadiness (Enoka et al. 1999) has been
quantified by the coefficient of variation (CV) for produced force (or torque). However, physiological
mechanisms for steadiness of lower limb muscle group composing synergistic muscles behind it remain as
yet unknown. To make clear the physiological mechanisms underlying steadiness in synergistic muscles,
present study consisted of three experiments which are influence of muscle activity at 8-12 Hz on
steadiness during low-level contractions (experiment 1), effects of tonic vibration applying to various parts
of synergists on steadiness during low-level contraction (experiment 2), and temporal relation between
torque and mechanical activities of synergistic muscles during maximal voluntary contraction (MVC)
(experiment 3). In all experiments, subjects requested to perform isometric unilateral knee extension
exercise in a seated position with hip and knee joint angles of 100 and 90 degrees flexed, respectively.
Surface electromyograms (EMG) from the muscle belly of rectus femoris (RF), vastus lateralis (VL), and
vastus medialis muscles (VM) were recorded. In experiment 1, nine male subjects were instructed to exert
a submaximal steady torque to match the target at 2.5, 5.0, 7.5, and 10.0% of the MVC for 40 s. Standard
deviation (SD) and CV for torque, mean amplitude of EMGs (mEMG) and power spectrum of full-wave
rectified EMGs were calculated for middle 30 s of contraction. Power spectrum was divided into below 3
Hz (Low) and 8-12 Hz (High) components, and then ratio of High to Low (High/Low) was calculated. In
experiment 2, six male were required to exert a steady torque to match the target at 2.5% of MVC for 70 s
followed 4 different interventions: tonic vibration of patellar tendon to impair Ia afferent function of knee
extensor muscles as a whole (TV ), tonic vibration of RF to impair Ia afferent function of RF only (TVgg),
tonic vibration of VL to impair la afferent function of VL only (TVy), and no muscle or tendon vibration
(CON). The tendon (TVqr) and muscle vibrations (TVgr and TVyp) produced by mechanical stimulator
were done at 30 Hz with the force of 5-15 and 5-10 N, and the displacement of 5-6 and 2-3 mm,
respectively. In experiment 3, thirteen male subjects perform MVC for -3 s. To examine the mechanical
activity of individual heads of knee extensors, acceleration (ACC) was measured from muscle belly of RF,
VL and VM by using high-sensitivity accelerator. To evaluate the extent of correlation and the time relation
between torque and ACC of each head, and among ACC of knee extensor muscles, present experiment
calculated the normalized cross-correlation function (CCF) between variables. In experiment 1, SD for
torque as an absolute torque fluctuation linearly increased with contraction intensity. mEMG and
High/Low were greater in VL than those in other synergistic muscles. In experiment 2, CV in TVqr and
TVrr conditions significantly grater than that in CON and TVyy (P<0.05). These results may suggest that
the steadiness is dependent on the quantitative feature of VL’s muscle activity as well as la afferent activity
originated from RF muscle. In experiment 3, the power spectrum of the torque fluctuations was
concentrated below 5 Hz with no distinct peaks. In contrast, the power spectrum of ACC in all muscles was

distributed to higher frequencies with distinct peaks around 10 Hz. There was no distinct peak in the CCF
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between torque and ACC of each muscle. The lack of distinct peaks in CCF suggests that fluctuations in
the mechanical activity of individual muscles are not directly represented in the fluctuations in torque. As
for the temporal relation in ACC between synergistic muscles, the normalized CCF showed a positive peak
without a time lag between RF and VM. In contrast, a negative peak in CCF was found between VL and
VM, as well as between VL and RF. The phase difference in the ACC between the individual synergistic
muscles may result in the cancellation of the high frequency fluctuations in the externally measured torque
during knee extension MVC. In conclusion, one of the mechanisms or factors for determination of
steadiness during low-level contraction is attributed to the Ia afferent activity originated from RF muscle.
The steadiness during high-intensity contraction may result in cancellation of muscle activity among

synergistic muscles.

1. 5

FENCEH 2 O T WA IORFA IO X 9 IR BB 1 D70 &3, J85AT 11 % K27l
9 DR (JIFHENZEENE | steadiness') XAV AETE 26 D72 DICHEERMERETH Y, = DFE
JIOR T HEATE (B BEHERR, MDWENIERE) RCAR—=Y T p—< o ATk L THEE
BERIFLED. L, JMEREREE AT AR A T = X LM A T = X LD
772, BIEOHAORTIINRELEEZ RN LS D720 DORNe7a 7T AEERTX 7
WONBIRTH DH. £ 2 TAMIZETIE, FREBOLME L &5 5 N&E REMEROTICH L THE
BB BT DRGNS L U, DR E 2 b+ 2E8FHA I = X LG
HTEHERNETD.

RREREE O D FRE RIS, FEETEIMEE DY 2283 5. Enoka & (Enoka et al. 1999)
L, ZOEEONFEIMME, EUEFZE (standard deviation; SD) 7> HHEH X415 2 E%% (coefficient of
variation; CV) #Z NFAEILZEMORE L Uiz, DIRAEZEMNR, BEE L -~L, IER, 5
TE, AFln, HIREEN LUK TE TS (Enoka et al. 2003). H—fifta HW 2 (2 2 TIXEOM
B BATHIRIC L B b, BRI OEBNX, H—EEEORENRES L OZ 08B N F—
(ZBEHET 5 AlREMEDS R XU CU D (Burnett et al. 2000; Galganski et al. 1993; Keen et al. 1994;
Laidlaw et al. 2000; Semmler et al. 2003; Taylor et al. 2003). L72>L, AWFIECTHIS L3 2, MBI H
BAEEL, EEROMICLVEREIN TV, ZOBEKLEEND. EBE, BESHENRER
KON BAEE dh AR X, DRREI L ETEIC RIE TR0 a P 233G 5T eE (Christou
& Carlton 2002; Graves et al. 2000; Hortobagyi et al. 2001; Tracy & Enoka 2002). 3725, HEDOH)
RSN TV DR R e LIca, DREZEED A D =X DT X0 EHES 2
TSI, B OTEEOM ARRENER L T\Wb EE 2 5115 (Kouzaki et al. 2002, 2003) . #
ZCAMIIETIE, B O SIHE L EME D ABEERI A I = X LB INTT 572018, L0 3
ODEREIToTZ. bbb,

1) 10%LL F OAKFRE O FFIEEIR I AFRE 2 EWER S D (CV BAREV) ZERMES TS
(Enoka et al. 1999). {XSRAEDIHENRFIC la RERAETEEIS EE TH S5 & OFEH (Freund 1983)
D> DARTREE O JTFREI L ENEIZIE, Ta BERHEEEIB G L CWH EEXBbND. EbIT, Fx

I Enoka & DAL /L—7"TlZ, “steadiness” &\ 9 FHFEZ W T 5 (Enokaetal. 1999) 2%, b7z
ARFERNBFAED E Z AW, KFETIEIZ % “SIRREiEMN” L4 b2 LT 5.
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D HEAETFICBW T, BKRHIO 5% L TOFSNETH D Z L BNHERORRR €= 4 —
LR VBIEMNTINATWD (Ml S, 2001). £ 2T, FEH1 TlE, AEAEFEOREDZHD
BARSREEHEBINC 1 5 F AR O Ta BERAMETR ) O RAOFFEICHE A L7z,

2) B 1 OFEEZ, T BERHETEIS A TRZEEICE S LT a0 E R, BELTHS L
FTIUE, OTRORICHRT 200 EB BT D701, RBIFIEE (Kouzaki et al. 2000)
ERHWCHRR L (5B 2).

3) ARV AT p LRI, B L D bR OB DRI ZENE R BT
FBR 3 ClX, HKRBEEIGHEE /) (maximal voluntary contraction; MVC) JS4RIREIZ 51T 5 T FRHE
SV 52 B B ORMATES) (5 OBMIRE) OMTBIGEM bMc 57201, i
BHEHEIC L VG LTz,

2. Hik

TN TOFEBRFEITE TRIEMICT, BEEMAE 90 FZ, IXBISIAE 100 % RE MBI
JRiEE) S L7z, R NLvs (Nm) 1%, BRIZEERS L7oe— R/ (model 27411, < 137 )
EViESHN (N) Z2HEL, ZhiEEzFLOLEE COBEE (m) 20 CRDE. FHERZ, K
BRIEAG (RF), SMAULSA (VL), WRIRRS (VM) X b RmfFEXK (EMG) 28 L. ZabT
Fu E5E, 16 B> b A/D 22 3—%— (PowerLab/16SP) ([Z L VT VXA X&h, o7V
> 78 % 1,000 Hz THS S 7.

2.1, FEHr1

PR B I R ENE 9 44 (4R : 24.8+4.3 years, & F @ 172.848.5cm, AH : 64.0+6.6 kg,
PIEHERAR ) ThoTz. #REIE, MVC D 2.5,5.0,7.5, 10%2H4 45 % AHEEIC - S &5
FFRERRE 2 2T 40 B T - 7=, TR o 30 BRloT — 4 2. v T —4
EV SDEBLUCV #RKT-. &0 EMG 7 —# 1%, 2EERO#%, EMG FE#EE (mEMG)
B L7z, & DI EMG O/ — A2 kL% FFT 2 X 0 Ko, 3Hz LAF &2 ARE %
5y (Low), 8-12Hz % @&y (High) & LChiitH L, High/Low bz R 7.

22, FEB2

PR B I R ENE 6 44 (4R © 28.242.5 years, & : 1742439 cm, {AH : 72.248.6kg) T
bolo, PREIL, 2755 FIZBWTMVC O 2.5%ICMH Y3 5 BAEEIC— S8 2 )i
A 70 B To72. T70b6, 1) o0 UOBRMEMGEEO la BERMEEEI 2K T I E 5729012,
B AOIR BN & (DPS-285, A4 7 AT 4 AERD Z2 vy, B 30Hz ORI (77 -
5-15N, ZA7:5-6 mm) % 30 7352, € DERZIZIIFHETFREZ1T 9 (tonic vibration to quadriceps
femoris muscle; TVqr), 2) & 572> U RF O la FEARHEEEN 2K T S/ 572912, RF IZ 30Hz DR
B (77 :5-10N, 247 :2-3mm) % 30 0 5%, ZOEZICHHERREEZLT S (tonic vibration
to rectus femoris muscle; TVgg), 3) & 52> U D VL @ la BERAHEIEEI 2K F S 57-D1Z, VL 12 30Hz
OILEHEL (F):5-10 N, Z207:2-3 mm) % 30 53[5 2, £ OEZIZIFHERREZAT 5 (tonic vibration
to vastus lateralis muscle; TVyy), 4) 30 0Z2Er0% (IREVAIIITD 22V, JIAEGHEREZ1TH 4

0ROy F T, T2ADY—T, o h—DFv 7, TNTDALLTIRE.
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KETH o7 (CON) (X 2-1 ITIEEHRNL &2 5 2 DAL &2 KR LTz) . ST R ks
T AH 60 P OT —H Z vy, FLZ D SDEBLONCV, &5 mEMG Z:Rd7-.

2.3, FEEr3
PR T BT 13 4 (4R © 25.943.6 years, HF : 173.547.9 cm, A : 64.5+6.0 kg)

Tholz. #FIL, MVC 24 3 BRIMR T 2382 V7 L b 3 EfTo 7. EBR 3 T, &
R OREWRAOIE BN & 3T 5 72012, RF, VL, VM OFFEICEES L-mRE - [KEHKRAE (£26)
DANEKEFT (ASV-2GA, FHFnE M) (2 K 0 K75 DM E (acceleration; ACC) % | 7E L 7= (Kouzaki
etal. 1999). ZHTICIL ML 7 OLE LTz 1.5 B Z iz, 81 L RERIS, FFTIRICE Y huy
BLOEHD ACC D/RXT —AX7 MLaBH Lz, 512 ML7 B E ACC B LK O @M O
ACC IRIEOHELINER L OWREIAREE 2 SR D 2 72 DI H B H I OF HARRIRE S 2 sk od 7=

3. ik
MBS, ASCTIIEHRAERZE, X TIPERERE TR L.

3.1, FEER1

MVC (£ 194.4+34.8 Nm TH Y, TODFER 2.5%, 5.0%, 7.5%, 10.0%MVC O BEE L7 13Z1
ZH 49409 Nm, 9.7£1.7 Nm, 14.6£2.6 Nm, 19.4+3.5Nm & 72 -72. EEED 2.5%, 5.0%, 7.5%,
10.0%MVC @ kv7 (30 R O F¥ME) 1%, 5.0£1.1 Nm, 10.1£1.8 Nm, 14.7+2.8 Nm, 19.4+3.8 Nm
THY, FHEIFEE Y LRETH 7, K 1-1 IZHBED Ly, 2EFEGE EMG B %
wLTe. MV OEEIREOHEME & HITHERT 2ERICH Y, Kl m B S O¥EINN B
TohbH. EMG OfREIE G IREOHINE & HIZHERT2BAICH Y, 7.5%MVC LLEOIREE /22 &
EMG OFE#R72iFEN R 6 b.

12 (W 9 & DONHEHEYERR 27k Uiz, RV 7 D SD I, FREDHEME & HITH KL
72, CV ITFREEIBICA L. Z ORI MR A2 %5 & U JIRE 2 et o e Tt
%% (Shinohara et al. 2003; Tracy & Enoka 2002) & [F] UfH[A) Tdh o> 72, &0 mEMG 1T58E & 61T
ELRRAQICEIIN L7z, T _RTCOBEICH VT VL ® mEMG 1%, REBXOVM kY b A EICEME
Toh o7z, High/Low fbd VL IO LY HRE L, P70 CV ERBRICEEOHINE & 61
KF L.

32. FEER2

CON, TVgr, TVgp, TVy @ MVC IZZ1EH 215.1451.4 Nm, 205.1+62.9 Nm, 207.1£58.2 Nm,
208.6+57.5 Nm T V), ZTDFEE, 2.5%MVC O A= h L7 13FNFH 53413 Nm, 5.1+1.6 Nm,
5.2+1.5Nm, 52+1.4 Nm TH > 7. FEEED 2.5%MVC O kv (60 BB OF¥IHE) 1%, 5.4+1.4 Nm,
53+1.7 Nm, 53+1.4 Nm, 53+1.8 Nm Th V¥, FHHEIZEIE Mv7 RIS TH o7z, 221245
AR B IRERRE R O S vy, BT EMG 2R LTS, TV B L TV D kL2
EEOIRIEIX CON B LUV TVy LV b R&EL, REERSPEETCHL LI LS.

2-3 \THERRE 6 4 D EHHHEYERR 2 /R LTz, MV 7 D SDEBLCV & b TVer B8 L U TVie
28 CON BIUNTVy LIV bAEICEVMEEZ /R L2, —J7, mEMG I 4 & TR DOZEITZED 5
N moiz.
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33. 3

MVC (% 18434243 Nm TH~7=. [X 3-1A 12 MVC H D kv 7 OEENES L OO ACC 7R L
72. RF O ACC X VL BXO'VM XV b EEROELENEHE TH D, X 3-1B IZENENDRS
DIXT =27 ML ERL TSN, R0EY RF X VL BEIOVM X0 & @O ER A E T
LTV, LoL, WIENOfd 8-10Hz I8 1 O v — 7 g sz, —F, Lo
OEENT, SHzUNIZIE->TEY, AT MO —7 37 hoT-.

X 3-2 [ O EARBIRS S 2 R LT\ 5. bV 7 BE) & A0 ACC IZIFA B AHBIT A
Heinotz (BB, T, &id ACC RIINEEE bV 7 OEEKML TWRNWI & AR
LTW5h. RF & VM [ZIEOFBY (7=0.299+0.140) MNEERTEN 0 B TiRD HiL7273, RF & VL
(r=-0.1924+0.128) B L' VL & VM (=-0.478+0.268) ITEDHETH -7~ (FEE). #RZ VL &
VM OEADOFBITR <, ZAUX VL & VM B TIRE L CWD Z & 2R LTV AD.

4. Eim
AAFIETIE, BRRARELZ 5 & L, Wi o DI ZEED LB FRIA = XA L& 5T
FTAHEOIT, 3 ODEREIT-T-.

4.1, EBREE D JIFRENZ E MBI 5 Ta BERRHETS E)

IKFEFE OFHIEENCIE, la BERRHEIS BN JJGAENCEIE & OFER3 &H 5 (Freund 1983). Ia AEHRAE
TREN XS EM L &2 O CHEEMIC (REMID) Ta BERHEO B 2708k T 2 Z LICL W ATRETH
% (Al-falahe etal. 1990). LU, ZORERRFIETIE, BHEFE 2 O la BT E) & 4B
D EMARREER T L, BIREOHTEEICIL, a0 CTREECTH D, —J7, la BERAETEIO
RER A ERE D & 8-12 Hz OB 2SS, Ta BEERAEZ Sk & A AFIROIRR CTH D Z &2
FnHA T % (Freund 1983; Lippold 1970; Lippold et al. 1957). & Z°C, £k 1 TiE, 8-12 Hz il4r
DOFIEENCER L, i IR Er: & OB A Mt Uiz, SRS R4 R T o JE 5
B3, 3Hz BLFOE RS (Low) & 8-12 Hz D& AR5 (High) T % (Kouzaki et
al. under review) . BiE X, EENEA OBNEIE T OFKHEE 2 L (Allum et al. 1978), %& 1
AR U 72 A PR AR 2 S 9= 5 . 85 EMG O High/Low Ebid, W O FRE (2.5%, 5.0%,
7.5%, 10.0%MVC) IZBWTH VL 28 RF BLOVM K0 K& hova. 2k, (KR FHE
FREEIZIS VT, VL Mo @G I U T la BEREE BN SRR E WD L 2R LTS, £
72, VL ® mEMG SO @G L 0 b R&E L, S HITHMEMFGREOP Thd PCSADBRKEN &
(Akima et al. 2000, 2001) ZEfET 5 &, BHREAREO NI VL 285 HB5- L T\ 5 ArReE
MNEZ NS, UL, Wi IREICE, L0/ cEE LD Bl 2 &nb,
FBR 1 THETL72 EMG OB BED B0 6 FRElREMER K2 Z L IXTE 2. 22T,
& 57 U Ta BERRHEOFEEE 2GR S B 256 O IR EMEEZRET Lz (5 2).

i & B I ICHER I 2R BBV 2 5 2 D & Ta BERRHEZ BIRIOICHIR T2 Z E B ARETH S
(Burke et al. 1976a, 1976b). X512, IEENVHIMZ KRS 2 6elT 5 & la BERRHETREN IR T2
(Bongiovanni et al. 1990; Kouzaki et al. 2000) . #REVFIKIZ &2 Ta BEARHEEEI O T, ~F 7 &
ANl (Hultborn etal. 1987), Ia BESRHED T KB DA (Hayward et al. 1986), {=iEWE DOHkE)
(Curtis & Eccles 1960) (ZEEK T 5728, ZOFEEZHND Z & T, la BERHEES) & IFREIZRE
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PEL DREZRETT 2 Z ENARETH D, TV RO FL7 CVIZ CON LFREFETH T2, FEBR
1 XY, VL OFGTEE) O BRFREDMETREE O JFREI L EMEICE IR T 5 L HELR SR, Ta BERRMENS
BORIERT DL, VL O la FEHETRENT, (KGR D R EME~DRBIT/ NS N EDUR
Ehi. —J, TVEB L TV b7 O CV L, CON BLU TVy S E~FEICHEL,
F77, TV & TVre R TIE, CVIZER R oT. 2D OFERIL, RF O la BESRMETT 82 )17
B EMEICIRSBIE L TWDH Z L 2R LTV 5. BEFETHREGRHICE W CHMEHIH TH 5 VL
BERVMIE, b7 O generator & LT, 2 i TH D RF X, h/Lv7 DFH7e E D regulator
ELTHBET 22 ENHBNTEY (Jacobs & van Ingen Schenau 1992), Z ® RF @ 2 BHfifl & L
TOIFRERREDS, (KR O T ZEMEICBEE L TWD Z A HER I NS, ITF, MdH DWW
A ~OIRBNRTL X LA FAREA~EEE RIF T Z ERER SN TEY  (Kossev et al. 1999), #RENHIL
(2 & 2 TR ISR O la BEARHEISE O A 70 B3 B OE S bbb . L, ARif
ZECH W IRENIL O JE 5T 30 Hz LRV 29, 2 ORI T BN HFHEA~DO B T/ X0
ZE AT K 0 AR STV D (Steyvers et al. 2003) . WD 2T, ABFIE TR I RERIGED
ARSI NI N EB X BND.

PLEX Y, ARGREEIZ 1T 2 Il R A HE 0 i i EPEIZ I3 RF O Ta BERRHETEB) D278 K T
HDH I EDIREE T,

4.2, ETREED TR BT AT T AL OB IR AT B oD R

AR— O TIE, ARTREE K 0 b &R OTEERHC DFHEIZE M RO b D . FE5R 3 T,
MVC RO ST L EM 2 ACCIZ X W FEt L7z, M2 I3/ NABICEEN T D 5O, ZD/N
T —AX7 MU, SHz Kl Cho7o (M3-1B). —J, TXTOHHD ACC 1%, 10 Hz T34 (RF:
11.7Hz, VL:9.8 Hz, VM: 9.8 Hz) (T 1 &Mt v — 7 n@lEi &, 100 Hz £ T/8U—2354i LT
Wz (X 3-1B). & 512, L7 & ACC O AFHBIREICIIA B 22 AHR (B H M 0¥ OFELIHE)
IFERO b hodz (132 BB . ZHubORERIT, BREMGFEOIEEINEEE ML 7B S LT
KBS L 2R LTWD. AEEIND L7 B OIBFEICIB T, DR )38 HIT, s,
SR, BEIEiEZ AN LT R & LTHERT S, OB T, BEORMESCREE D=5 i &8
E A O 2 R S, FORRE LTRERD My EiE At B2 bnb. L, K
FZECIE, 20 by HBE TOBRBR TR, WlihoiEihy 4 v 71CEB L. 3-1A
D VL & VM @ ACC R R8I Z 3 ICBZZ 35 L, ACC ONAITNAH D Z &N EMEMICHES.
INET X TOHEREITONT, HAMMEBEEMET 21T o7& 2 A, KefElEN 0 B CTHROADH
BANFRD L. Ziud, VL & VM OHEBHHEL TWAH Z EZEHRLTWD. T72bbRK
il DFEMRFIZIBVNT, VL & VM OAPRRYIRER (IR 8-12 Hz By D) 1A WIZF v b
LAV, ZOfER, 8-12 Hz D&MD IL vy OEF L LTRE SR -T2, &b
. BRI IR 1T Ta BERHEIEENC X AR @V RN EE CTH S0 (Kouzaki et al. 2000), 1
B OIEEN X A I TN —F LT 5L, TMNER MV A8 E LT, K Digin
WEEZ 725 Z EMEZHICTRINS.

PLEXY, @I 2 I REE R RE D IRE L EMEIE, W8T R OIS B DA FE 235
<BELTWAZ EWRBRENT.
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5. £Lo

AWFFETIE, FREE O L b F ) N & RIHERFOBRTITR U CTHEREEI 2 AT 2 B
BED SR EVE R AT A AR A = XL EBE LT, FORE, (KD iRy
(2%, RF O la BEFRHEEENDS DI ZEMEICIRS G L T D Z e E s, £7z, mlE
OFNEENRFZ X, WA OTEENZ A X > 7 ONAHZED JTRETZEMEICEBRL TV 5D Z & 2R
STz,
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