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Molecular mechanisms of muscular stiffness and their application to human
physiology
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Molecular mechanisms underlying active stiffness (AS) and passive stiffness (PS)
of human skeletal muscle were investigated in vivo, by using supersonic shear-wave measurements. In
isometric contractions, AS was proportional to both the activation level of muscle and the amount of
overlap between thick and thin filaments. In isotonic contractions, the ratio between contractile force
and AS (force/AS) was larger under the eccentric condition than under the concentric condition. Muscular
fatigue caused changes in the relationship between AS and EMG amplitude apparently in a fiber type
dependent fashion. Sustained muscular tone with low activation level caused a slight increase in PS,
whereas repeated dynamic contractions caused a transient decrease in PS. These results suggest that
muscular stiffness is mainly originated from interactions between actin and myosin and its quantification
in vivo is useful to investigate the state of muscle during a variety of human movements.



1. MBSO 5

B (RGEENZ 31T BB A& T OFERE & AT 5

% BT /7). WHESREE 72 SlTnz., o> ThE
I (AT 4 7RR) REOHHTH DK
PEIXEERERE 2D, AT 4 7R A,
1) IEEE 2 7 ¢ 7 % 2 (Active stiffness; AS)
L. 2) LEFREAT 1+ 7 3 A (Passive stiffness;
PS) IZRBIEND,
1) {EBIRER T ¢+ 7 2 A (AS) : iU+ D&
BFMODOAT 4 7 32 A ST, BRI E )
FRMEC IR s . Kl 5101 1 kHz LT/
REIBbE Sz, ENREETSETH L
ICEVHEEND, ZHETOMZENDS, AS
IZHEOBRICHEA L CWAE T 7 F -3 A4
VI uARAT Y oI o TRETHZ L
NHOMNE o TWE, LTz ->T, BH—H
HRAHETIL, BRI & LT AS I hskAE D
SEHEAE ST — R 5,

b NEERNIZBWT, [EH o AS ZHlE
THIENTEIUL, HIEEIL~L, fNES
TOMmHRKEOB BERRE, HFEFM COEEIE
BREE . IRIBESF OIEBN R & SRk T —~ o~
DIERMNAREE B2 bILD, L, 29501
2RO NETIEFEAETbIT
ZhEhoT,

2) BERERAT 4 73 A (PS) : ZEI AT ¢

THRALE BV, BRI D ~BFE LD

FiREBERR ISR b 5, BEiZRiE (H
HUVIBEI OB X) 12, Dl &b
Db OO, BIEE O G/, 5 B IR
D PS D 3ENEETH, BETOILTND
HRfiEb oz vy lETiE,
NHETXCEL W) Z2HETHZ LI
RHOT,PS i d™2 Z LT TE RV, S
LIz, M EED PS O&EJICBEL T, Bk
RSN K WD TG ®), EHRREIC IR AT
H70RATY U HAT Ui EOHAERE
2N E, N AR S, SEIER
AIREMES RIB ST & 72,

W, Bl Ea2 BRI E U, FHkkE
A« ERETE D [HEFEIWR
A~ 27Z 7 4 — 1 (Supersonic shear-wave
elastography ; LA#% SWE L H§) Lo FER
AHIZERELTETEY, ZOHENE M
KHNTOHAT 4 7 X AOREITIEHTE
HAREMVEDRN B D, T OHIEIL, AR 7
F—HALT-BEREH T, FZicE U
Wi O A s B 70> O RELAR A B (T ek =R )
EEIMTHHDOTHDL, XA TFTIv Loy
72 LIRS EERT OO, Fx ORI
FECliE, FRRAFEEA~DIEAN I REE B
ZHINDEBEPEIZE > Tz,

2. WEEOBEM
ARFZ2IE, T2 SWE VT MEHSS
DAS EPSHEIFEFIFERFMETTHEL.
ENLOHTHIMEICT e —T35 L
E BT, HIRGEREE O ENHEE /2 &
~DISHAERAD Z L EHE Lz, A
W72 T —<ZLL F 0@y .
(1) fFHIEEH L1 & AS

2 RVEREE UGB L OVEARIIIZ X
HUFEIZB T D3R & AS OBR
D, WH ORIIHIEH DWW ixZE
WV DL, AS ZAFTEEI LN
JLOEELE LTHWS Z ENATREE &
bbb,
(2) o E AS

DR S ZRAICEXT-FMETER
PG 21TV, B S-RNIBEREB L OE
S-AS BIfREG D, mEEgT 52 b
WL, AS DBARWT T A kBRI
T4 TANORBOA—N—F o TIT
el 2 Z il 5,
(3) BROUAEIZI 1T D AS

SR TS T T OB AIHE 2 F U
FOAEHEE & AS OBIRICHOE]MRD, 4F
(2 FEMETESRM & HIEEESRE ORI TED
LY RERNSLZ0ERFT D,
(4) 9% IR O BB IC I 1T 5 AS

B OB 2 A\ 5 5 ) s R e
RV, BES L L BICHEHET AS
B IO ERIEEN E O X 5B+
DMEMID,
(5) FHTEENAS PS IZ ] I F 3 B

EREICh - 5 B8 MR IR E SN D
i ERIR DR, BRI Ok 0 K L
2 PS IZED XD B E KIET 0 EH
~5,

3. WD ik
(1) BHEBLORNSR LT85
a7 N Bt (JE 45 £, SR
28 1%) WE L L, BT —~laal
CHISHE M. B 88, THR =88R,
fEMER. MBI Zxtge & Uiz, MhisEhx
hEE S X O ESME (80 Hz, 0.5
ms ORI 12X > TiThY 7=, INHE
HOFEE L ~Ud, RiEFHERZ A
T EEIC L OHEE LT,
ARFZEIE, BHAEKP Te b e L
TMFIEIC BT D mEE R A S OfREHICHE
STV, FHANCRIEZERSOKREET-
ETiTo 72,
(2) AT 4 73X ADOWE
IHERE S XL OVLFRIF AT £ 7 R A



(AS I8 L OVPS) (&, ifR oD I BT WK
=T ANT T T 4 —2E (Aixplorer,
Supersonic Imagine, France) (2., 15 MHz
Y =7 7w —7=7 (SLI15-4, Supersonic
Imagine) #%E5H L T{To7, BEW B £
— FEig 2 T30 IZH O REhI7 Mz 7
n—7%ty bL BEOT =7 A K
TEDONLEAEE Lz, ¥ 112, aisaE i
DORFER T OVESKHMIC LD 5 BHEOIL
MalRF DER 2 R, AT 4 7 % ZFH
P (DU £ CoR S A7 fEIE) o B BT iPE =2 (A
FHh GO > 7RIS T D) D35l
T—TRINTND, BB ESHR LN G,
il DRIEAHE & TREEEAHE NS v 7k
V2L OFHUED G 30%LANICIN E
LM AN e (F%. B 3 mm)
ZIEE L. 20 OO ST WHrEsR (B
friX kPa) DFHIfEZE AS & LTz,

267 kPa
~ I 213

B 1 RSB OMEDGE (A) BLUE
SR X AINAE (B) (231 DB ET
Wi {5 (O 00 S8 R |, A1 22 R
N UHERE O G 73, B BT SR A3 B
Ph 7 —TRENTEY IUETICAT ¢
TRANRHR LTINS Z Enbb,

(3) FHDIENE X OFHRHER OHEE
FRIEEN AL S B F v 21, BICHED
ZREREI X A FF A — 2 Z W TRIE LT,
S5, BEREESRSESNTPIIRA,
BRLOEATHIE THIE SN TVWHE—A
N7 —AaEE b &I, B bV EE
MERHh 710 DIE NS U 7=, AR L.
A LV EON D ERE (fascicle
length) (ZEBIF D6 D& LTz,

4. WFITERH
(1) iEEhL~L & AS

AISHE 2 & £ S FR58E CESHE L
Te%a o, FERENER D L AS ORR%E
X 2 1Z7RT, AS IZIRINIC— IR b5 = &
5 IEERREEOHRRHES. B D VIR
BEVITHEAT D70 AT ) v D E Kk
ToHLOEEZLND, 2O LiE. AS
NS FE I E R EREIRICBIT D2 DOf O
LAV EHEET D2 OICHEH R EE L
DT LERET S, —F, MENEICE
FHENE ASICHHBENRA LN DD,

WM IE L <. BB OE
FOEALABEE S L7 IR E KT LT
WA Z EDNRIEE LT,

AT 4 7XRA (FHxHiE)

14 7

1.3 . [
1.2 4

1.1 1

1.0 1

0.9 1

0.8 1

0.7 -

03 05 07 09 14 13 15 17
JedER ) (FHRHE)

X2 BRI X D ETSEE UG
W71 AS DR, (N=9)

161 A
14
12
iy
10
(FRHE)
08
06
04
07 08 09 10 11 12 13
1318
12
11
AS

)

0.9

0.8

AR (FEE)

X3 AISEE OB L D ULHE R
DB RE-EHBEZE (A) BLOHHRE-AS
BAfR, & AU FHIMELERERZ (SD) &
=9, (N=9)



(2) HOES & AS
SEBAEIAE A BROL (0° ) ZHLE L
T -15° 75 +40° O#EIFE TE % . B
FEDBESHNIL A 5 2 123556 0% R B
%%F%W?&AS%@ELKOH3K\
ZTORER I VE LN RE-E %
(A) BLX O HRE-AS B#% (B) 2777,
M EARITEMERIC L < —F L, AISHE BT
AERNORTENRICB W T, FICE &R
RO EiEicdH 5 2 & B X O oMmiE
LB NREBITHENIRRNT 4 T A
MEHINT 4 T A DA —R—=F
BRMKTHZ ERNRENT, — . R
F OB WEIRIC I TIE I IZ AR 72
DR B AL, FIREISAE o TRENE O 72
EVAER ) L& O SN EAETDH I L
ﬁ%%éhko

F 7, BRALIC X UG & BEE K
S #E 2 7‘5%%% AS BAfR%& b9 5
ELKADE DT oTz, ZORERND,
Bt B A L2 W T i o= O ORI
B THIEBI O MG NE Z 5 2 & AR

D OFEFEIE NI L. FHRRREPNES DY
FEE BRI A RV ARNERL 9
DI ENIREINT,

AS (kPa)

700 [ ——

600

500

400

300

200

% ﬂ H H H H H
S S & & S S
é?@)§A§ §é959§>$

& & & L8 P

X5 ZERMERKIEDD 30, 40, 50%DH
MRt b & To, FEAEE, SR, R
MEURERF D AS, EHIEESD, *, **|3H
B 72 (%, P<0.05; **, P<0.01) Z71~7, (N=9)

(4) TR O WEARICI T 5 AS
SERSERIEE D (BB =8E/ : DERERS PN -

SMUBERS KOV T A fR) ARt E L, W

BHREEER T2 ENENOHITE TS

SNz, AS DK FH E L BITED LD ’Wﬂ:?‘
LEFRAT, BIEHREE LT, HERME

AS (kPa) WERK M7 D 0~60%2 Y3 5 2
260 BEEHIEIE h V2 % 25 BORICT v kI
240 WL, TNETNOMHIZEBIT D AS L3
220 1 B X ERIEAE (RMS) & 8I7E L7,

200 —— JEITERE L LTI, S OER MR K
180 A; IEX10E%E 12y &L, 1aHOK
- % BAHATO Lo M- T, B D
* At ClRl— O EREEZIT > T2 fE R, AS
e \ ST BERE AN RIEE RN L, & T 2
| o UK T Uiz, — 7. fidBIX RMS {13
100 o BERLE BERE RSN RIBE I L. & 7 ATt
% 40 45 50 55 @ 65 70 kﬁ@#oko%@%%Mﬁfﬁ\E%
5 E (mm) HOEIZ BB A BN oT-, T
DOFERNG, EIRE OV IR L AHTEE)
X4 BwXAKIZ iéﬂ%(@)%i@% (2 X oT, I C 2 5955 DRkAH
B KA (@) (2B 1T 2 HE-AS Bf%, DIFEBLL . FRICHEMRMENMEL E B X D
%Ei$ﬂm+$)* IHEZE (P<0.05) % N5 HEEFNMRIEE I, HITEh L~ Lo
=T, (N=9) KTFNEZ A —FH T, iEE L~ LY
DD AS DEERT DI EREBIINT,
Z 9 L7, ffriEN @ ADP JRE D
BN LIck-»T, Z2ax7 ) v VDM

120

(3) BMIAEIZI T D AS
it I 75 (Lﬂmgﬁ\ﬂb) Txtgl L, %R

R, SR, FEDEMEROThZ BEHEZME T 357200256525
ﬂ@%#ﬂ%ﬁéAS%%ﬁbko%%ﬁ nd,

P A T A—=F 2, SRR KT
D 30~50% (ZABY T D AN A, H%%ﬁf
40° 226 100° OHIFHIZ bt@ ° st o FEERC 72 2 BB MR 72 EIc X » T
HWETELE BT L, 2 R@M%iﬁ% o TZ 0 PREEI Al Bl ORI AL =
BiAE 90° TiToT=, TORER, RBEES L rlixElmonsd, £Z T, KHEE
A=W EhED b & TlE, AS DEITS DOFEH IS BN X OB TEEN 2N 20 F
RAVE =5 > MR L 72 D Z Edboo BERXT 0 732 A (PS) IZKIET IR A H
= (M5), £/, & AS DL (S &koif\%ﬁﬁﬁiwﬁﬁﬁéﬁ%
AS) [XHIEME > M= R L 720 | i L. BEES (EBZKPEAICL, X
EHEIAEICRB W, Zux7 ) v oY FE O EIZEL) 2 104 Wﬁ%bfm

(5) fBIEENAS PS IT ] T




Mo AS &, ZDRI#%D PS ZHIE L7, PS
OREIX, MBI LU b2 TEL
To B ENLE . BRI 26 U IR 25 R A
N TITo Tz, ZDORER., FEREBE T D AS
T O T L & b L, &R
e RINHERE DA O 20%7 3 L 7=, 75 8 LB
HEFFREE O T O PS IXFRERT O L ~L
WAy TR L7=23, 30 iRE O
EEEZR L, —J7, aREEK TIRRICH 0%
HEEIBMA N Ly F U7 2iTH L, A
W72 PS DIKFMN A Sz, —J5, ki 8A
kg L U CUSE R K D 30% DA
fif % 50 [A1%& E3- 2 RE O I T PS Z &
L= & 2 A %O PS 28— R R
DLV EBA TR TT 52BN A b7,
TS DFERIL, PS O —EAN L ERIFICTRTE
TH7aRT Y v HDEIIHD IS
LD AS i E BT 2 L ERBT 5,

L2 L. PS BIRDOHERHENS /NS, F=
ZOMENPNERFORNLICHBEIND Z &
5. SBELICEEDEWRITIC X AHME
DELEEZ HND,

(6) MIELSHZBDOERE

AWFFEOFERN S | BH I TW = Z 2
N7TT74—Il2k0ELND AS 23, FEfH
WD IIZHERT DI RAT ) v V& [k
THZENRBRENTZ, ZOZ b, &
F & FE R HRER T A OO AS EHI
ETDHIEITED, ZN6DOFHOIEFEES
FEBNCHEET D2 ENARREEZEZ DBILD,
— . FERNOFRHITZER 2D X A T ORhRkHE
MNOHIR DR — ik CTH D=, ki
AT LD ASUAEIR I BEFRSC, JEENHE
NDJRFIEIR EN, kD AS 1[THEE K
FTEEZLND, ZNHIZOWVWTOHEA
EIGHT ENSBOBEENZ D,

—J5. BHIDEMETARIED EE /2T —
< DOEDTH > IEBEH I OIEE O H
WZOWTIE, B9 XD IR L e
ST, TOHBAL LT, @FDOI =T 7
— 7 IR DS 50 mm FEEE DOIEE £ T
DHERR CTH-T-Z &, EEHBIEICHE L
Tmar Ry 7 270 —7TCik, EHE AS
D OBICEN BUF TR o T2 L7 8N
HIFoibd, TNHEDOREEI VT TED
HELRNRAEEND Z E2HFHELTVD,

5. F/pRFimUE
(BFgefge. WIZessi8E R OB R4 12
=Ny

UMEtam ) (B 12 1)

(D Watanabe, Y., Tanimoto, M., Oba, N., Sanada,
K., Miyachi, M. and Ishii, N. Effect of
resistance training using body weight in the
elderly: comparison of resistance exercise
movement between slow and normal speed
movement. Geriatrics Gerontol., in press,

2015. #Hi47 DOI: 10.1111/ggi.12427.

@ Sasaki, K., Toyama. S. and Ishii, N.
Length-force characteristics of in vivo
human muscles reflected by supersonic
shear imaging. J. Appl. Physiol., 117,
153-62,2014. #5¢

DOI: 0.1152/japplghysiol.01058.

(3 Watanabe, Y., Madarame, H., Ogasawara,
R., Nakazato, K. and Ishii, N. Effect of
very low-intensity resistance training with
slow movement on muscle size and strength
in healthy older adults.  Clinl. Physiol..
Funct. Imaging, 34, 463-470, 2014. &HH
DOI: 10.1111/cpf.12117.

(@ Watanabe, Y., Tanimoto, M., Ohkane, A.,
Miyachi, M. and Ishii, N. Low-intensity
resistance exercise with slow movement and
tonic force generation increases muscle size
and strength in older adults, J. Aging Phys.
Activity, 21, 71-84,2013. EHiA

DOI: none.

(® Kawada, S., Wada, E., Matsuda, R. and
Ishii, N.  Hyperbaric hyperoxia accelerates
fracture healing in mice. PLoS ONE, 8,
€72603,2013. #x5cH  DOL: none.

® Kawabata, M., Goto, K., Fukuzaki, C.,
Sasaki, K., Hihara, T. and Ishii, N.
Acceleration patterns in the lower and upper
trunk during running. _J. Sport Sci., 31,
1841-1853,2013. &t A

DOI: 10.0180/0260414.2013.805884.

@ Ogasawara, R., Kobayashi, K., Tsutaki, A.,
Lee, K., Abe, T., Fujita, S., Nakazato, K.
and Ishii, N. mTOR signaling response to
resistance exercise are altered by chronic
resistance training and detraining in skeletal
muscle. J. Appl. Phyiol., 114, 934-940,
2013. e

DOI: 10.1152/japplphysiol.01161.2012.

Makanae, Y., Nakazato, K. and Ishii, N.
Vitamin C administration attenuates
overload-induced skeletal muscle
hypertrogh in rats. Acta Physiol., 208,
57-65, 2 lg. ]

DOI: 10.1111/apha.12042.

©) Ogasawara, R., Yasuda, T., Ishii, N. and
Abe, T. Comparison of muscle hypertrophy
following 6-month 3 of continuous and
periodic strength training. Eur. J. Appl.
Physiol., 113,975-985, 2013. 5t

DOI: 10.1007/s00421-012-2511-9.

Kobayashi, Y., Kubo, J., Matsubayashi, T.,
Matsuo, A., Kobayashi, K. and Ishii. N.
Relationship between bilateral differences
in single-leg jumps and asymmetry in
isokinetic knee strength,  J. Appl. Biomech.,
29, 61-67,2013. £ Hif7 DOI: none.

@ Ishii, N., Ogasawara, R., Kobayashi, K.
and Nakazato, K. Roles played by protein
metabolism and myogenic progenitor cells
in exercise-induced muscle hypertrophy and
their relation to resistance training regimens.
J. Ei@ys. Fitness Sports Med., 1, 83-94, 2012.
75t H DOIL: none.

1 Sasaki, K., Tomioka, Y. and Ishii, N.
Activation of fast-twitch fibers assessed
with twitch potentiation. Muscle&Nerve,
46,218-227,2012. &5t A
DOI:10.1002/mus.23290.

(F¥ER] GE 3 1)
Ishii, N. Resistance-exercise induced
endocrine activation and its mechanism.
#9151 H i@igkg\mm%3
H 18 A, B S R TFELHF v /3 A
(B - BB . v
@ AIEED RAMEREL—=2 7D A




H=A L LG, K 64 [ B ARF S
TFERIR, 2013 458 J 29 H. SLavfik
%g@;-<30#%VAX(@%E-
BT
@ AHES  An—hlL—=2TORFL
D AT =R I, 5523 7] A AREGR A AR —
VIESEL AR TR, 2012 4F 11
ELN B S L (WS
BT

(XE Gt 3 )

O AHES  EINCEEDLLIHAO L L .
R BT, 2014, A~ — % 191.

@ HHES - MAkk. 5 eSO L A
Wb E =72y FEHEML Y At
). 2013, #~=—T%207.

@ AHEF - FIBE : HFADOLL & - 1T
T-H&RR—T7 7 NEM, Y AR '
. 2012, Ha— %K 272,

(PESERA PEME]
OiiRdt Gt 0 1)
OFfsikot Gt 0 1)

6. WFITRAR
(1) wFgefks

Fi# B (ISHIT NAOKATA)

WK « KEBTRA SULrsest - #dz
9% 5 20151326
(2) HoE s

E 75— (NAKAZATO KOUICHI)
HARRE KF « REEFR S - 2%
WFeE 5 : 00307993
(3) W ooy

Ve A —7% (SASAKI KAZUSHIGE)

H AR L KT« FBUFED - Gkl
WeEF 5 00451849
(4) HFEsr A

A Sl (OCHI EISUKE)

W [R5« BB PR R (WF9ERE) - GEA
98 %5 © 90468778
(5) ELEERFFE



