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Achilles tendon slack and mechanical properties of the Achilles tendon in
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Abstract

Patients who have repaired an Achilles tendon (AT) rupture potentially possess a high

risk for re-rupture. The purpose of this study was to examine the mechanical properties of the

rupture-experienced AT. Eight subjects participated in this study. They had undergone

surgical repair of a unilateral AT rupture within the past 1-2 years. The fascicle length and

angle of medial gastrocnemius muscle (MG) as well as the AT length and its cross-sectional

area (CSAar) were measured for the rupture-experienced leg (LEGarz) and non-ruptured leg

(LEGyor) using ultrasonograph. In addition, the AT mechanical properties during the passive

dorsiflexion were also measured for both legs. The AT length and CSAar were longer and
greater in LEGarr than in LEGxor, respectively. Although AT force (ATF) was smaller in

LEGatr than in LEGyor during the passive dorsiflexion, the AT strain was greater in LEGarr
than in LEDxor. These results suggest that the repaired AT can be low young’s modulus with
slacking. This may cause overstrain of the repaired AT during dynamic exercises.
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25 10 fEORAMAHE D R LINb S (Fukashiro
et al, 1995 ; Komi 1992). Zhw z, AT x4
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—AIC, AT OEGIE AT OMERFRICELR
THIEPMOENTEY, AT OMRFEI 4%
A D LW T T — 7 RIS A T
D, MRFENBLZ8% LD L AT A
STEICHMAT S L& SN Twb (Butler et al,
1978). O EHhs, b M HKEHTICBT
HATHIRE Y A7 2 FIF57:0121F, 312
AT OMERMRZ BT RTNE RS 2w L
BEZONL, R ZA7PEVEINS
AT WriEREe 23t 4 & L2 rmise <,
WAy ¥y rdghh, AT OffaRsi AT Bzl
FEBRI T AT OREWIFEIRIC 3725 8% 120w L
RNV THozZ exHELTws (Oda et al.,
2017). L7935 T, DWW AT OffiEH)s
WY 27 ERELTEITFS5N S (Oda et
al, 2017). L2 L7235, ZOEWHEERN
AT WEREBEHICE TS AT A7 4 72 ADK
TickoTHl&RzIshizdbohonr, Tht
b, FAF Iy 7 mEHHPICA SN DL HHHIE
B (o, 2015), HEHMEEORBEARICK
57 F VAR OMIMI L 5 SO0 EHH 2
IZENTWzwn,

AT WizdiEEE O AT OERE - HEREIFIEICH
T AL TIE, WMREBHDOHZ AT IR, £
LTRL %52 EPMHERINTYS (Geremia
et al, 2015:Kangas et al, 2007). L2> L7255,
TIFREPEICBI§ 205812 BV T, R BIEIR
i NV 7 SEERE, WIRBEB O AT X747
AR & T 5 (Geremia et al, 2015 ;
Wang et al, 2013) &, E\WwE& 3 55 (Agres
et al, 2015) 2% ), —FL7-W@EIHRLNT
Wi, VTR AL T, WIERERH O AT 1%
FEl nlwnw)Z bid, HEMNBEATHED
Bl hoTwaas, HEMNKZAT AT 4
TAADPMET LHAT A 7 A AREDFESNT »
A THIR SN TV B 60O O EEDE 2
bbb, A4+ 3y 7 EH PO AT AT 4
7T A ADKT (Oda et al, 2017) 2%, FHEMiTIC
LFoTAT AT 4 7AAMPKT L2721 T%
AT DR o722 & TEDORIAEDH 2,
TSRO TR o722 LI HRE L7z
ReMEDSH 5. LA LARAS, AT OFEMS
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W OB HIZ L 5> TAT AT 4 7 H AW
BALL, ZENBFA4F 3 v 7 BN RIT T %
BIZOWTHMI R MEIE % STV e,

Z ZTAMZEE, AT BRI (LEGar)
EIEWTRM (LEGyor) @ T B DT RENFE
HB LY, AT 4 72 ADEBETH 5 ZEIH
TREME KM bV (Kawakami et al.,
2008 ; Kay and Blazevizh, 2012 ; % ¥ &,
2016 : Zhao et al, 2009 : Zhao et al, 2011) %
WEST 52 & TAT OTFENFFEZ IS 2012
L, 47078 (Oda et al, 2017) TH 57zl
WREEDHH AT BT LEFH O AT A5
4 7 A AMET A, FEMZO AT Otk o R
2 2> 72 71O IR IR ER) RO T IS
£%50%, AT OFERTIZE2bDP, £
72, TENOSPMESTELL L DL ODPHEET
HZERHME L2, AWETIE, AT O
B U2 T RIEEM 2 O BT R EB 2179
Z LT, MADRENRL L HHAICEITS
AT AT 4 732 A%$EE L LT, LEGa: &
LEGror T L. ZOlE XD, LEGam
® AT & LEGyor & ) DJEMALTO AT A7 4
T A ADMK AR E L, FEMFZED AT T
AONTZEEFDO AT A7 4 7 2 ADK T
AT OBEET (WAL TO AT 2714 75 R)
WE2307217 TR ClAbHE>THELT
(V- RADL I R RV A

-

1. d&#HF

A, AT Wizt 14E2 S 24FEFM L 72
BT, HEFHBLOWMBINE)TFT—a v
Az, BEHA 5 OB & A CHPAYIC A
K=Y BHIEH~ER LT 28 L84L L
7o, WMEFOEE, FE ARERIELETR
203 £ 1.07% (CPI¥fl + BEHEAR ), 1670 =
115 cm, 679 =194 kg Th o7z, RFEBRIZ,
NIV Y Y FEBITHED X KRBT R FE O
HEAZBROFERB L OKR (KRAEFS
11-28) % Z\F7-BICEmS N7z FEBRETICE
TONERHEZ, KO ERR HI & fahthic
DOWTHB % 2T, KBRS 2 ME#H%
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H LA ECTHERICSMLZ.

2. ¥EB7O0M3JL - BIE

AR, FRENREEEZFRIL 28, VL
TTFHEEB X O - ORI 2T, £
D, HEAAZ TR OZEEE bV 2 Oz
EREAHZNZIUZOWT S Y ¥ A ICE ML 7-.

2-1. TRERS LUHEH - BOFESHA
RSB 2 PR L, W O TR
£, AT OEZ (LY [Lar) EWET) L TOR
Wrimifg (CSAar), WHIPFEM OFHE (Li)
EZORRSA, BLOHEOWNEZ FEHE L 72,

L, BEREZMHWTUEL72. Lar &, #BEWH
%% (Prosound a 10, 60 mm @Y =7 7' H—
7', Hitachi-Aloka L%, Japan) ® B &— Fi&
EHWT, 507 L ARG E 2 5y
Beke, B X OW - SMUBEIER; & 7 F L AR o$
48 (MTJ : Muscle-tendon junction) @ 2 35
ZhE L7288, o 2 % 5% i ki
HERZBRDLETEMWLZ (Stenroth et al.,
2012). F72, CSA.r b I AFEMIGE T D
T L AREREWIIRRE & L, L (EPIBIPEIE R o
R o0 D FE @ TR & R I 2 K S A R

£ & (Fukutani and Kurihara, 2015), Z®?)
DRI & R O B3 M (Fukutani
and Kurihara, 2015), #5132 g BB & 2 i e
fRomEEiREE Lz (EIES, 2018). it
DORPEINT A —F —iF, BEWEEEZ TR
BL, TOHwE LS EBEEY S ERSNT
7 b7 (Image J. National Institute of
Health, USA) #HWTHMB L.

2-2. FHERSBEEESFOT XL ARBRED
BEET XL ARODZFEOEH

S REIIEFEE (VET-002, VINE #1#,
Japan) FICHERIREISE PR CHRAML K% &
S, JEBIMIME0° (=ML R
VyaryTREE 7Yy P —MIBEELR
(Fig 1). C oy, KB REmhGE 5 IE
DEFEH LA =T 5 L) ICHBICTHAE L
7. 7y T L — b % RREIAE 0° 2 5K
FiN 200 (BLF [-20° ] L W59) [ldin X472
WED S, WA 10° 812 TS TIRHEE
THUB) I IS ST X, T e B o 1
10° (BUF T10° ) &Wg3) T, EBFioZH)
SR Moy (BUF [TQJ LWsd) ol % %
L7, 2O, TQZHICERLANSL 7y
FFL—REEPTIETHEN 2 SIS
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Fig 1. Experimental setup and model of tendon measurements

(a) Ankle ergometer setup. (b) Reflective markers were placed on the calcaneus and calf and analyzed from

kinematic data. Muscle-tendon junction at distal end of the gastrocnemius muscle was analyzed from ultrasound data.
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BRI E LW E R L S HE
L7z, 7%k, NEFIGABICA ML Y F
LD F =3IV IT v T IITbR VLI
AL, WEHITRE R R ST, seEh
BIMNVIAFRELZWEDIT) Ty 7 ADIRTE
ZHERET AL DI L. TQ, MliEto
R —=offT e G r AN LA
7 v 7 (DPM-611B, Kyowa #L:# Japan)
/4L T A/DZ#: (Powerl401, Cambridge
Elements Design #L#, England) L, 73—V
Fhar¥a—FIZH 7)) v R 1kHz
THY AATE. g, LEGatr, LEGror 1L
FN2WHEHLENFOMEFRM L. 1 HH
E2MH® TQ 5% UL LS 7 - 7285413 3 [
HEZFML, 1HHZF221 20 HOENOH
ZERH L.

REHZHEEEHh, KHHAHAETD
MT] OZALZIRIFT 5720, 60 mm DY =7
Tu—7 % MT] 2SHHBEICHL 5 A7 I e L,
B3 (Prosound a 10, Hitachi-Aloka *k
# Japan) #HWTMT] OZfbEE KD
F 72, BEMEEICED) AT 0B o L%
(Hodgson et al., 2006 : 7/~ H T 2, 2015:
Shinha and Kinugasa, 2012) % ZE T 5729,
FERRE»SBEER 7T —TETETO AT O
B2 %2R R, 10 mm HIBE TEAE 3 mm DX
F~——%WFL, TIYINVETAEARAT
(30fps, EXILM FH20, CASIO #L#, Japan)
EHCWTE~— =% L. o L7z
%6, ©FF@EMST > A7 4 (Frame
DIAS 322, DKH t:#, Japan) =MW TR
TEERRFRIS TG~ — A —fot s x> b
REHHB L. Ihbogti~—h—Mots
AV MEOBME AT XV FREL, %
JERIHI A B A Lar OB BRI W2 (LU,
GATIEEZH).

3. #rEE

3-1. 7XLABEDEY

S Z e EB T O Ly 13, MT] OB
B (AMT]) & REBEAEEIICE S AT
L7 Xy MVROZE LR (ALar seg) HLUF
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DX HIEKD 2. Lar rest (&, A TOR
I AR 200D & XD Lar ZHW2 (ﬁ 1)
Lar= Lar rest — A MTJ] + A4 Larseg (30 1)

3-2. 7XLABOAENFHEOEL

HEAMIMEICBIT B AT Ok (MFTATF
M) UL, kKT K D RD7z. B, MAar 13,
JERIE M 5 R 9 A Rugg et al. (1990)
OlEERV: (K 2).
ATF = TQ x MAsr! (X2)

AT PRz, AT offiksE (BT [ 4 Lard
LWET) & 200D Lar Th§Z L THR®D, AT
A ML R, FREEMED ATF & ZH#Hk 0
CSAsr THrLTEM L2, AT OuissE %2R
FTIRIECTH LY v rEid, EMEAE -20° 2
510°FTOAT A ML AL AT fiEZ Hw
TTFRD LIk GK3).

Young's modulus = AT stress X AT strain™

(X3

AT A7 4 7 A A&, JEBIHET A EE A -20°
500k, 10025 10° 1281 % TQ O LD
LRD7: ATF o%fbw (LT [ 4 ATF] &
W9 ) #ZNEND ALy THRIZETHIEL
72 (X 4).

AT stiffness = AATF x4 L, (30 4)
4. HRETIE

WREE L, T_CF M & AERE R 2= CEIfE +
BEEfR ) TR U7z TG - BEOTEREN R E
BT DLK85 X =5 — L KRAMAKETO AT
DIIF I DV T D LEGyor & LEGarg ®
W, Rinod s tiExr vz IE#S
i AR b Nk o 723541218, Wilcoxon's
single-rank test Z Fiv 7=, F 7=, BAfifAELIC
LR ESEHOBE S &7 AT O F1% 0%
Pt (TQ. ATF, ALar, AT MERE) 2§
LA ORI TIE, VELODH D ZEHDG
Bt (W < B ED) 2 vz, EAERD
RSN IZEEICE, ZokoBEL LT
Bonferoni %2 & AHEZ FEHi L7z, 75 #Hr
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WEEL, A8 EMNO LEGyor & LEGarr 12
xf L C Mauchly OERTIVERME 2 5206 L, Bk
P DA E DAL L TR o 72354,
Geisser I2 X B HHEDBIEZ 772, M, W
FTNOMEIZBWTHEMRIES% £ix AR L
L7

#w 2
1. THEE: - BROMREBRMFMHED LR

Table 112, LEGarg & LEGyor O T OIERE
M AR L7z, MiTEREOR R, Li 1& LEGyor
X 0B LEGar THEIZHEL (p<001), D
TIERS D LEGarg TAHEI/NE 025 72(p<0.05).

Greenhouse-

IEIZ BT H RIS, LEGyor IZHARTLEGAT:
THBEIZNEWEZ R L (p<001). F 7=,
LEGare @ Lar i3 LEGyor & ) b HEIZEL
(p<0.01),CSAAr IFAEITKE D572 (p<001).

2. MRERE EIFMAEMICHT7X L IR
(OPaka:L s

TQ B LU ATF ICEREMEMITAD ST
HHCTHMIEMEIZDO LN (TQ:F (150,
21.03) =175 p <001, ATF:F (131,1834) =
189, p < 001), TQ & ATF & &2 BARifE
MIZBWT LEGyor &£ Y LEGamr TENENA
FIEfEZ R L7z (Fig 2ab). 72, TQMlE

Table 1. Measured parameters

LEGn~or LEGatr
MG fascicle length (mm) 61.1£8.5 50.0+4.8 ok
Pennation angle (degree) 23.1%+2.8 21.2%3.6 *
Muscle thickness (mm) 24.1+43 19.943.7 wE
Achilles tendon length (mm) 19417 208+18 -
Achilles tendon CSA (mm?) 62.4+14.6 119.6£23.5 *x
Achilles tendon stress (MPa) 5.89+1.75 2.46+1.35 *k
Achilles young’s modulus (GPa) 0.24+0.12 0.05+0.02 **

Significant differences between LEGyor and LEGarr (*p< 0.05, *p< 0.01, respectively)
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Fig 2. Passive torques of planter flexion and Achilles tendon force (ATF) at different ankle joint angles
Significant differences between LEGxor and LEGarr at each joint angle (*p< 0.05, *p< 0.01, respectively)
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DALy & ZDOMIEFIZB W TI A A
BB (ALyr i F (179, 2508) = 4.86, p <
0.05, M= F (1.85, 25.98) = 4.09, p < 0.05),
FDOBOMERIT - T2AER, A Lar 132 BT
J# -10° & 10° 1BV T LEGyor £ ¥ & LEGatz
THEBICKRE (RBHMAE -10°Tp < 005,
10°Tp < 001, Fig 3a), AT ffiiEEd, LMK
HifgEE -10° & 10° 128 W T LEGarg THEIZE
Motz (WFhd p <005 Fig3b). 512,
CSAAIZxF 35 ATF TEH L7AZAT A ML A,
ik AT MERF TR L THML L2 AT O
HHEEZRTIBETH LY v 7R T, $CT

¥ D7 F L ABEOiA & R

DIEHIZBWT LEGyor £ Y b LEGar: THE
W EED SN (W p < 001
Tablel). A ZZEET L7202, HAMAES
CIWCHEHBLZZAT 254 73 A%, M
20050 FTHOAT A7 4 72 AL RHE
HifARE -10°2*5 10°D AT A5 4 7 F A TIE,
WINDH LEGyor & KL T LEGa: 234 =12
BWwfizRL (Wi d p < 005 Fig 4b),
W52 £ BE 4T TUE LEGyor & & 0 B ALT
AT AT 4 7 AANBNE» - 725 (p < 005),
LEGarg Tl A BEHIPHE T&E V25580 Sk
-7z (Fig 4b).

-,

a b

g 16 [ ] LEGNOR kk 8 o LEGNOR *
& O LEGumr § O LEGr
= 12 T 6
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g R
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5
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Planter flexion ~ Dorsiflexion Planter flexion ~ Dorsiflexion

Fig 3. Stretch amplitudes of Achilles tendon elongation and strain during passive dorsiflexion exercises
Significant differences between LEGxor and LEGarr at each joint angle (* p < 0.05, * p < 0.01, respectively)

a b
~300

=% 8 @ LEGyor g * T
n-‘ o
= O LEGx z
% ¢ §200
Z £
£, Z
: E
5 5100
2 z
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0 2 4 6 8

Achilles tendon strain (%)

Fig 4. Achilles tendon stress-strain relationships (a

dorsiflexion exercises

LEGNOR LE GATR

) and Achilles tendon stiffness (b) during passive

*Significant differences between LEGxor and LEGar (* p < 0.05, ** p < 0.01)
T Significant differences between ankle angles from -20° to 0° and -10° to 10° (p < 0.05)
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z =

RWFZEIE, BraREBEE O AT 2B 223
MBS RER R AT ONFEREE»S, ¥
AF 3y 7 BT OREREBEHO AT O A
T4 7 FRMET D, WREBEO AT ok
T2 TR, AT ORbABEINCEE D JI38HE
OIHRLINEENFEVL T DM FE > TEL T
LR L7z, ZO#RE, LEGarr @ AT T
EEAMICBWTD, LEGyor £ 0 KW AT
ATATAARRLIZZEDD, LEGar D
AT BT 220 ThR A D EL TV LI
e ERR SN, o), FA4F3I v 7 &
B OB ARBRM CA LN AT AT 4 7 4
ZALT L, WIEREBH O AT ojlidk & LK
TOWHEPHES>TELTVWELELEEZLNS.

A DWTIE, — MBI, AT2ARwE
AT OMADOHITEIIKREL R ENEZ S
N5, AWfsecid, ATEXHINTs2&%L
2 AT OfRAENT 52 &%, AT Otk
CEBbDEEHE LS. RWFZETIX, LEGyor
EIHE LT LEGAm D Lar i3 RWIC D ST,
AR o0 ) B A5 20N X 2 2B i B 12
BWT, LEGa ® AT IRHEIZ X ) H o 7z
FRi, JERIEEE -20° A 5 -10° O L B 2 B
WHEBEF 2B W T, LEGarz D ATF O
MNZ LEGror £ 0 DEA- 2B DL ST, ff
EHEDLEGa: T2% 2z Tl LR, %
B EBIRE O 2 - LA - HIEEOBLRIZB W
T, LEGatr TAT A b L A2MRFEIB TOM
EEPKED o7z (Figda) ZE2°5, LEGam
D AT IZHADAE LTV A REMREA BV &
BEZOLNL. 5%i1E AT OfiA DR %
5T LT, LEGarg D AT A7 4 7 A ADKTF
T BIADEEE L) I RET 5 L
V5.

FATZE OB IR (Eriksen et al, 2002 :
Hardy, 1989 : Maffulli et al., 2000, 2002 :
Magnusson et al, 2002 ; Williams et al, 1984)
T, HENESZO AT 2574 7 2 AFEKT
THIERZPHE LTS, ZOMBOBHEMEE
IZBWTIE, AT 47X 208w IMaT—4r
OB, FRRDDLAT 4 TR ADKNT

2 60 %

Bag—27omieZl, 524k 5,
6ERMTHEAT A TARADKCTIA IS —
FUPBATHEIET, AT AT 14 7 3 AHH
MeaEEZO5NTWE. AFEDOWNLETH
o7 AT WigRERF X, Wk 14ELIS 24T
HYFAFIy o hEEEMER AT HIRE
TEH o 7278, 145 o2 BHET = B E E B o
LEGarr @ AT OB ZRT Y ¥ 752 A
T4 7ML L, TN HIXLITIFE (Geremia
et al, 2015 ; Wang et al, 2013) % 3ZFpd %%k
Rehot 2F0, ATWEOFEMSE L,
2HERETIE, HEAEESTFAFI v 7 hHk
W) A MR (AT ARBTH 2L LT,
W L7z AT OBMEIZ 5 1CEE L Twiw
NN (=

AR D In Vitro FEETlL, BOMRIE)S
JEW DY) 2 7 B TH L EMEINTWDS
(Butler et al, 1978). BEDMERZAT 4% (AR
IR BHRIBROL LA LTS T —
FUNYT A= T RZITIRD, MIEE 8% (
Wradish) #Mz 5 LN THIE SN0 5
=V ORNFEOOATEFE Y, Btk 57—
DWW EATZINIHIM LW 5. ABFEICE
75 LEGark D AT X, AT 4 THRARY VT
FAME L, R8T EBREO ATF AVh
EWZHHEDST, ATOMABMES>TAT
ERRE R E A o 72, Oda et al. (2017) &, 7K
v ¥y EE, WRERKH O AT Mfigkskas
W & 0 R E L, BRIV L XY
(7% FEEE) T AT Ok — 5L B 25# 0 &
LATbNTW2Z Ens, ZOEWHERE
Wizt ) 27 ERE LTHRBL TS5, AT
Ditis % ERE L 72541218, LEGarg @ AT fil
READS, BRI VWL ANV (T% REE) F
TEL SR WITRENA D 5.

AWFFENIE T B E v K O DA AE
FINTWVD. 5, RIFFETIE, IHBFOW
FEBRIE & JEWT R D LRI X 2 FEBRT A T
1? -7z (LEG;\TR ;(d‘ LEGNOR). 2!»‘5’5'(&) hfi‘,
AT WZRI O AT TR - % ik
THRETHHD, AT WEFHOME T ER
b, OB, HEL Wz, R EORR
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et al,, 2010) 2SR ATF IZ/EH L Twiz
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B DR % 20 70 JE BB 2 By 19 I SR B 2 5
AT A7 4 72 A%HM LT, ATICHET 2%
BRDOEE TX D EITBINT B THllE % %
Wi L7z, fefic, ihr, JEARIREAMEIC BT 5
WAL DENH AT O/ 7 — ik
EOIRBIEET A RELNH 575, Th bl
DWTOMRIZIZEA LRV, KR TIX
ENLDEBEIIOVWTERTAIENTET

=
SHROWMEHELE L7z,

B
AFEDFER, LEGarz D AT A7 4 742 A
DOALFITIE, AT Witk oK & td o
R RIZLTWA I EHRIEEI N, %
72, LEGare @ AT &, P4 2 AERREEREE L
SEEPATRBDIRETH o2 LTH, AT D
PR L T igtk 2R Lz
ZC, AW T 72 B 2 B EEh 1 X
%5 AT A7 4 72 ADFIA S, AT FEiZLY
27 % RTIREL LTAT OMERZ T
L6, AT OAOFEET AT iRFEZEK

Al 9 % W REtED D %

i
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