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Influencing Factors on Muscle Stiffness Accompanying Stepwise Increased
Muscle Tension During Isometric Contraction of the Extensor Digitorum
Muscle

Hideaki KOMIYA*, Naoyuki KUROKAWA** | Jun-ichi MAEDA*** and
Takashi TAKEMIYA****

Summary

Since there are no standard methods or instruments for measuring muscle stiffness,
the relationship between muscle force and muscle stiffness seems not to have been previ-
ously investigated. We have been much interested in muscle stiffness observed during
muscle activity and/or muscle fatigue.

The purpose of present investigation was to clarify the influencing factors on muscle
stiffness during stepwise increased muscle tension in submaximum isometric contraction.
Non-invasive measurement of muscle stiffness was based on the principle of the pushing
method. Muscle stiffness was determined in the extensor digitorum at rest and during
muscle contraction of 5kgf, 10kgf, 15kgf, 20kgf, 25kgf and 30kgf. The mean value of
muscle stiffness at rest was 434.2+188.2gf/cm”, and at each stage muscle tension values
were 727.4+111.5gf/cm? 925. 6+251.4 gf/cm? 1306.8+386.0gf/cm?* 1504.31406.6 gf/cm?,
1698.5+601.8 gf/cm*, and 1935.2+632. 4 gf/cm® respectively.

A steeper straight line was observed in muscle tension exerted by contraction and
muscle stiffness until 55% of MVC, and there was a high correlation (r= 0.878, P< 0.01)
between muscle stiffness and %MVC. Hysteresis in strain-stress curves were observed
not only at rest but also during muscle contraction. Furthermore, the loop areas in hys-
teresis gradually increased in acordance with increase of muscle tension. Despite decrease
in the blood flow velocity with the increased load, no complete stop of blood flow was ob-
served in the muscle contraction.

Even if the load was fixed for 5 minutes at 15%MVC, the slight increase was found
for hysteresis, circumference and EMG during the sustained isometric handgrip strength.

These results suggest that the study of muscle stiffness and hysteresis is in relation
to the peripheral circulatory factors as well as neuronal ones.
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I. ¥E

INE THEHEOHROE S LB R OES O
EREEDOREL B FRrD EHRZ SN, AKR—
VIEB ORI RIE D O MZ T 5 EBN R HiE
WeHNTEL, TORFR, FEHITHEVEHIE 2
LI ERTATY Y I REBRE BN B E T
EIER O ENDPBNE ENTEL, ZhF T, #
B LA S Y IIHBEER VW TH O S Ol
EERATELD, INOOHEIERBREEDHAD
WS DH%OTEET OHBERL L ZF 0K 2
BEHEZHETALTHROTEETHALELERDNS
B, FOABWLERTBFEBNLREL L CEEL
L72b DT R, K& 5 MERFT OO
SO SORBLRMOBEE LCHlET 2T
EORRL, HRICELREEBDOI L TI7A4T7 ~
A BEICERILT A EICHEL, BNICBIT AR
B - Ko - UNIUER OB AN e 2 78— R X 2 b
HEHROATRYLIBICE > THEHROD LI L L E
5.
bIbNIIER—BH D 2 RICHEAT D5 Y
TEPEL, IhE CARRMBOREIREIZBIT A
WEHZEICODWTER{L T KA. —F, &M
2= b AL PAMERDOREET T b b
B OREOBLDRE &L FEA I HMOISE LS
EDEHIEDLo T POV TIEELYH 5.
RemD HEE, e DEBBSEMT OBEER 27
TEEEMIE 2kt &, RIBIAEH, HENPB L ORIk
T 7 & 0 A B EHR % H T Isometric B D
HEIFOFHAEE B & O Hysteresis DEBER % 45
ZLTHA.

0. A&

A. 3

BeBRE L, 19% 2 H215% (20. 1 0. 9 %) DR
EEEEE (JEEERE 4 &, 3 %) CHTRT AR
LEFREETETH 7. WEBREICIZERIZET
LEFgE B Y, EERH P & a FEMIC B LERRSM
DEFEZG7. WEBE D HRIX175.6+5.6cm, &
HII74.3+£9.7kg TH Y, FiIl D 5 5 L B %8 ERAL D
BERME ETRBEIZ27.6+22.0cm, 4.6+
0.8mm T&H 7> (Table 1).

B. WEFNE L AR HE

RIS DI RE O TIRIEE L, EE 2
T4 ANAEOBEE KB EEE (SONOLAYER-L,
SAL-32B) % FIVCEPMl L7z, AUliEEEIIHED
KRB AZ XYy —THELL. RKHEEHH
(MVC) (IHEER DRSBTSt 8B EH %
HWT3EflEL, 20oFoREEr KEE L TR
BL7.

LB X OHIEE R ORI E X, BRI O
BETHIB 2 EAD LIS EE LB
R RE T o 72, HlEHRIZ AR ORENC L S
T—=7T4 777 NOBEERDY, INEHKRT L
HDFD Yy 77 v 7HTHETLEIIZIERORET
TV, FoREEE LOMETFLIEMT 5 HIC7—
7 2 AT E—EBAL T O AR E BT A L9
L7, iEE ORI Isometric B O E IR ES) &
L, WEHOEREBELRXIELANEL 5 kgf 25
30kgf ¥ T5 kgf FoHMSE, PGB+ OFHEEE,
IR R, HENDB X UM EE LR 72, %
7z, BAHIZ15%MVC TO 5 4 B O Hefi il 7 8

Tabie 1 Physical characteristics and maximum voluntary contraction of subjects.

Physical characteristics

Age Body Body Skinfold Circumference Maximum voluntary
Height Weight thickness of forearm contraction
(year) (cm) (kg) (mm) (cm) (kgf)
20.1 175.6 74.3 4.6 27.6 56.3
0.9 5.6 9.7 0.8 2.0 8.7
Upper:Mean
Lower:S.D.
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EHEAT, 15T 0BBE, BERBLUHE
BIDRIE & EhE L 7-.

C. ®HERE, Hysteresis, HEN B X UL EED
e '

AEREDOWE FHANBHHEOFDEy 277 v 7
(SB- 1 T, 4f#fE . 1% FS, FEEMM . 1% FS)
% S5 E By AW BE 72 potentiometer D 7 — A IZHL Y
f$i7, 2. 5mm/sec DFERE CTIEEIT A %EE 2% L7,
T/, FDE Y 77 v I EFHRNCBET 5B
37 — L DBERS L FD €Y 2 7 TE5 Ik
#r 2 HUD AT BEBRAR L LR IR T & Bl o0 £
EXREAIZR S K )2 L7, potentiometer A4K |2
WOAHF/-FD ¥y 27 v 7OEBEF* EEEE L
POHMILE L BB ONLEA BT HAN
BHHEOEMIESS (5-1485) 24 L THHMELR
#HEOX-Y L I—-%— (RW-21) kiZ, TLEAE
xS, B Y BIC AT SN D LSBT

Z OFERE O ARSI O Rz T IRREE % KUt
L7:#187% LR & A8 % OB L7z e S
Bt 72 i 43 @ Bi-component 7> 5K X 5. EE
DHETH TEHARB 2R 2 BN ELEDOHE
1% (Second component) O [/ % FEIZFE I3
BENMDOEALE % K®, Horikawa et al. > D FiE
RV RA R VO A B L7z,

E=Id (1- % (y&x)

W, COROEIHEE, HIEREEOEHK (1=
0.85), dFEMTFOEE (d=1.0), KTV
o (x=0.5), xidFA, ydHITH5.

PHEF % AV CHBEME R IS B & O % %
L 72BRICIE, #RODOMBICA—EPEL S, &
[iE & ~ v EHE & A 7 4% 8 0 Digitizing area-line
meter Super Planix g % H\W THDIGHBRMERD
fEHE & L T Hysteresis HfE % g - cm B THEIE L
7z.

F NIRRT A O R BURFEE IS L ) &
L7z, BMmEMEIE30mm & LR EITHE & —
HEE7. EORORERIZ0.01F TEMBBEIIZ
5k QUTEL, BONTHERESIEEERL
TRICESEBICTTO AN LESHEX
(iEMG) & L CHtTL 7=,

ML 2R BE X B B Y 70 Wi B T P OIRBRIRRE % J0 %
HE» O ABEEWE Ny 77 —Mikst (RER
% . DVM-4200) % Al v C L RaBhiR, A58k

(K BEETER, FEIRZERE) O & PR AL 2 AL &
ERLMABOREEL L., Mkl O —7
(&5 MHz DRSO A7 B AR L, #5YUEd 123l
EEMABE L 2L ) ICEER T HWTES LI
EL7z. M, SHNIBEROBERDFEHMED LE
WIS D H B t-test ATV, ERFES %K%
boTHEL L.

m #2
A, BEREORES L UHERAH

HUIE O 55 A8 B ) 8 BRAZ D K2 TRRIFIE 8 & Ui E R
KET (MVC) DFHE L BERFEEE, Fheh
27.6%2.0cm, 4.6%0.8mm, 56.3+8.7kgf T &H -
7z.

B. #fE B, Hysteresis, FEEHB X UViEMG Dl
E

BONLEA-BHERIE TR 2D,
FERHAD N8 IR X 2 LHRE O Z g L
b EhRER SN (Fig. 1), 72, WWEHD
BRIZHE, EA—ICTTHROME X 1381 < 4 21Em
ZRLT7z.

RIABRICEZ MR 2BICALNDEADREL
HEREB DB O3 1L Hysteresis (BREBSR) LI
MENBHBY, SRIOBREIIBVTHIELE5 2T
W5 B O FEERRE & BERTE TOERMMRIZR
— &% % 1l & 37 hysteresis 2 EREE X NAF T DRI
DNy 2 EEBE S .

WERE B X MR D581 13 BRI SR IR T B
BALNLEWS OO, HIIOBEKIE VRO
RIIEFE LY, RARIHEREICIZEEREAR -0
A ONT, o THENIHERE & B H e
REZRBE TH H30kgf TTL L7,

LA 530kgf T TOFHEBF OFHEE, Hys-
teresis, JEER, B LU EMG IZBMRE ISE
IHEE A A S, MR HEE SR EPBE S
(Table 2, Fig. 2). 7, #EREIZ X ) MVCIZH
EVRROND-OMMETH S % MVC &L DR %
Ao LR 1330kgtf, T b HLAHMNEETH S
#I55%MVC I TIXEAMRAIHEML 72,

GBI ORIERE, Hysteresis B & O iEMG & @
21X, AT E & Hysteresis B Tr =0.783 (p
<0.01), FHfEREE L iEMGRTr=0.320 (p<0.05),
Hysteresis & iEMG T r =0.380 (p <0.05) & F&
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Muscle stiffness : 306.0 gffcm 2
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Fig. 1. Typical pattern of strain - stress curves in the extensor digitorum at
rest. The curve determined during pushing was composed of a site of
slow evaluation reflecting the subcutaneous fat layer at the begining of
pushing (first component) and a site with a relatively steep gradient,
which reflected the muscle layer (second component). In actual linear
analysis, the amount of change in desplacement against pressure was
obtained from the regression formula in the second component.

BELMEENRD LN, “000

¥ 7, 5B ORRNMHIGE FOFMAERE, Hys-
teresis, BIBEREFE B L OViEMG (2B A I BE W
& BEIMAHEFE S L7z (Table 3).

Muscle stiffness (gficm*2)

A ob L

0 5 10 15 20 25 30

AR, MR OME Db & o 7ok o Muscle strength (kg
BaA L, MEICHYMELMZ HEDEERND 1200
NER BTG ER S EREL OB SN T 1000
WBY L Lads, AFEEOBNIITT Y
HYZREIL, ZLDBEINLOERVERMEEGH
Ko BBEHRETFIVE L THDLONEY, EE, &K ok ! : .
DEBETHERERORFEIrORLE, FE-KT S VI
FERFHLE — SR I E OB EM TR, & o
MREEFMERDLIENTEL, T, HHEEO 140
BHIRMT OERTH - Th BB R A
RRETOMEER - RS L EORTI L o THE S
NTBY, OB - KO SOREEIHLHFEAT 2

0 1 1 1 1 1 1 ]

EETHIENEZONS. S HICHOIEE)F 0 5 0 15 20 25 3

Muscle strength (kgf) * . p<0.05

& B\ IINGHER O BIE N 7 S T T3 A FAY 2 AR bl ol
BROEHPEE T 57:0, HBRONFENLEE
I —BEEE L 2 5. Fig. 2. Changes in muscle stiffness, hys-

p t i d iE f
AN, R E CORBEERD S H Y 0% grt?SIS and iEMG o .the exten§or
digitorum accompanying stepwise

BRI BLRAE: &0 OBERME A B L LT, hand grip contraction.

Hysteresis (g-cm)

IEMG (V)
2
8
rrriTrrrr v 1
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Table 2 Mean values of muscle stiffness, hysteresis, circumference, IEMG
and Blood flow velocity during stepwise isometric contraction.

rest 5kgf 10kgf 15kgf 20kgf 25kgf 30kgf Correlation
Muscle stiffness 434.2 727 .4%%* 925.6***  1306.8***  1504.3***  1698.5%**  1935.2%** 0.878@
R a
(gf/lcm ™ 2) 188.2 111.5 251.4 386.0 © 406.6 601.8 632.4
Hysteresis 178.0 334.9* 440.8*** 622,8%** 651.7%* 741.6%** 850.0** 0.795@
(g - cm) 90.7 91.8 111.9 108.2 204.4 205.9 359.9 )
Circumference 27.1 27.3* 27.4% 27.5% 27.5*% 27.6* 27.8%  0.049
(cm) 1.7 1.8 1.7 1.8 1.8 1.8 1.7 )
iIEMG 30.1 38.9 51.1 71.4 92.9 112.9
0418@
(V) 15.1 24.5 30.8 44.2 54.3 61.3
Blood flow velocity 42.7 43.3 36.6** 26.1%** 22.4%** 18.8*%** 15.3%%* 0.75@
(cm/sec) 10.7 11.9 8.3 6.5 6.2 5.4 5.3 )
Upper: Mean
Lower: S.D.
*1p,<0.05 **: p< 0.01, ***:p<0.001 vs value of rest
@:p< 0.01

Correlation indecates r values of each variables against

Table 3 Mean values of muscle stiffness, hysteresis, circumference and IEMG
during 5 minutes isometric contraction.

0 minute@ 1 minute 2 minutes 3 minutes 4 minutes 5 minutes
Muscle stiffness 809.9 950.1 874.5 887.5 1009.5 1027.7*
(gf/lcm ™~ 2) 174.7 329.3 256.4 235.8 267.2 223.5
Hysteresis 313.6 344.2 386.2 416.0 438.5 509.8*
(g * cm) 133.0 116.9 218.5 243.5 214.0 170.8
Circumference 27.7 27.9*% 28.0%* 28.0** 28.0%* 28.0%*
(cm) 2.1 2.0 1.7 2.0 2.0 2.0
iIEMG 26.9 26.7 26.1 26.8 275
(pxV) 11.4 12.6 11.2 12.5 13.2
Upper:Mean
Lower:S.D.

*p<1.05, **:p<0.01 vs value of 0 minute
@: 0 minute indicates the values of immedeately after
begining of isometric contraction.

HOPGEEIC G L-HBEOHEERAL. £ A. REBOHIEE & Hysteresis O 4 B RR
72, AHFFEIIAEED S OMIEIZ X o TR S N7z B —iRIZ, HOBRETIOES LHEEORBRIZOW
ThbIOMBERE - EMOEREEFOHI ¥ TS, #HE OWmELCK, MEOREIX LS
= FMAY  NOFES - O S ERECEFMT 2 NP0 bHMENLREE LTSHICE> T 5,
bDOTH 5. ZOEEIIX, BEDS OHEESHIITT B BT

MO L BEEORET DT Thho7zl l, £
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mINGIIET A EBNRERNIZLAE NI L
b nEEZL, FHEOIL, ZOMEIIOWT
BEICRBERMFE 24TV LSS ORI )RR &
BEMOKRFE2T-oTETBYY, ZokakEY
EOTEE LD,

Y, RXPLOWEFEICLVHBEELEB TS
&k, ETIERCHE OEAHEICHET
HHDEFRING. ETEHICOWTIE, BEE
HlEEErHCTETHEIBOEAZMEL, #E
FOT MY BUIGRR L2, RIS, EFET
FITRLZES, BEORBBIIESESINS
O, WEOFEDLIIHBIIERTELLENT
WaY, F7, HEEOHELITBERGORENE D
JE &2 L HMT AR % B3 5 EA —IB ST Hi#R O
second component E 5 DA EFH L 72, 727 L,
Z O EILAREE B R0 i\ E VA R B
X LB DSHEAT OIS B VI A3, IFRE R EAYE
SNBVEOBEHTNETEVWEEL D, KERT
FAR—VREERE T 5 FE TRBED /NS VHER
HEEATBY, ZOHRTH ILBYIEERE 2 <,
B EWERM A ES & L GRIRL 2. A E O
B2 5L, HiEEH OFEE & Hysteresis & O T
r=0.783 & B TRWHEPELNZ. ZDX ) I

C O WERE % anaerobic ik P L — =V S EfTo TV A EE

HEICRE LSEa1c, HEFROHBEE & Hys-
teresis & DEICHELMESA LN, HEOH b
L=z 0 FCEA LR A LM o TRl H R
T ORI D B IR L O LB R O 5 7E KRS
PRBRTHLDEHEINS.

B. #i&EIH O IEMG B X U ED & A7 HHEE D

21k ,
HAGHE O BR 2 EBRRE O — D3 HIEE O
BEETHY, FEHSORKRBEIRKEERFICBT
LHMEOUETH L. EEPFRELSRARIEDL &
BOPHEHIRENC L ) EfEL T — 7 o v
9, AT EHERE O 7 — & HHREUT & 530kgf £
T& L7 ZOMEIXMVCDMH55% (45.6% 7 5
67.7%) \CHIMT S, ZOBOKHIICHIET A5
BWEL 70y 2L, 5 —EONHEMEE F Tt
HREELERNICERT AP BESNL. Zh
SHEEOMMBRIIHER LBRROIEG» O
ChZenmMige &2 5. BEICE ORI EH %
FICHKIRBEHELZFBLAMES? OFFEICL 5

&, BREEIREN AR KMEDT5% E TIITHEMBRIIZ
L, FOBESIZBIERCNIIL LI L FHE
LTw%, 4EOHlE CHEREMIZE D ORI A
S7zds, H55%MVC FTLANLVA 7idALNT,
K -HREEOMET CEMES” ORELIZIT—
By EmsEonz. LHALEDS, 70%MVC
DEDPEIBEIERL TBOTHREETOLNNVL 7
DIEREMEIZOWTIE, WETERHE L E2ZER L
BT RETHLEEZS.

4 [8] D55%MVC LLF O 58 B 12 48 v TS LHE 58 FE
B L7 iR O INA R S 2. T DOFH DI
FEREE SIS L RO EROF 25 ERIT o -
motor neuron N FEHHHHE DI &L B E X N 7-FH#R
M OHEM PEEETLbDEERDL. 1272
L, ABIE % 4T o 7-8BRE O I IZ AR ESHE KR
L 72 B AR B DB LB L 72 iIEMG D2 LA A
SRaWEbHY, ThoDEISHEENELIC
RO AR S ER LM F - 2RHECIND 5
Biomechanical Z iE ST DK & v o B L E
BT AT EBMEBETE L, FIT, AFITmb
% A8 %15%MVC (6. 8kgf 2 510. 2kgf) & —5F
2L, 53E ORI 1T - 2BOBEEOEL
CRIZT AN OBS, T%b 5 EMG O&LIZD
Wk ETo 72, BICESHO—EDRMTOTT
X, FOEF I IEMG AE4ICHMT 5 Z &8
HoNTwb, 4EORKETIE 5 2B O isometric
PHEFICH~NOREIEI—ETH LI 0b 5T H
fERE & Hysteresis 2MED II¥EMNT 5 2 L 2B S
. ZoZkid, HEEOHMMOELRERE L TH
#E 2%+ 9 % Biomechanical 7 #5587 & $5 1R D
HENKRENDDEEZ L. 72721, HEEOHEK
IZHAEE D recruitment & WEB LM EDO &6 H Y
—FWIAEHT 5D OW TS A ThR .

C. Hi&E+ @ Hysteresis B & OEER D 5 A7
THRE DZAL

FIRERE ISR ORI R LM ERIRAET S
KO L L CEHETE 2", EFRICHEE M
RFDEN % H B, ENFEEOREEEIIEDOR
MREBL)IBRLIZEMONTEY, ZhidE
PR DB T o TV B 7280, HMRICEDS
M2 ONTZBITRET HEMEZOHEEZERDOMIZ
I% Hysteresis 2S%&4 3 5%, Z ORI T N
45 (loop area) DFHEIIF % & ORGHME R 2 E
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BEORETHY, EOKBEEE I 2 % (T & loop
area VWHEICRKELS R BT LGN TV ABY,

BNy 7 —MiwsEt % B v 72 Kagaya and
Homma® (370% MVC D##i) % EiEEh 2T
b EBREIR COEEZMAHEIrREIIL LTI L
HEL TS, SHIOBHEICB VTS BRTHED
BRIV EEDEE ZBPBALNL S DD
30kgf (55% MVC) I2BWT ek ikniEikiz
3ELT, KWEEIRA T pooling 2SN ED L&
rER LR 2Ol & Hysteresis DI AAE
RINTZHDEER L, 60T, HEEIHIEE
BICH T MM E L CORE S DMICKMIEERO MK
=, MREROMBKES L OHREOHEER &
DOFEME LTRAZTNIE LS 2wt 2 X502
5 DR SREE DHEIN & Hysteresis D BILRIZ DOV TH
bE, TOEMOREELHEBEOTNI-BIEE
b, T, MY —EREES 2 BRI,
LRNFEAE LA EE LIER T 57:0TH D, H
B PR R A B T B A © D HLEE /K O steal 12 X A% i
HBNBE? OBERO—DEEZHILHNTES.
2L, A ML= S THOBRENELATHE
LA ECRESEESHEM® LX) %
—MDOFT A —ENF =AML -2/ TH
BHOB/MERBEARE L2~ F VY VEFTIIH2
8= b XY MERPIERHBOETNEREL LI L
bFREEING,

PLE XV, Hysteresis DEBALIZFHIEE)F OFHH
HaBREE T OVEIE DB R BT % K B8y & /5 F78
Y ELT, FBEOFHOHEHLHMO TEREL
BB VEL DEEZ B,

V. ¥

197 H2LR DR 0 B RFE T H e RITHE
HAFBEBEOREW 2 S 2 MEEOFEE TN
Isometric B D f51% By 12 3317 5 7 3 & OF Hys-
teresis DR L x EEIL L, FOLBER % aikiEE
B, $HEXB L URIBEMTTHEE 2 &2 5 REF L7
BN EREROMY) Th S

1) BRBERY 72 S5 iGEhoRE OB WA RERE (33 A
L, ZOMEEIZH55%MVC F TIRIZEHRMT
HHIEDRERENT,

2) RERD A% O TR DT A — ST R
¥ Hysteresis 2VBIZ &, oMo LT

SR & 7 BARMASHIER L7,
3) REEB 2 AWM B Iy, AiBEEEB LU
IEMG (338U, MjmEE LA %R L 7.
4) 5453 O ¥R isometric IUAE T, #HHERE,
Hysteresis, BifiREIZEHB L VIEMG IZHE 0
7 BEIME ) % 1572
PiE XD, BREH 7% i &0 o B 13#955%
MVC & TIZIZERB 2HEMERT & B L U Hys-
teresis IZE LB OLNL Z EHh S, HIEEIHOHEE
IR OB/MERENRED L UL - BiERORR
P OREDIE R EDOFITIIFNY &% L e
rERELL.
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