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AR FERERXTTAIMUEIFEIFR
EHR RS

LS

ERBRETERA (TKA) H, AL FHEN T RGBS FRE R CEE., KA
B AERE TN FlE TKA JE AR 5 R OG5 0 & 0 I 7 AR R s R0 HE 5 B8 35 D20 IR A M,
NEEAE AT R LT AR IR AL IR IR 275 . AW FUB I XCF T3 X 6 R ks il =
BEED T IR R BOCTE B, BT EI 0 1 AR A e S A S R S
PEAGIR OCTT =4 AL . THEIROCTIAE 0-100 B2 h i 78 o i AN R 5 T S 3R (aMCL,
iMCL, pMCL, aLCL, iLCL, pLCL) FffiK &2k, DU 0° Ji tilf 3 K EEAE v S %
KB, PSR (Rl 1° Wih KR Hriaiiih. 456 8E ARG M &
rEE, A3 AT R K R A S R SR IR PR 245 R AH G . BRI I, AN E 0 s
AT 5 AR I AN [F R . aMCL K &M 0° 2] 46° Hh0 3.3+4.2%, Bl 5/
$-48+53%. iIMCL 7£ 0° % 40° WRKEERANR, 5K E FHFE-11.9£4.9%. pMCL
i B B R i P B KRS R, 78 100° BV IA BB /ME-17.3+4.7%. aLCL 7E 0° % 47°
AR, B o (K 8 i 31 5.3 +8.9%. iLCL A1 pLCL K&/ HIM 0° & 38° (-3.2+5.8%)
M 51° (-6.316.7%)0k/), 7E 100° JE M 3] 1.2 £8.6%M1-2.8 +8.3%. iMCL K 7EE
KT 60-80 JE JE Ml T S5 ThREVE S 2 BE 1M 96 (r=-0.69,p=0.03), iLCL K& 7E 40-75 £ R~
5l PRVF53 o B IEAH 5% (r=0.57, p=0.03), 3 7E 80-100 & JE i~ 5 Thae vF o3 i FE A 5%
(r=-0.73,p<0.01). J& TR WK &S RERST IS LRGSR, BANGRY 55
T80 4rif, MY 69° B NN EI T K FEAR T A1 98 %, 58° i T ik A1l il )
7R = TR 108 %, 94° J i A & 7 (AR KRR T K 0.2 % 7E TKA
FARAPFAT AL, @B ) B ik S LA o bRiE,  mT DRI G PR R -

KR : MOCT MR, WA, ThAEPEsy, §00 B, Pk TKA
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IN-VIVO ELONGATION PATTERNS OF KNEE
COLLATERAL LIGAMENTS AFTER MP TKA

ABSTRACT

A better understanding of the optimal ligament tension is critical to a proper soft tissue
balancing in total knee arthroplasty (TKA). The objective of this study was to investigate the
ligament length change patterns during lunge after Medial-pivot (MP) TKA and their correlation
with patient outcome. Dual fluoroscopic images of 14 TKA subjects were captured while
performing a weight-bearing lunge to reconstruct the in-vivo 6-DOF joint kinematics. 3D models
of the TKA knees and the identified attachment sites of the superficial medial and lateral
collateral ligament (SMCL and LCL) were imported into a virtual system to calculate the 3D
wrapping length along the flexion path. Thereafter, relationships between the lengths and
elongation rate of ligament bundles (aMCL, iMCL, pMCL, aLCL, iLCL, pLCL) from full
extension to 100° flexion and the KSS score were examined. Non-isometric behavior of the
collateral ligaments was observed, with the anterior bundle of sMCL stretched to 46° and then
slackened to 100° , and the iMCL and pMCL consistantly slackened with the increase of flexion,
while all the three bundles of the LCL were first descended to around 50° and then increased to
100°. The lengths of iMCL exited moderate (r=-0.69, p=0.03) negative correlations with Function
Score at around 60°-80° of flexion. The lengths of iLCL were positively correlated with the Knee
Score within 40°-75° (r=0.57, p=0.03). Also, the elongation rates of iLCL were negatively
correlated with the Function Score at 80°-100°of flexion (r=-0.73, p<0.01). Based on the linear
fitting results between ligament elongation and KSS scores, to achieve a favorable post-operative
patient outcome beyond 80, maximum MCL length at 69° should not exceed 98%, while LCL
length at 58° was recommended to be longer than 108%. Elongation rate of the LCL at 94° should
be lower than 0.2%.

Key words: collateral ligament, ligament elongation, patient outcome, lunge, medial pivot TKA
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F—F 2RXTERARPHERE R T o)

1.1 ZRXTERAREILE

JAR T B 1t 91T 4% (Osteoarthritis, OA) & — i i &K T 1 248 N BRI R DG T R AL 567
%, FEARTHCERIE. BRSNS, B AR [FIRR B RO T R
SEOTIESEAE, N ATIEshThEs, SEUREENRE N4, N TR ERZ
H ATV T7 AR IABR OGS 28 S AMRF R 2 —, BAFEEARRSLEA H 6. A9 T E (R S
IR PRI A0 7T (CHARLS)2011-2015 4E5F H [ 28 AN 150 MR B 17708 44327 & (1B
PIRE SN, T EPZEABERER S E HERT R B AEZRN 8.5 %, MHENDE
WAL IR, RO BT AR B AR R WA IG KT, ARG B R (TKA )i % 5
KA R AT A, JREA AN LG ER AT B e, ST ARBERIBEM ST ER, ik
o NI ARG R AR

JEVF 2 IR IRBE Vi T A8 400E T TKA BRI S AR A7 23 23, (B4 2 6 Y%or) i Kkt
TKA 7E 10 FE N BRI T E MRS . B Ye RATARE « Bt B B S 0 e, 75 223
TR FARE, HHAER, RGBT ARELIIEFRARBPEZEFHFR L —, &
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1.2 REBXTREMEZWEER

1.2.1 TKA {EARKA

FURG, i PR A H B0 M MR 56 2 3 A 5 78 BBk (Posterior Stabilized, PS). Ji5 22 X )7
TR B B B4 (Cruciate Retaining, CR)HNI A2 € BB fA&  (Medial Stabilized, MS)5 . J5 28 X H)
R (CR) RIS 7 B 1 5 28 P RS it e i i As e v . (B A I ER TR A A
1152 X @l (Posterior Cruciate Ligament, PCL) SR I EE F, %M 7 k22 b4 H .
MAAEBNZKMIEARS, PCL A R4 FEUR M B, A 218 B A F
MBI . J5 2 X Btk (PS) IR ZEAMRHEE A= Yk PCL, il id 4 F4 g SLAE A
JEE B BRI “ VRS SRS T RS 1 o 1R BB AR B M 1 I A AN BR ) 57 A A il 1) e e
SRAt 7R A R, B SRR B R A e R MR P2 BT CR B TR
A& X B FE LRI BR ], PS ARARAE IR G B Herh B9 W . 2016 4F, £ EZ4 50 %A 4Nk}
PR+ PS A, CR AR &5 F AR ST 42 %. 4k PS Al CR EAAMI KM Z )G, A THE
U MR JFUR ST ) 2 A, DUBRHME R SC TS iig a2, WA E R (MS) AR .
tban, WHIRRTIT A R4 (Medial-Pivot Knee System, MP) it /& 3 T{@# FEIE 1T I & 45
R I 07 AR BB o R BRI A R R OG5 4 S A AN RREE M, N ILRAT 23R M
B4, AMIEBONFIHE o BB oA i B AT BRI A AMITER, P9 ONBR 5 4 S N UL T, B SR TS
fth Ik 5 v AT DLAR 28 CR AT R () BR T2 i, 165 DR o Th AR k2> R 1T g AT 20 B 453 £ IR 5
HMIM BRI T R WG B B2, AE R JE A 3wl DU IR JE R, AR R TRt 2 % iz
37 (8] o IXFPRERAR ) G 71 T 285 A8 AVBUA B v Rl DLAERR I BRI RS € , I S v AR i K
BATETT AR, (ERIECTT RI “ N 83), I8 AR IR T 1) s P,

& 1-2 Evolution® P31 538 X917 B B B 44

1.2.2 RIS N AM B0 544

AN TR ARE AR ] 1 7 =B B JUATTIIR 5 B P AMI BRI &9 TKA B G HR 4t T
FoE M. BH— T, BHER e B LN TR EISET /S 3 s thie 3 &
KRELREH . BT RMASMUEEI A ER TR, F & M2 R A =2 TKA
BEARERRTREEN R E R R 08,

PA I &1 #1717 (Medial collateral ligament, MCL) H7% JZ &) 7 (Superficial collateral ligament,
sMCL) AR JZ g #1717 (Deep collateral ligament, AMCL) P #5543 2 i, A& X U 2 15 A0 A e %
I R B I B 72 A B B 1) S LA R o DG T A 2 Al R AR L A B R R 2 SRR
TR A S MRI SR 2E 01 . RJZ IR T eE A RS B, g i
M IETJREFE 7 60 mm 724 RERTIAL, fERE G0 B REFR, BB S
WAt . T AT HR GG R, AR REY, B XIRE B AR BT 48.6
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+ 428 mm? Ml 79.7 £ 17.6 mm?, %/E5r 50y 11.8 £ 3.4 mm Ml 149 £ 5.7 mm.dMCL
AT WINE AR IR, 08 BRI Sr,  ar il i st A RO & B3 m 907 (MFL)AITE
e AR B ) v 807 (MTL) o AR A s ER G AR08 63.6 + 13.4 mm?
M 719 + 148mm? , FEDHAN 99 £ 32mm 1 18.0 + 4.0mm, FHHEKEEL., 4
BT B AR, BT ARBEIIRE, MEERE P 6z im-F31 6 mm 4K dMCL i % #
VIBRERAAZE, TS N B R e Mk gt — 2P I 55 . DRIk sMCL 2 31 32 ZE4ERFIR OG5 AR
EEMER . EFARERES, N TEBEEN TR, BeAE 2o g 97 U - siE A 4,
fEAFPARTI T (5K JJAHSE, FE4ER N AMUET P47 . T BRI SGTS, R A2
I8 T X SMCL ¥ Aadh, DAWKE IR IR OG0 286 .

AMIEI#H (Lateral collateral ligament, LCL) 7R3 ZMU, AH EGF P00 & F0 71 58 i
YA RARGEN, EEEERE M RS T /N M A AL 5 HEE Sk, b AR
THARALE BB AUHE R Sk 237900 48 mm?2, #1143 cm?, 6% 6 mm. SMUEFI G B T3 i e
TR B A, AP ONE ) L R AR R R S RO AR E I, H T A R A, R —
FRAS 20 FLHEAT A S 454

l
AT AMT
G | /o

f L 8 MGT
‘ g
£ oL

ME 3

&

— sMCL (distal
tibial) B

B 1-3 (A) AMEIRIHEIESERAME. B) SMUBPRESEREEY . RE
AMEFT (sMCL) BEIESAMTANER (ME) FELY, BEESATRER KL, 4
MBI (FCL) FER B E SMUBRAN B 1 M A AR 2K o

1.2.3 PRIk $%

HAT, ImPRAE R 2 i S br e “ TR R 7 %, ROZEA R I i i B 5 7 R
SPEEAT R ZRRA B, ATAS IR OCTTE TR BRI L B R it N IR SR/ TR A TR )
[ BRY, VR 22 AR A0 n) TSP Al dh (E] B AE DT BBk S AR R B s MR T 5, &
e H TR E RN IR B i VbR . BEJS, AEREAT A B m VIR 20, HEx
B DG JE L )i R o AR OGTTAE U B i R 2 S OE A B, AR B Y 0T TR R
Hfi(Transepicondylar axis, TEA), J# B T 1 /5 ffi(Anteroposterior, AP), X & #l 5 #RkAT
BoE . EBUE I ORIFIEGUAFETE . i FR /e se e i P2 5, RIS E. 34
TR DR AT foft R RS I, g o 2 B v BB E 5 e ot 1) BURE 55 /N IR 5K 7K, S ST A R TR B
A5 FH 8 EL DAl R SR U bR e T 28 o 385 B A R A 2H 2T A SIS TR B IR AN S o AR S
AR R I P T B S R i ) P G 32 i >R R0 iz i AT DD 1] 38 AT DA B S AT ki
PAGERR N AN B 307 (0 S 5K T
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g el y I
A L [ 1 \
B 1-4 [ERRFERAR: BRFATEES (A IFEHE (B) FHIRER—

A 2 AR B S — M e I B D R R, XA 7 VAN T R 231, i R T
KT H G EMHEARIC S, s E#H (TEA) « 77551 (AP) 8¢5 #£4h (Posterior condylar
axes, PCA) B € 1& 4 BB IR g i o AR T8 P B g OG0 RIW s, & R IR h ™ =&
W AMERIL SR, AR AEAERA TR B 5 PEOCHE 1, B 5 SRR R AR AL W 22 . T BA R80T,
() B~ A7 3 AR B RTINB R DIBR R, W DASRAS S A i e A g 1k o DRI, [R]RG-F- H RAE
ALV SN2 SIS o AR, BRARAE AT B ZARA 25 I 32 KSR B U A, XT
T AMN BB I B R 5K IR — N — HIbRAE . T3 4h, KRR TR TS REIE SR e 5T
AU RN (0 TR R R RO s 3l A AR AE . DRI, i FR O 130 1R AE A
RO T AR APl A48 5 5

1.3 BRRTMRIFFERZINR

TKA ARJ5, a1 S B S EOCBRAE ., T SR P AT B i i
) AR st 2 S BOR AR E « T R AR — Rl sh i i gk, LN RS
AR 5% o S IT T E WA KL ALAL AT LB SR M2 A6 . H AT, TR 2T
A S AAE (A B P A i

1.3.1 gy & 75 ik

(1) SRS

AT BN A AL T AR R 2ok B AR ANITFE,  TCI0 R 7E i HEIE 1L B e 6 T
Ghosh KM 25 A\FE 7 s b 34T 456 45 B A, P 380 55 44 40 48 U LN GG DO Sk LG g 2,
AL A, 38 LS8 7 AN 5615 S B, R SRR A ) B [ s 7 Ak A %
I A R K B A, WA J S R b K B AR A . TR, At A TE R A
FRER _ERE I 2 A5 2, I 2T A0 6 2 I B D SUE = s ) A B AR . F NI B
S SRR E R AL, WA B AR A, T OGS £, T LSRR (R il
£ X RIS K BEIO, R FE N ORI R SR I 2 R R T A, S e R, TR
B A 2 BRER RS20 b ) B RIS 640 FR O B4 i AU o Sy VR A A
FEW A LA B 77 AL

(2) RN E
RS = 22 18] AR R RENE T /2 X T AEME Bl A B B 1) 75 SR o e K 2R [ e R
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R T —FRCF I BIAE X B EREORN, T ah I B S AL B AUE s D RE, 2 H AT
HRHIU R et ) R QIFE AR B ROR 2 — . WP 652 AR C B i shid 12
IR IR T 4k AR, M CT BUMRI 25 EEE AR B AB A = 4R AR AN — 4l (R kAT
Foe, BVRIS BRI = a A B, R RSB R IIEs A 28, E BRI Eis =
UERER R R Gt AR B B G B 5 B MR BARIE AT S I A B, A =ZER R,
A DATHSE R R S S AR I K . ) R T AU AR AT ST AL U A 7 2
A CLSEBUFI A K L RS AR AR &, O TKA R RTRA R SR fIn k2%, 8% AR)E I
FAERI R A AR T SRIR A2 IR, H T2 AT S SR AR A TR

1.3.2 g0 hr A =

(1) AMu g0 AL =

HIARARSMIF 72 2, LCL KPP K E N 51.5-64 mm, 245281 0 JE B2 120
JE I, LCL A 226 PE T 0031, Jan Victor 8 NARIENY, 7EMEEN B Esh #4100,
LCL ) JE B BEAR T 70 B2, JE B EE A 70 FE#) 120 FF FF% 1.2 mm/10° . %FF TKA H%, Ghosh
KM 254738, A4 LCL KJE MM E R E i 110 DI i FasthFE BT 4.0+6.2 mm, £ W]
TKA J5AMUER P s FE B 5 K001, SR 7 R S50 AN 8 56 43 J5 32 3l il N IR i2 3)
SRYL, MRS T BER S AA R R 2, BT RORIE IR ME . 28 2% w2 Bt O F 9 IR BELAS
DR, AN & 10 T B F IR AT 03 A2 12 e i) T E G E 2. 4348 X O ek
MRI F 4 72 2 117 5 2 U s S il 1 AR R N i B K A F- B . Toshifumi Watanabe %5 A Jdid
DI-B2E W71, X PS TKA BUEE ARG RAEATREV R, A0S 7E 8 A DR AS
NN AN S, s X AR, A EINERST NAMEA R, T EEARE R
ST P AMI P B FE BE U8, Hermann O. Mayr 28 A 252 17 Rk CR B M B 4 1 9 8 /MY TKA
BEARJERIAT 30° Wil M S Nm /3%, 5 XL, 7ERAR IR ] A
JRB AR e e A, PR Y AR R S I ANBR IS AR S, RIL - E IR R EEE
ﬁ[%]o

Hosseini Nasab SH 55 A\ I F 5 [ 2% ) B R 13 2% 45 6 '8 Al 2 1 07 LD = 9 AR 70
W ITE R AATHRIE TIEACEDA . FHATE . B N AR R E B AN, b
F I A PR N, LCL 27288 . LCL AR R 32 35 S 8RR A\ 0 81t 5
Wi, T A 52 AR S0 i il A B 0, SR, RS H RS E A, RIS il A A PR i E
70° DA, FEARRARIER ARG SR A A E T b i, EsEihAmET,
AT KA RIS, BRI T ATRE SR . BAT, 2T = il A BN i @) 9
L8, {H Ali Hosseini 55 AXHiE 52 608 #EAT T 05T, A 138 I XCFTH A8 %% 5 1)
i =R LT, RIUE R SR D N R T, LCL AT R 4E RS K 2 90 518
Wi, TP AAE SRR iA s, EE I 00° JEITIARLEE, %45 U A (i HEIR DS T IR
FEE IR, LCL R RIRaE L . Bk, ARP8AHALSRASE R %EE LCL R
JeE IR I, G AR S ASFR R DR A

(2> AR fr A A =

5 LCL WK EARAREL, MCL PR A R A 45 W 1 R Bt B A B RS . esh,
MCL MBE AR T EEE, ARSI fE AR, 1A s SEsE . DA R
] MCL i 5 R K A AN E AR . Park KK 25 A\ SR8, X6k 09 4 00 o4
KRG, MCL HIR (GMCL) MIKERFEKAIKE/NT 5%), 1M MCL 5 (pMCL) Ff
JiE AR PG KRR N DS, X R BITE O B, 5 XA R 2 TKA J5 sMCL (1)
KR P . Kenichi Kono S5 3@ i M & & b sl S HeE b sl 2 [ LR BE B, RS2
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AR, BOANAE URRA iMCL Al pMCL K FEAR JEACAAR DO, SRT1, Hosseini A “54RkiH,
TEfE 2, iIMCL A1 pMCL K B i il 548 2 2R Mk 2, e K46 N -16.9%A11-20.6%.,
aMCL N 2 B K J5 40 5 1, X — 45 3 A1 Hosseini Nasab SH %5 A X} TKA H# A5
MCL =W R — 3. RAASEAL(CR vs MP). KB I 77 GE 101 PR B vs (0,32 ER 12 Fll
ZARE (R A vs EEOMAF R SR RAAEESR . HEZ2AH 7P K aMCL
FEMR ST R RS dh i R, UESE T HX T4ERFAR G ST R M E EEA . Bk, FARH R
WS MCL i BERA GG, B Ib ARG R A Fa e =k .

1.3.3 WA K 10tk

T, DT BN A T AT 3 AR, O BB A AT R =R I AN F] )
e, Hod R AT R S e TR il AR, A B B A R IO T4 . AR
ity AR AR AE o E P AR SESR A, 02 25 SRR 2 B A B0ty IR LE OG5 4 B
YR R0, 1 AR R A . AEE X T RS2 AR I TE AR SR B, TEVR e i AR
H1, LCL AHi R iiEash. HATRT TKA B#HAJE LCL R E il T i s A A
BEATIEHRIE . AR RO, RO i e B AR IR SR S, HAMIE B R
MEER, 2 E0 P e A R0 7). DR b e il i, S0 75 B & M A st B, 48 i
AN T0], ARUEC T A BORBIE BN, e AT TE TR SR 55— 07, U @ i fa
N SEOTRIBE R, Beg Bt &y = E s, 51REANYN B . ARG a7
BRI ARG RIS, v R S OGS R A AR E A O Wl T R R F 1830 D)
BE 1A 5 DG R e M I R — A BT PRER MR ) . THEEVE 0 1E VT TKA AR
JE R E AR T DIRER R4, & PPAl T AR Im R &5 R A T B . AT FRLRA T ARE 174601
Iy RUEF RIATIA KA oM, 45 2 AT 4+l . Watanabe T 25 A4, 3542 ISR AIAS
R 5 52 3 kA st B USTR OR A §E0 , T Kamenaga T 25 A WU 565 SN o FA ot 15 56 385 36 25 18
M 25 IE A %o J5 28 AR B (CR)IR IS AE 75-80° B JRTEAAHAE 5 - 10 mm, 80-90° Jift
I AR TR ST 4° , 39S T RIFAIZERR. BT, ST a0 i sid i B a8
BB FAREAEE AT A LA G F R fa S0 E 2R E R G485
“IRIBR— 077 VA R S PR O B0 (10 16 B, IR Il R 45 Re A fe it — Bt 7t .

1.4 B8

B AWTTOR IR TXCP AR R Gl e W ST B 5, B U R TP T
AR PRICT N B REIZEN ¥, JREESAMEL R B =R S, S5 S sl 2R
SRS ) = AERE A, AT PN AR 05 3 R AR L ) e R R AR
BRI SIS e I R O BB A . B8 T, ARHIE IR e M BB A R A AR, 4
EBEARGIIRETESr, WHFCHIHhL AR T IR R SE R IS0, I8 AR 5 I R 45 R 11
R, gy TKA BRAEEAR RGO FIE R Am RS2 .

1.5 KRE/NGE

ANEE A IO ELHORIRE BORE « ARG FFE AR R TS S AT 18R, R /& 1
fE RERR ST A MR 250« e AN B0« ABCUAR ST (0 P AR S TR D5 200 i J8 3 R A R
RATREMERIERT . AR BTN T B AR MBI (K T BB AR AT 1 4338
I T AR RAEDI SK IR FIX — IR L $EH 1 AHT TR H KOy iE R B4 TKA A
BHLPHIIRR, NTPAREERBIRKS S .
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2.1 KRGREFEIRISE

2.1.1 ZAEEAER

KT BTSN R BeAt B ZE A (WL 23 A kil 5 YS-2018-124),
1535 50520 S5 R 52 W S50 T FE RS2 06 R T A0 JXURS (A B8 X THI 245 52 21 1R 45
9P &, JREHBZMEFREBETRE.

ZIRENAZMERE: (DA, TR 18~85 %5 Q)IEWi AR IR Ty
REBGBRITHEIRERT s Q) ZIRNEBRIE ST Ab I B A (g R, A e SR s . RO B
TP 2 RGN B B RGP -

ZREHERR R EAE: (V)BT I BRI OG5 A0 AT AT B 44350 57 A7 75 5 15 9 SOV LA B 5
RGN, WNEsh; QF LI RGER; G)LIEEE, RNREHMMEZLR TR 4)
M AR FL A 2 X L, X T gent it LG i s, IEE&Z. BT Rz, b F
M B A R F R I MIA ARSI SR .

WL 55 14 BB (B 3 1, & 11 B, 4R 70.0 £ 7.2 5, BMI: 27.2 £ 2.5 kg/m2),
K H WA 5 22 X B AR (MP CS) 4K (Evolution, MicroPort Orthopedics, Arlington,
TN, USA) #EATH0I TKA BHF AR, PV E N 122 £ 57 MH. T2 REHEZ
THRHER) TKA FARGRE, BFEEUIR. TR L. Tia vk, BrEFARYE—A 5%
RAMBHEZE (Yunsu, Chen) 47 RARALUP £ EKETFAREA KSR, @it EExa
S P AN S 2 5 DAIK B3R 2 2 P4

2.1.2KSS [ME 10 E

FE— 4 e A IR0 iR 42 52 MP TKA [ 88 F #E47 B U7« >R A 36 [ IR OG5 1 2 17 4>
(Knee Society Score, KSS) ] %&——1F4lj & & 0T F AR 2 A5 LA AR 5 R K518 8 Th e Ak
T o RAUAT I T B, FEE MR A5 BRI R R S B3R 4T KSS [H 5 A

KSS i “UmpRIES;” M “DIREVE” PIER -, =73 905 100 73 KSS “Il
PRVF4y 7 I I R T BO IR G T AT W sk 2, Horhy&m b 50 70, RRse ik & 25 43, Bl
Bl 5 25 73 PRI BN B X AR AT AE (0-35 40) ALETRAESS (0-15 73D R sk
SRR EMAT 5, SRR, 50K, F20E Vo MR BT W AMUAL R (0-15
53 METETTALR (0-10 730 WK, Aiglk/, FaE el . 15 shye F e W)
IR A 0-125° , BEIEIN 25° 15 5 it S. ERE ARG ORMIG O, BT E RATF,
WEANEE 2 125° , HIARMTAT S BCh AMIASESE I, & 20820 9 100 73, RS IR K
A 2R, T ECT RO 2 AN TR AN ).

KSS “TDIRevtor” WA TP AMER G RS ig s iR Hh B AT R B A B RERR A
GREFER A 50 3. 4T 100 43 iR B Re e e AME BT 2R S L M AT E CRREE RS, IR H
REREIEH BN RERE . 0 R R 5 A P L e B B AT 44 BTG 8, AN . KSS
PRI 80-100 7> (fEF5) » 70-79 73 (KD , 60-69 73 (Hh&E) , <60 7r () HEAT IS
sp026]

#
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=
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8
b=
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2.2 WFEEERIRE

2.2.1 XCPIENA X G- &8

A FAE BT RS NRERE S KWiesh L=t R, MG 45° 8 R C
B X J6HL (BV Pulsera, Philips, Dutch), [FIFf$a#% 85 23 R X g, SLls)
AEYEROCTIEER . MR R C BV &, AWM TR 2 a5 w8 RR
AR £ XL “FAERT R, AR miseAg, ST EHRH B AT A
(A7 B IR B S IR i 5 B . e RO IE TAR S, 4 XL e R “ Bk s,
JURHIERRRD A H 30 MiUTE BE D 10 ms HIkif, #EATEhA S RRRAR R . fE L Rad A,
X OCHUBCR VR 38 B 2= B X 6 28 F 4 23 JE RS U3 T H Bl i 8, AT PRk 4l 78 i s fg
J

2.2.2 AR IEAN S (A AR OE

BT X 4 OGRS 2R bl R PR e 52 e o e AR AL, 7R X AR AT AT AR B,
A O J5 B AT JE SR ECHE o 78 IE LIS URHT, 753G 85T AL i E — AN B 5 5] 4045 HLIal %
20 mm Y S IEMR, IR B IEAR 30 cm AbRCE —H 2R, EEANUAE A X
FEALI RSB IS AR T BIRCE SR, J5 S8 Hr iE AR ERAR 8 s AR X A B
UG A S PR B S ORI R A R D IE S 80U X AL G RN 3 8K 5E 1 AR AL
B 5, [w CEIIIA EATUA, TERA S A A A HCE — > e il 2 A AR, B DY
AN SR — A 75 mm * 75 mm WIE S, HIEA A EAEFRIC. 3% Z 1 XCF
w1, HTHEWE CENIIHEXNALE.

[RIEE R HIEEES

B 2-1 BERAMFERRE, FIHERRABIER+ S 6 B 5 IE B AR

!X%%ﬁ

B 2-2 $FIE/E, MPHARGEKANCE

% 8 Ul gt 29 W



e/ SHANGHAI JIAO TONG UNIVERSITY PSR B AR B 40 g T SMI B O ZE R RS R BT R
223 ZAE P N L

TELNVERITHE S R, R B IERAT f R RR G0 T MBI B 2R f K s O 2

() X T 12 48 42, (BV Pulsera, Philips, Andover, MA, E{&73 353 1024 X 1024 142, K

BANEE 30 Hz)o PP S2 IR 42 ZAMEM IR OET CT 5 (SOMATOM Definition AS1; & [

FEI1F, 120 kv A1 80 mA, 4% 5 512%512, ZEFMZFEYIN 1 mm). ARIEZIRE fE 5K

TEEENE, R AV E TEARIATE . BIOLFE 52 200~300 KEE, Bk
A RGHE S 0.0001mSv, SFEHE/NT 0.1 mSv, EZEVERHIZ .

i ‘

i

Bl 2-3 fAEERRE D T B 2-4 i C B X N XHEK

2.3 MBI Z4EREER

2.3.1 EHSAME A = Yrpi A d

# CT KB S 3D nf WAL A 4K £F(Amira, Visage Imaging, Berlin, Germany), 2 K&
ML) 3D E ¢ A . FESIRTA el IR AR BRI AN A, 20 0l ) 00 e e I P 348 X SR
HMERIA S, A AT B A R 43 KU B SR BUER AT 73 B, 19 B E RS REUL %, Bl S PR
G B B S X AT T2, AR, JFER 2 R0 53] 7B #I =4
AL, AR G A STL #63, 7 (8 )5 26354 . 8 RIFE R 7L TKA (B 1) = 4
R FERARREY =4 I, TS BRAES CT s, T3 17 RIaYiknsh
) DX St FR 0 W7, T B PR AR A A B B, oM 5 SR AR 12 R TR
TE B R = YRR SR AR, FRATIAE Geomagic Studio S N T FARAEFH HI G A= 7T
KA IR, T B S AR AR f AR A7 B e, @I B B s R S, e
Bt 5 R T AR BEARAL B AT X5, 153 TR EAR BRI OCT h A E, T R4
RS,

B2-5 (A) BRTF=ZHEBEEEMRA. B) BRI EHEIEERA.
af: BE, He: BE, KB BiE B HE.

b
©
p=
H
3
p=



B) X FAALY
Pt SHANGHALJIKO TONG UNIVERSITY PSR (B B 50U B 6 5 PO AMUU B M ZE AR e A 5%
232 RE i AR AL R AT

(1) BB R AR AR 2R

P AHI 5T R BB Y MicroPort® 5 28 X705 & e 8 Py Bl AR (B AR 1) = 4R N R 4
BAH . 2% Grood A Suntay $& H B OCT Ja AR FR o SUR I, DU B M8 4 3 A1l
B _E R A 2 BT, R O R R AR R B o T AR T 2L X 43
PEHUE R, BT PG . LUA B P NS P, et s S, BETS%
P ELLE 1, 2 577 FIAT L 77 ) XORASR] y Bhi7 1, BT y W z B B E. &5, H
y BRI 2 i R TT AR A x BT ) .

2-6 WEBRERELIRR, 46, . BEMIHRRBIRRK x, y, z #. z #HFPITT
BREESAEZER TG, x HEETEARMFEAE, y#HEET xoz FiM L.

(2) FeE Bk sts &

ok BRI 0 S e -7 S EAAR 63, T X0T I R R e 2l B 5
Mg, HIEE TSR OGRS e eihe, NSRS TG @I AR &R . R AT
2]y AR A P9 O T AT SN TET (RIS, B P S R T, A PR T B T o, SRR
AR M A0 i, DLEZR AR A B A A s 2R e DUMBAAR P AMI & 232 7 1 1 D9 ik
z 71, JE GO LA P A O JE AL B KT T D xoz T, T ARFR R JEUAL, FEET xoz
ST AR y BT,y B 2 5l OGRS AR x BT

27 BEBERBARER, L6, H6. EOHSIRELRRN x, v,z . 2 IPHFT
B REERNS, y HEETREFEAL, xBMBEET yor FEAN.

2.3.3 @itk bR
1E Rhinoceros Ak SN E FUIRE (/) STL AR, #3E4T P9 A BI04 4 1F &S i ARIE

HI - BEAE AT 7T P 40GE (¥ P9 A0 307 (0 B A AR I AN TR B A A 5, A 72 20 79l F =R
T 24 SRAB UL P9 I 8 0 ety AN S0 o S MR SR P 508 [ 91317 1B DX ) R s 109
Y A RS b s e A0 0 7 0 23 S E P R 00 1 mm A, MUREET &
N5 60 mm A ATRTIE Ak AN E ) O B R BRI MRS AL, R b A T HE
= ST S S Ee A W e 1 1 6 R 1S ) 0 - As  OK VA i B T TR &

10 71 3 29 W



@) ¥ FAALY
NS/ SHANGHAL JAO TONG UNIVERSITY PR R 1R B R B X T R SMIU BN RO EE (R R RIE AR
KPP HI NN L S = 4R E AR 2, T RS

2.4 EEIRIE

2.4.1 EBH M IE
T IR1F 0 X G BAF A, 75 ST WA AR b SERR A R Z AR A B IE SR I
L o B R IEAR R EY AU bR B S W & SRR3R B 52 B8 S0 B B AR AL
P 28, BRI N B) A R R B — IO AR AT RS LE « R B A Bl N
I(u,v), BRIEW BRSO EIC N R(u,v), “EGE——RNExFR, 1T HZ AR
{u = Qg+ QX + A,V + a3x7 + auxy + as¥? + agx® + a;x?y + agxy? + agy® + ...
v = by +byx + byy + bsx? + baxy + bsy? + bgx® + byx’y + bgxy® + boy® + ... (-1

Horba, b IR IESHL. KRR B i A s 2 U (O R R AT T 5

] (1w oy oxf owmm yioad - i
Ul 11 x y x5 xny y3 o8 - yB||®
) Ll 1 x oy % xy yE o3 e y?)LGal
] 1o oy o xyy yioAd Vi|[by]
v:'g |1 % oy, B oy ¥ oA V2 b_z
Wil 1 x oy o xw v X y?| Lbn] (2-2)

K 2 TR EOEIC N C, RIER L8y AR m = Ao ULV, R IE S 80a &
RICH A, B, W ERFEREHE SR LRy

[Ur:xl = CoxnAnxa
Vixl = Cmanxl (2-3)

n MR IE R REYERL, nAEBOR, AACRIRIERESE . SZETHE SRR S MR IR
FE, ARBETEBE n=5 WHIESH A, B . (&R LT

211 0 3k 29 T



X FEXALE

e suavaal o Tone UNvERSITY PSR B B 400 P S 5 5 PO MU B4 s B ZE A R (S S R 55

{A =(CTO)CTU
B = (CTC)CTV (2.4)

PAEAZIES BT LR RAZ IE BN A B R ) i8R, ABEAT Jm 8eX0F- T R 44 IEW”
B #i8 T EMRECHE TAE . 75 S250 FF 46 0 R S50 430 56 S % 5 BT — UCHLR GE, B
DRALE P 7 PR 0 L B R P — B

2.4.2 X Y5 RN S5 AR X AL B
B IEMET 77 30 cm &E’JEJM‘& R IEAR B4 B8 R X B B . DA E
ST OAE A TR AR RS R A, T EDRAR A L B S B AL B C 0. {1 MATLAB £
AL T EA, AN—ADENGIRALE , B PN S DS OGIR B 2385, tFREA RGN
MG R RS R R 2, PR ZE N M IME N AR B R st ph A=K

min Zle |P,:(0, P) — P.,,m-|2
(2-5)
Horb P ONIRSE R B S B AAR, P, R R MR E S AR EET RARER, O Nt
frE.

2.4.3 XCFH R Gias A B i

FEA D CIRAIE R 2 A FE B 5, 376 T PN K BE 2 1) (KA i B R, T 58
WINPT RS £E X G2 A s B RO IEAR, AR T A0 AR IEAR b DU 5 64 =)
AR BRI R BRSBTS R A3 () A, B b S ER Bt A 77 iR L RS TE AR A 2R A
S T A 18 K5 PR RS HE N Ry R oy RIS TRV V ey o ICHY S FE F2 T 5 R 4807
R P, 1 FLFHAAEER FRIMBEER P, R IENR R EALRTR A P, o AR AL b7 2 #ie,
I)_I\'Jﬁ

P, =RL(Pp —Vg) _ T _ T

{ Pr = RuPr 4V = P = (RrRe2)Pr + Ve — (RRe)Vidd e
T, WL FUPTARR F2 PRV Ry Ry, FRFE IV, — (R Ry Wiy s
BET ZHIH R E R,

B NEMEP R R IISIERR RN

2.5.1 4B 5 = 4ERIR () F-shEc e

) FH 2 ()RS 145 2 10 60 2 8] R RN 3G 186 B i A A7 B AN G h B IE s g 45 3%, 1
MATLAB 27 . —E B RS 5N 3 B AR — 4 AR 3148 (1 — 4 00 T
A%, I TR AR R 2 (R B AT PR et , BB LAE AT B S e 2
B—mi 4R P B RIL G e e E A, ISR TBIAE =4S b AL E . BRI
K. PLFL ?W’Eﬁﬁ’@MXPFE%é}EE’JéEékﬁ% Ji B AR B AR AR ) A AR #0 ] F Tie o
FEPE R FIAT R AE R V R . S —Wiss BRI HE TE e, PRI AL AS R 0 S AR (1) e 4 6r
B, WA B A G 7E mat I#FEP T AT J SRR O T B A AL (1 S RN K R

12 73 29 W



%ﬁ%siﬁ?ﬂ@}cg
PME/ SHANGHAI JIAO TONG UNIVERSITY PR R R RS R X1 SMU BT R A A R R AT R

] & -
1.6
1

o

L 4

|

)
¥
v

B 2-9 WAEGE: EEMICFHASY, B FHABREZAME, FRMEBER
ERAFH ENSRESRE LHREERELES, BERBHREAMNE.

252 BRTEsh It E

e Je A R R D R BNV EAE N 2 b R L IR OGS B = B B LA B S iR
BFE ARG S A AT . HBEE N ATE K AR Sy, BRI @UAS W Jg o A 2%
R, HATROCHT RA TR EFEREE T, XTIt/ T e A 5 m i &
Ko HEWESNT, BT ReRIM B, RIS BREE 17 SR G AT SR AL T AOREAE IR
FEJEHI N AT KA, B, AT R N B RO s sh AT b, fETHE
H B A BB AR AR TR AR B R 75 B B BEAE 3 B BB Al S iy gt =

it 70K FH E BB /1 2484 (International Society of Biomechanics, ISB) 37 ) 7715k
BSOS FAARR R, TR (B AR T RED) FSHBEEIZS). EXCFH RS
PR N 2 O SR O T 7 () = A e o 30 e e 2 o o ) By A AT e 4, SRH BB AR 2 1]
FRVRE T T % #7 E o RRAHRR RE A 0 X, AT — A 2 TR e 2 0 mT AR 7S IR Ik 8 = R &l g
H=AmENAS.

MR 5 B AR B (B A ) 2 (AT AR AR &, AT DATHRL i AE T IR B R e S B, AR A e
AR MRS MR R A e, TR AT . MR E 2R RESCA R, E AR AR
RIESNR, , W AR AN 5 I AL AR 2R IR e e 6 A«

R = RIRAf(x) = ap + - a, cos— + b, sin=—
Fat thy 0 anl( L L) (27

WA E BR A )5 278 S, RIS IRRhL A BB IUT N z —x— y « R BCE AR FRAH XY
TRE AR R = AN e SO JEMAE Y, WANBAE « , FINAMNEMEE B . AR3EER
PLNERE A 5 e AR R (AR G &R, WISRAT 3 ANT7 Al IR e A% AR«

3
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0 1 0 0 cosa —sina

Ry = R(BR(@R(y) =| O
—sinff 0 cosBll0 sina cosa

siny cosy O

0 0 1

cosp 0 sinﬁ”l 0 0
(2-8)

[msy —siny 0]

DI B M A s 28 i 22 ) R AR X s B AR T BB AR 5 AR = AT 1) AL
¥ o K iy AR AR RARNS 5 I8 AR &R I =ANLR 5 181 € SONTTJR T H (A= P) , 15 1A
(P—D>) MPSMUTTTE (M —L) o FBAFERRAIRR TR R GE SNV,
HAERRAIRR T AR RIS E SNV, B HR 5 B B AL A2 17 & SO

I/ththT(Vf_Vt) (2-9

BT AT IERZ R EIR RN =7 [ AL RS A =S5 [ ek, 2540 R A Bk
Jrike NG AR S AN EEIE S, D7 BB GE 22 04T, A O A
RO B L B A AN RS WS 2 M 5 SO A P52 CURE DR I S A OA 6, AL SRR A 2 BLAR
BIONIE. ABDNTL WANIRM SN IE . Ty . B A e AL R2 , R Al JE U5 17 DA
WIRTNIE RN, ARy ) B RAA b)) N IE 18 S G ) A B, R AT ) b
LA A IE S [ MDA S E TKA ARJE BT3P i 5o b, JoHAE DU ST
O 32 B T 1A O D RESHAE R, JEH AR J i Ay BRI IR R T IS 3N, LA Hh A1 5
NEZE, HRDA BB R, EEXCr R R S lE s s sh = 250 — &
V00 B Y 220 0 1 Je o R FEREAT SR, AR BRSNS A R B

i EE R, B R SCAE H EE JE h N )3E B EEROK, LR BCHE R P2 0T TR AR
o SE T R BUSAAR TR AE 3-4 M2 A, PRAEFE I RE AT 25 R b 2R AR AR Ao T T 8 2 h
K AR, ORI T LRSI, IITTRIRG 10-20 Mtk 18 . A A 00T i T E 753
WIszh 228, e a] o DU AR hs RN R AR &R, SRR B S = A, Rk =
HEAS TR Y T = 1 R (0 T AR b AN = 281 B AR B i R B R X W) A2 4 i AT 2% 1B
(12 ) A AR DA S A P B HERE 3 T 550 HE IR OGN B B 322 2 803 N MATLAB #2/7H,
TEAT AR 5 et o o R A 2R A T R () 990 A B R B

2.5.3 R BNAS i Hh LAY g ST

P8 Amira = 4 @B 8 HY 1) = ZE I IR B AN 20 Geomagics 3R & 1] )R
J BRI A B, AT UM EILE CT 2R ARhs 5 T IR B B A TKA BARIIAE AL B . fETT
HEHKE SR, W st E N AMUER AR 0@ R 3 BRI i 1k s, PRt
Fr R SN, A B AT R B R AR ] o T 0 L R A A B R O T S (I B T
AR, MU I B L A B 2 A E .

FERROCHT R M AR, NIt EIAT KR, & 2OR Bk = 4R A fir g = iy T )
D 1 SARAR LR B[R —ANMBER R T o MR 2 10 SRR A R R, S B R A
ERFNT L3057 1 AR BR AN CT 42 i A A R4 2 4% FHARAR R R o B & R A bR 7% 22
JE TR R IR AL, BT RS S I ARARTE SR AL bR 2R I AR AR AR Nt AT #8052, RIMT SE R )R
MR R IR 2 R AR bR R A . A DU E R ARG, T =AM T R AE CT AR R TN
AR A VG s BT B A RURRAE s S R AR AR AR R R, AR AR R S ALRR R T
TR B B AAAE B AR Z T B A T R AR AR A«

Vi=R*(Vo—V) (2-10)

B AR B AR AL B A AL 2 B AR R TS AR P T AL AERR T T
S BB A TR BN B BB 24, R e —mishiE T, Bed AT R e
P8 . DR E NS RN R AANR 2R, R I E AR R B 7E B b 1 s AR bR AN =) 5 A R 2R 5%
BELRMFRT. idh:

Vo=R"*Vi+V (2-11)

Horb R N E AN T B IR 568,V ONIeE M T RE M — 4R . &0l iR
1, B E RS A i ST e B

3
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@) rEidry

Bl sl 1o Toxe unvsiy PO B 265 PO B O 2 P R R 5
2.6 MEWHEKETE

2.6. 1 HHAGKEREL

A G317 S B 4 PO AN (R R 46 0, R A B0 4 T 4 B G B R
R LE T T B R T AN AT, L BT P I A R 1 A R LR PR . IR 2
BB A, B AR _E B e 1 SR g AR AN B8 B 8045, TR L LK 2 g e
ok T P BR AR KT o AR SR B v, i P A L B SRR AR S AT W K R B B A 5

F— A2 I B 1 i 48 P T AR O 1 = 4B, A5 B B r i, Jd stk
3 P Y B SR AR T MR A5 B 1 S B o T B TR AN, AR F) K 2 T
A AR R I AT R, R b A A T HEAT VIR I AN T, A AN 7R 1B B A T
FUTE B da /N B BB P (X3, HLAZ X I 2 TR, 78 AN B b R 1 Y o S ) B SR
FRENZ AR R B SR A o 3 ORI O R A B, BRI B AR K .

VERE 2 I D L A AR T R 4 O NS R L DU B 1k O g 1 s R A R
T R B LB A R B A H b, 487 BEGS et 5230k B sl e/ B, SR b 0 e
R SRR AR, KRB R B, 2R AR K R U S K B A g5 . AR AL

AR

L=min{lo=F (0) ,—90°<6<90° (2-12)
Horp @ BRI A E,  F(O) NiZAE Tt R R, L2 Rk
GREgAT . WA SRR B RUEL, SRR E TR

B 2-10 TKA ZiRXEMEMBRTREARERE, SFAMIBIEIH CEE) .

MR BRI, THEBIETTM 0° F) 100° & fhid FE rhAE—AN T i A B R IE RN [F N &
WA b S R A 51, ISR ZALE FIFIAT K. W KR, A5 ar
W5 RSB AR R I ) = 4E 2 al i n & /L, 2 BER 7 0° 4, 30° , 60° 5, 90°
F1100° JiE # T RS FIRAY,

0° 30°

100°

B 2-11 TKA BT M52 &80 B 215 K H B AL A, B — R KK EHS AN E

2.6.2 &K B R R Tk
W REAS S E I A MR Z 57, AR RS 2 B S i 0 KN S5 K
&, Xt A M &A1 (0 BT PR R = REEAT bR AR B

15 7 3 29 W
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o/ SHANGHAI JIAO TONG UNIVERSITY PSR AR BRI B 1 5 BR S 15 I AMU B B FE IR R AR SR 52
WK [ e

hi=1/10%100% (2-13)
Ferh NI SR ANIR] b i B2 AT ORI RE, Lo ARSI E R IS H K.

LA i & e ki ib oty g f e, B
e=h-1 (2-14)

DA K E AR kR W h g, Rl
r=el—e2 (2-15)
Hodr el e il A B S 3K &, e2 ART— B R i A T K &,

2.6.3 GiHEHE

K H Kruskal-Wallis JEZH0R 500 A & 8 i A B2, W07 — IR R Gt 25 2%
S HTHTA RGP T EaES, BOITIARM &K E il M B2 100 B, I Bz /R
FHR REHTIE DR TY 0-100° JE I AR A, BN A BE N 52303 1 10l K B R 4 28 15 79 o
KSS WA Z (A A e . AH G REM 4 X {E7E 0.3-0.5+ 0.5-0.7 F10.7-0.9 X ] ARG
d, B IEASEE AL (R EFEMEIKF p<0.05) o I TEBAE kS TP S 56
PEOY HIARSCVEBUE AT & AR AR A, SRR S P Ik B I K/ /N R it A PR, 90 K B e
5 KSS VEor &5 Bor AT ML . RIS BT 5 H KSS W40 7E 80 43 LA | (IR
SEHURLD) WP KA KIS, ENRMTIN TR, 9 TKA BAETEAT I @I A 45
I IR E SR AL IR IR S %

2.7 KRENE

AREFR T RZINEREVIIEO . KRR R RS = A .
R0 A TS DL IR PR VPG T B AT 1A o A IR AR S48 32 103 TR B 5
YRS ER . Hib NIRRT I XCT T B A XL B 250 CT . AL
BBALIE. XCF i R g2 AL B A CT BR BT IR R =4 A . 3@
ST AR AR = HER A (R HERS BB SCTT RS B S R R R R, ALY
HIEhas =4y, i Mo AR FE T R R, SRl i i 5 B Thfg
PRI AR -
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SHANGHAI JIAO TONG UNIVERSITY PSR AR BRI B 1 5 BR S 15 I AMU B B FE IR R AR SR 52

EZF MBEIFIH AR RIG RS RIFE

3.1 UBIFIHER AR

BT 1R~ 38 2528 KR (B IR O 1 e 2 A R I I BE) R . aMICL 2 93.8 £6.3 mm,
iMCL 4 100.1 £6.1 mm, pMCL 4 107.3+6.2 mm, aLCL ; 57.6+6.5 mm, iLCL N 57.5+6.4
mm, pLCL & 57.54+6.3 mm.

aMCL [P 0° Rl 2] 46° JEANIEIN T 3.3+£4.2 %, B J5HrE: T B2 AR il
100° , K FEIEF -48+53 %. iMCL 7 40 J¥ Ji #h 2 57 K B 3 A R 7 A48 (K AR 4k
<1.1 %), MijEHE R, £ 100° B EET] -11.944.9 %. pMCL K R ih £
B RKRFSE T B8, 7R R i K B IA B ME -17.31+4.7 %. EATA JE /A B (0° -100° )
T, BRERMEBEITIERAFREGA (aMCL.  iMCL. pMCL) f{HKEHA Gt 2 5%,

LCL i 75 WK R I it #42 E A8 8 20(aLCL vs. iLCL vs. pLCL) [ A£ 4R A 4t
%5 aLCL M 0° JEHIF A6 2] 47° 8 # LR E KM, mAKEEME -1.0 %L,
47° 8 M %2 100° JE i, aLCL KJFENIN, 785 K Hh A M K EIL 3] 5.348.9 %. iLCL 1
KM 0° Jaih FRER 38°, MIKE -3.2+5.8 %, BfJE KRN, EH&HEHKERN
1.248.6 %. pLCL KFEM 0° JEMHlI FFEE| 51°, K EBIEF -6.3+6.7 %, BEHSUKESE
A, K EIAR] -2.848.3 %.

PR 1 30 5 AR A0 0 i S SRR A S e ot R R O AR A e R B R, H s
RFN IR DU B P K R, S IR R K R AR =

10
* 3
s’ 5
® ©
o (=2}
S 5
w -10 17}
3] o
= ' aMCL r |

= iMCL B
-20 | = pMCL
0 20 40 60 80 100 0 20 40 60 80 100
A Knee Flexion (deg) B Knee Flexion (deg)

& 3-1 (A) sMCL &K E B8R ith A B ER . (B) LCL K &R E h /A F R E .

3.2 URE R

FETH S I FE RO RE , FBC v A2 0 R G iR ZE MR B PR SC 8 s T3 AR ic I
Y AR L e PR 2 TR B AT o P T B 5 R R o D 1 PP IF FE D5 9k AR R 1, (R A T
SH R RATBUR S . RAESCHR T BRI, RO I X Ot RS EEAT T
ZNECHE, PPN E B EEE) A RIRZELE 0.11 mm (A2F%) F10.24°  Cighe) LAART.,
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~ SHANGHAI JIAO TONG LJvakmnv

% PSR AR BRI B 1 5 BR S 15 I AMU B B FE IR R AR SR 52
f ANTTAFR 040,11 mm AESE 04£0.24° Y433 SN IE S 20 A5 i 75 , E4BU00T T &R
SR RGO E, ERTEYATKE. SRRV, IMCL KEZNFI{E-0.25+£0.23 mm,
®%<0.25 %, iLCL KEZWFIIE-022+0.14 mm, i7%2%<0.23 %.

& 3-1 MURIHIH AT 5 KA F R A E R R EM =R 2 MG #2257

iR

10° 20° 30° 40° 50° 60° 70° 80° 90° 100°  R/ME BOKME TEH P
(%)
aMCL 0.5 1.8 2.8 32 33 2.6 1.0 -1.2 -3.1 -4.8 -4.8 33 8.2
iMCL -0.5 -0.3 -0.4 -1.0 -1.9 -34 -5.5 -8.1 -10.2 -11.9 -11.9 0.0 11.9 <0.01
pMCL -1.4 -2.2 -3.2 -4.7 -6.3 -8.3 -10.9 -13.6 -15.7 -17.2 -17.2 0.0 17.2
alLCL 0.1 -0.6 -0.9 -0.5 0.3 1.6 3.0 4.6 5.2 5.3 -0.9 5.6 6.5
iLCL -0.6 -2.1 -3.1 -3.1 -2.9 -1.9 -0.7 0.6 1.2 1.2 -3.2 1.4 4.6 <0.01
pLCL -14 -3.7 5.3 -6.0 -6.3 -5.7 -4.7 -3.5 -2.9 -2.8 -6.3 0.0 6.3

VPG b i A7 B T T S A SR R, 7RG Y AU R R b s B
[ AIR S 77 1) 05 mm NIATA N+ MARid s, EEHF SR e A E PP E. g%
B, 1 7 A kS s £ 5 mm, iMCL K EARELAE 0.10+ 0.11 mm G, iLCL K/
BALLE 020+ 0.57 mm G A i 7w b, B S sl +5 mm, iMCL &K B AR 41
-0.01+ 0.57 mm, iLCL KEHME 0.19+ 3.42 mm. H)H7 1k A7 B A eloas A 5 m i) &) 37
AR

3.3 MEFHHIKESIRKRTTAEX S

3.3.1 BFEIhREVES
L4 ] 2 B A Ry 71420 4 41 TAG“TIRE 41" 86.3415.1 4

3.3.2 WK (K ERD Al RV 7 IR AH ek

PR &30 R HT AR (aMICL) EPﬁi(iMCL) Ja Wl (pMCL) B B4 AILE 63° ~79°
65° ~78° , 65° ~77° JGHIANM “ThEevrsr” 2HEEAAHE (0.5<r<0.7) . HA iMCL
KR “THREVESr” AR RIAE 69° Eﬂfﬂﬁﬁﬂﬂid\{ﬁ 0.59 (p=0.03) .

PR &30 R HT AR (aMCL) EPﬁihMCL) VAR (pMCL) I ZAE 18° ~64°
20° ~64° , 32° ~64° F “IIReiEsr” B EEAAEIE, Hrh iIMCL R R D) 5evF4) 7
IR AR 23° Eﬂﬂﬂtﬁiuﬂydwﬁ -0.69 (p<0.01) .

1E 42° ~72° F125° ~75° JuflN, iLCL 1 pLCL MKES “IGKRIEHD " RIEME,
HobLCL KR “Um RV AR 58° Jm i i, A 0.57 (p=0.03), pLCL [HK
FE5 “ImPRITESr 7 (A SGHEAE 22° I IS 3R =, 4 0.77 (p<0.01). 14k, aLCL. iLCL #1 pLCL
PR R 5 15° ~25° JR#HE “ImRIE2 " RIEMSS, HA iLCL 75 22° & i A o¢
ESE= ¢£U077(p<001) aLCL. iLCL 1 pLCL Mg #4E 83° ~100° . 83° ~100°
F182° ~100° K5 “IhfgiEs” RHAHK. HA ILCL MKiE%EY “Ihfeitn” Mk
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PETE 94° B IA R B /ME-0.73 (p<0.01).

F 3-2 A T g R MCL/LCL i+ 5 R (K R 32) 5 58 3% KSS 174 (I
PRVEZr RN REVE 43 22 [ A7 EAH DA (1) X [

# 3-2MCL M LCL ZRMKE (HKE) S51kK (ThEe) o BE MK E A KX A

JERIFEE () aMCL iMCL pMCL aLCL iLCL pLCL
K- IR TE 7> - - - - 42° ~72° 25° ~75°
KEZ-Dhae vt 63° ~79° 65° ~78°  65° ~77° - - -
(LIRS 7 SRy - - - 15° ~25° 15° ~25° 15° ~25°

KR -ThREVE 4 18° ~64° 20° ~64° 32° ~64°  83° ~100° 83° ~100° 82° ~100°

2 3-3 A TR I B v B0 ot AR A O R B S L B VRO o 1 AHORREL
MK 0 T A

R 3-3 MR ZNGE R FIAESRYER A JE il f AR 2 KT

aMCL iMCL pMCL aLCL iLCL pLCL

T'm - - - - 0.57 0.61
RIS
- - - - 0.03 0.02
J - - - - 58° 58°
I'm -0.60  -0.59  -0.58 - - -
KB -ThRE R4 p 0.02 0.03 0.03 - - -

70° 69° 69° - - -

I'm - - - 0.75 0.77 0.69

SN TSI
mAITA - . - <0.01 <0.01 <0.01

0 - - - 22 22° 22

I'm 070  -0.69 -0.67 -0.72 -0.73 -0.74

i R-DREVE P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0 44 23 54° 94 94 94

ZARNERANHT, KSS BRICTIVFA1E 80 73 LA LA 100 LA R HIR B[ iIMCL K A2
ZKE 88 % ~98 % (69° JHEHH) , iLCL KN 108 % ~ 134 % (58°J##H) . [FEE, AT
KRR ETIE T 80, 7 23°Jm #hAY, iMCL MK RN -0.17 % ~0.12 %, [M{E 23°
JE RS, ILCL BRI F 0.1 % ~ 0.6 %o N T £ i Hh /1 BN 3RAF R A D REVE 20
94° Ji it B iLCL )7 4 2 N 7E-0.18 % ~ 0.14 %yt [ P
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(A) 1 Length-Function Score (B) 100 ~ oo Flex=69°

Function Score
<
b
.

T p=0.03 :
-1 50 N . .. R
0 20 40 60 80 100 90 95 98 100 105
Flexion (deg) iMCL Length(%)

Elongation Rate-Function Score

(€)1 (D) 100¢
2
S
L et ™
2wl j
2 :
= 1
. ~ 1
y % Prediction r=-0.69 L
1 irm mam wmn g “ntavals p<0.01 e
. 50 : L
0 20 40 60 80 100 25 S oG
Flexion (deg) iMCL Elongation Rate(%)

& 3-2 (A) MCL KE5 0-100° KSS BhREVESF AR R E . (B) iIMCL KE S5ThEEIESHHK
5 v O B A B R RO R ENE 2R . (C) 0-100° B MCL K R 5884 RIME X R HL .
(D) iMCL K R 5IThRE PP M et B i 1B # A B R R Rl e fh 2k . R A 1 C i x
MR LR NG G FE X

Length-Knee Score

(A) 1
0.5
&z 0
0.5 |- mm e
-1 50 - . HE
0 20 40 60 80 100 90 95 100 105 108110
Flexion (deg) iLCL Length(%)
Elongation Rate-Knee Score Flex=22°
(€)1 : (D) 00— : >
r=0.77 e
p<0.01 A 3
g2
=
<
@
3
=
X
-1 — - = S0 - H
0 20 40 60 80 100 -0.4 -0.2 0 01 02
Flexion (deg) iLCL Elongation Rate(%)
Elongation Rate-Function Score =940
(E) 1 = (F) 1008 ~_——* Flgx=34° =%
<
=]
& 80l o
g
]
E
DT = r=0.73 S |
——Fit p<0.01 LA T
_ _95% Prediction 0.14 s
-1 2R K3 Intervals -
0 20 40 60 80 100 002 o1 0 o1 02 03
Flexion (deg) iLCL Elongation Rate(%)

& 3-3 (A) iLCL K 5 R 7ERE LT 0-100°/F i F RIMX R . (B) ILCL KE 5IHK
YRSt B i (0 h A FE T IR BT A R . (C, E) LCL 2R 5 0-100° /8 Bh i il R PP
SITHEEVEABIAER R (D, P& EH B R RIS EAE T ILCL KR 5IGKITES/hEE
VN Z MR EMH. BE A, CHE Hi x BRHELERE ST 2B XX .
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3.4 AREING

ASEETT IR T A TR OSSR, BRSO T P AN 0 A AR A SRR (R R B e A
BRI, 0-100 B2 i #42 T M EI 904 B L R SR AN KSS PP 2 [ AR A, e
ROV 5 ) Jf i A1 5 T IRV E 45 2R, 245 Hh T IhREVE 048 80-100 73 X [8] A (#0417
R PE AR R
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B suannat o Toxe Uy PSR A B B R S5 PO S MBS A 0 ZE (A R A T 5

FEMETE MEHEREKT L

TR AU T TKA IR BRI 58 S 820, [RIgk, & 307 26 AR 1) K AR
BN AT B I AR T 25 1B 7R « AN FCHRIE T 3252 P IR AS U0 B 4 A (B A
B (1 SRR AR SR R RR A D T B S A P 0 A0 R S R R AR A
o FI, BTSN 7RSS R thER 42, MBI K A KR SR ThEETP o2
(] (RAE G . FRATTBIB AR I, BEAE MP B3I 0CT JE h A B 38 hnn, P00 05 AR & i)
s A AR AR O — B0 AW Ui B R I, PRI (10K B 5 ThRE VP 4 75
Je BE TR A BE(60° ~80° ) N R AAHIE, T AU R A B S I G P o0 A R R A
(40° ~75° YN RIEMSC. 7EJE A E®0° ~100° )R, AMUlEFH A K 2R 5 ThAg 4 &2
iV PSS

BEAERFL R, E T RE B 7M1 3 2 DU B 5 2 BRI, AT TRE T390 K B AR A R 2 8
KE T PR . BARM TR B AT DL B I 2 W0 K B AR A, (R AR MR AT B S R OG AR
Y715 RN LIS B (RSN o A S 22 DRy A TR B0 A A 28 T R DG T iR AT 4 3 S
i, WEP AP e H R AT, MO T B AU T AR E R,
T EFIRIDIRRIZS) . R TKA B3R GBI 30 it 264~ 0007t A4 71 5t 7%
TR E R T R A6 TKA B & MR #REE L 7ML
SYERER, ERBCP T X AR AR R RS B S R (R, 158 T A
RO T B B A 7E G 19 T A o AR B AR A B AR AE,  FERR 7 TR dh AT IR DG 1 B 28 = 4R AL I 4
T o AR A R DG B 00 B 1 OB Ui P M B RS L S, R A B =
W, AR AL g R UG S AR S R A SRR AR, TS E) 0 100 JE oL
5 i R AR

R BRI, APFFRINE T UEEE T, REAMERH (sMCL) FsRTER T 5
A E N FF KDY 100.1£6.1 mm, SMUEIIH (LCL) R F K Ry 57.5+£6.4 mm,
5 Jan Victor 55 NAEME G 78 81 P A 5256 #RGE 1 sMCL ~FIKFE 104.6 (FEH: 96.7-115.7
mm) , LCL “FHKE 65.3 mm(VEHE: 53.8-72.8 mm)FH—3, WilF 1 #5845 S ik v 010,

FATTEIRR T IE B, )2 IS0 B BEAE R OGS 0-100 JE e #h P EE AR FFA R,
BAOE TN B T RERES, WAL 2 mm LA TiAMUEIFIH A 0-70 TS A
KRR —3, A1 70 BEJE M 2 5K AR HE, M 65 mm FFEZE 57 mm, RUFEERK
R AR RGO, RO R AR A E T AN SR AR K . X S IRATII S P IS . B
AR5 R I P &) A R S A AN R R, BRI R A A . — I, AR5
PROLT AR UEYE , UL G TR A BT 727 A BRAR I iRV S 00 1 1 3
AIUIRe. 10—, PRS0 R B e kS ) B FE IR B 12 mm, A R — S HCR R
HAKBEIEAUE . S50, B FUE 3P0 TR0 R AE S0 BE 72 47 J it i A R i34,
PR B0 T oA A e o B R R N K 3.3 %, T AN AR RS 4E . Ui aMCL 7
i B A B AT RE PR AL T OB A I LI AR ) — S 24 70, Wijdicks 25 A AL 45
BRATIZS), ROUERRE T ARBEICHTE M 60° I, MCL 78 30| 1) B8 11 17 2407 A MEH 0 5 7
T E FAE B, S5, Athwal 55 AKH252 28 X0 Ok B2 BB A4 R i I A2 e AR A4 11
FURBEIEATHEAT TR, RIS 50-60° JE HIE, %JZ MCL e 25 51 S F0 A 4 g
B TR TR LA B R DTRREH . A SC 45 AT Sy SRR T IX SR E R, UERA T MP B BT
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mﬁn¢%ﬁMPsiﬁw TE R A B e o st e e e 28] [0 6 110 4 4 P N AR e MR TR o
[F, & aMCL XS T IL AR, AR SCEBCIE A A T 4 0] i 90 £ R 2H 2300 &5 7
METHIEAT, B AR S O SRR B AR

TEPRANSEEG Y, 0l BoR TC R 7R (@RI ST I 2 TKA B 5 BT, AMUE] 1+
FEAH B #04E R R %, T E S i U RA 3 3233), Ghosh KM 28 AR FH BS 1A S 36 72 T TKA
B AT S S A R BRI, TEMEREOCTTH, LCL A 0 BEE 110 B h
BWARRL 6.6+3.7 mm, 1M TKA BHARJ5 LCL M 0 JEF] 110 & JH 14840 10.7+£2.8 mm. H
TER A B B A 2 T (1% B AR b i M G 1 0 55 46 i R, R i &7 30 A b AR i B
A FE S5A S iR IR R IT AU A, Hosseini 25 A K HL TKA ARJ5, HE M) 89
P 5 Bk R See BRI S, B JE A AR K, LCL Bl st SR, 43¢
M RER, 2 MP TKA B EH ARG, BT E il A 0 BE3E 2] 100 B,
AMIEN I e A R fE i, BT I TP A . R BE S S, AU s F]
FERTLHI BB, DA R . Al 28 N\ FIRHE FIXCETR A XO6Rg A, #t
FTARRENTETD FEAES, M TE AR R, A2, M TKA B3, @
JESZ ARG A G0 s A AR ORI AR SC & SR BE R ABL, o aLCL B Ji it £ B2 398 O He 2 08
K, iLCL M1 pLCL #B1E 0° -90° Jw #hu [ N 5e28 K, 90° -145° JuE N HAZK, fERKHE
it A BT IR WA SR G B o FEASHE U, MU EI BT 5 R B T BB i B P e
TKA B h— e P2 B E R A & 7 AMU R 05 B PE AR R A AR 2 X8 7 St v] R F 9
SRR CEFE vs RN , BAEFRIIAF (MPvs CR) , BRI KER L GR
HEERE vs RRFASEE) WIARSGHE. T A PN 0 @0 b s e 5 AR s
i R &5 R e, — 7 IRATEA T W R A ThRe s R I B, I 5 STk A 4g B A FI
b A 1 R B AT LU, 5 — O T, FRAT DN R AT T R ST T REVE A 1 R 5 R A
G BEMFEMESZ, AR T ARG AR R .

KT — AN EE R, 15 BE g f2dr, il @3 K2 5 D RE VR4 2 UM
%, MR, AMI RN A S RO VR B AR G XSS R, WmJﬂwﬁh@tk
BT, MO DR, T AMU R R, R, RS TR
oy, WU, B M TS MO IR A AR, i AMUAA S M R B R k
BRI, BRI IR 8 MEXT TKA TS ) e 220G 3 234353637 Ramappa 58 N K,
A MCL i BERA S5 2 N AR 30 - 50 B N HFastAR B, SR 8 i A Fabs. H
AT AR LS i b AR Re R 7 GBI AE TKA A G SRR e A (R B, R4 3 ok
] s PTR80S e 58 AR 0L (g R R 5 1 [ A TRD B . SR b, BRSGTS [RIBR 7R
0 B 90 2[R FFa KA . Rk, (EMATHRALIAGEN, FAZKEEAE Hhya Bl R 8
5k 7. A FLRIN O BNAS R il T WA K BT T b, R T RIR IR . 4
R, 1F 69 FEJE M, MCL MK EANBEIEZHKEN 98 %, BLH#IH KM IhaE T
BAMEME. RS REY, PR (60-80 FF) I MCL MK K R A%, MP H#H
TR R

HRICTT A AR e Ve — B 3 TR R B AR s i o SR, IR OGS I i) s R S A2
FEA AR IR . 75— L4155 TKA B R mvEmt i, 45 R4+ . Watanabe T 55
NARIE, MR A sth 1) £ 35 R 5 I R O 15 AN Fe e B8 )™ & 81, T Kamenaga T 58 A K
PUAE DR BDIRES R, &MU 5G9 AR ith, 5 B L F 8 8 i 8 P85 R B sy DB O 2 A R
09, AWt ER, EREENTEEH T, LCL KE ST Ry 2 AR B E 1 IEAH %
%z%%ulkfﬁk K FE, MP EERECTI W, 5 MCL 4R M. 1£
@RS H, A EN NS E R, SR SR B BT B, X —Ig A
@%ﬁ7$ﬁnm %1Wﬁ$%ﬁ?%%wW%MM%%ﬁﬁﬁﬁT%%m?ﬁAW%%
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‘memmmmmwmmm PR (B B 10 55 15 PO SMI RIS B FE (R RIS R BT
A5, B U ML T IR G IR P e umkﬁfswfﬁ%ﬁh@ﬁiﬁum%
gbak, ARWFFERIR, LCL KR 5 & s i (I Th A 2 (BT 80 B JE #h) 2 fukf 9%,
iTE%E%%EW%%%%%%W%ﬁ%EEﬁOA%E?%ﬁﬁ¢,h@%%%%%ﬁ
i, DL E R NARIPER, (SRS g, REIZMIEM. Fit, BT ERARE
XTI T2 R I ZRAEH =2, SRR )2 L B #imrid & ] G2 S 8UR &
RIS, WA ol FE R A SR WA g — b A sth, 3RS ARSI 7R BT e
FAR ZAWFAEAR, TKA ARG R 370 FE 5005 8 515 D Re AR 253 B 5 1B A
JeB6 401, fH 2 A e T IE B &Pk MCL M LCL fTheg, ik, SediEsctifa etk
ﬂéﬂﬁ%%@EmeiﬁmW%aho%ﬁ@ETuﬁﬁxm%%W%@&ﬁ%ﬁzm
KRR SCE ST FARITE, DATE SR il A B X B OG0 3 > 1 AR ) R . AR

T, LCL K ZAEJE il 94 FERT RN T 0.14 %.
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BRE Hie

ARSI [ LR T, S TKA A A B O 1 J HEAE o M E 1K B, D Pl R 4 g
KFEBRARFTAGOPETIR G T8 T GORRY], BT e i, g0 i A e 1k
ATGI O 077 (A 5t P58 LA R P Je o By &) 30 i P A o 1A ) 3RAS S I IO R 5 D REAT
BEWEE . AUV BRI 69° i iy Py (I &1 )4 ) e KA BE AN I IR 98 %,
58° Jufh fHr s M EI ) K B R I SR AP 108 % 7E 94° i i, MR (K R RAR T
0.14 %.

A FOEAFAE LT LR R R & 58, B RATRIRAG B E RO MRI B, 904
B o B AL 2 T A2 I AR A o ) AR R R LA o R LB AN T 25 5L o B A PR 3 L
BEHTE - 2 B A B-5~ 5 mm, RIBUPI I K AR AL SRR . L, AT
T ] MP TKA JRR7, B RA IR Nz ai i, R g R T aeAd i T HAb R i
BRRAERA . =, AWTTEE KSS PP RV AR G IR RAEE WL . HAh &
VR PR 85 SRR X 0 90 W AR 4 2R R VA BE D9 4T

Fihh, #E TKA FARLSRES, WAL LB TARHEA R A BARRATIEAH
T RAERI B EEAMC R I, EF L EAMRHEE AR AT REAR MERS B 1 B0 A A . R
Ko ARIFR M — MRS HER I K AR P SRS, DAISEEL TKA FARERE A
GUNTEIR-T1, S B E T E ARG IR R 2 DIRE .
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IN-VIVO ELONGATION PATTERNS OF KNEE
COLLATERAL LIGAMENTS AFTER MP TKA

It had been widely accepted that total knee arthroplasty (TKA) is a reliable procedure for
end-stage knee osteoarthritis (OA) treatment, which improved function and released pain.
Although high long-term survivorship of TKA prosthesis had been reported in numerous clinical
follow-up studies, about 6 % of primary TKAs fail within 10 years and require revision surgery, of
which post-operatively instability is a major cause, which accounted for 21.8 % in TKA revisions.
While medial and lateral collateral ligament (MCL and LCL) passive constrain were considered as
one of the most important determinations for postoperative knee stability at TKA patients, it
remained a challenge to achieve collateral ligament balance during TKA surgery.

In cruciate substitution TKA, both the femorotibial articular surface and cruciate ligaments
are removed, thus the remaining soft tissue is crucial to maintain the postoperative knee stability.
Collateral ligaments are partially sectioned or released to achieve equal tension in the two
ligaments. However, soft tissue balancing is mainly based on the subjective judgement of the
surgery. Currently, there is a lack of knowledge whether the TKA can restore the normal stretching
of collateral ligaments. Few studies of the length change of MCL and LCL in TKA knee were
reported using virtual fiber elongation methods or cadaveric specimens, and the biomechanics of
collateral ligaments and how they can be balanced in high flexion has not been clearly
demonstrated in literature. The relationship between ligament balance and clinical outcomes of
patients undergoing TKA, including stability and mobility, had been emphasized for decades.
However, the relationship between patient outcome or satisfaction and ligament balancing or
laxity is controversial. Moreover, the evaluation of knee laxity in previous reports were
represented by the gap size in passive flexion, which is less straightforward than measuring the
length of ligaments. Hence, the relationship between the length change pattern of collateral
ligaments and patient outcome score remains to be explored.

This study was firstly aimed to investigate the length change pattern of different bundles of
SMCL and LCL of the knee during single leg lunge activity after a MP TKA in patients. The
secondary objective of this study was to investigate the relationship between collateral ligament
length and patient outcome scores. We hypothesized that the different fiber portions of sMCL and
LCL existed different length change patterns. Second, the patient outcome scores were highly
associated with collateral ligament length in mid and high flexion angle.

Dual fluoroscopic images were captured when each subject performed a weight-bearing
single-legged Iunge on surgical side from full extension to maximal flexion. All subjects received
a knee CT scan post-operatively. The CT images were imported into a 3D visualization and
modelling software for the reconstruction of 3D bone models of femur and tibial.

The fluoroscopic images, the 3D bone models and precise Computer-aided Design models of
TKA component were imported into a program for registration. The 3D position of each bone and

implant were adjusted until they matched the corresponding outlines on the fluoroscopic images.
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The anatomical coordinate system of knee in surgical side was mirrored from the opposite knee

and then the flexion angle of knee was calculated. Data interpolation was used to determine the
knee position at each tested flexion angle.

The sMCL and LCL were equally divided into three portions: the anterior, intermediate, and
posterior portions (aMCL, iMCL, pMCL, aLCL, iMCL, pMCL). Attachment area of ligament in
femur and tibia (or fibula) were identified according to bony landmarks reported in previous
anatomical studies, and the attachment sites of each portion was determined based on the average
width of the attachment area. The relative position of sSMCL and LCL attachment under in-vivo
lunge activity were determined based on the result of registration. An optimization algorithm was
implemented to calculate the shortest 3D wrapping path of each ligament portion around the bones
at each tested flexion angle of the knee, and the lengths of each portion were evaluated.

All patients were evaluated with the Knee Society Score System (KSS) at the follow up,
including clinical KSS - "Knee Score" and functional KSS - "Function Score" which both attain a
total of 100 points.Correlation between ligament length (included elongation rate) and outcome
scores at each degree along the flexion path were estimated using the Pearson Correlation
Coefficient, respectively. The absolute value of coefficient can be interpreted for low, moderate
and high level of positive or negative correlation with size 0.3-0.5, 0.5-0.7 and 0.7-0.9,
respectively. The level of significance was set at p<0.05. Since the correlation varied through the
whole path, a linear regression curve at the peak coefficient was constructed to investigate
ligament length and elongation rate corresponding to KSS score over 80, which may act as the
reference value for the surgeons in soft tissue release procedure. The statistical analysis was
performed using MATLAB and significant level was set as p<0.05.

The average reference lengths (full extension) of collateral ligament portions were as follows:
93.8 £ 6.3 cm for aMCL, 100.1 6.1 ¢cm for iMCL, 107.3 £ 6.2 cm for pMCL, 57.6 6.5 ¢cm for
aLCL, 57.5%6.4 cm for iLCL, and 57.5%£6.3 cm for pLCL.

The aMCL length increased from beginning of flexion to 46 ° of flexion by 3.3 4.2 %
followed by a decline to final flexion (-4.8 £5.3 %). The iMCL length remained almost no change
before 40 ° of flexion (with length change of 1.1%), and then showed rapid decrease to final
flexion with minimum slack of -11.9 4.9 %. The pMCL length consistently decreased along the
whole flexion path and reached minimums of -17.3 &=4.7 % at the final flexion (Fig.2 and Table
S1). The relative elongation of the different portions of SMCL were statistically significantly
different at all flexion angle (aMCL vs. iMCL vs. pMCL).

The patterns of the length change of the LCL bundles were statistically significantly different
along the flexion path (aLCL vs. iLCL vs. pLCL). The aLCL was nearly isometric from beginning
of flexion to 47° of flexion with a maximal length change within -1.0 %. Thereafter, the aLCL
length increased to 5.3 = 8.9 % at final flexion. The iLCL and pLCL decreased from beginning of
flexion until 38° (-3.24-5.8 %) and 51° (-6.3 6.7 %) and increased to 1.2+ 8.6 % and -2.8 &=
8.3 % at the final flexion. The lengths of aMCL, iMCL and pMCL exited moderate (0.5<r<0.7)
negative correlations with Function Score at 63° -79° , 65° -78° and 65° -77° of flexion. The
lengths of iLCL and pLCL were positively correlated with the Knee Score within 42° -72° and
25° -75° . Also, the elongation rates of aLCL, iLCL and pLCL were negatively correlated with
the Function Score at 83° -100° , 83° -100° and 82° -100° of flexion. According to the linear
regression, the length of iMCL and iLCL corresponding to KSS Knee score beyond 80 and below
100 were < 98 % and >88 % at 69 ° of flexion, > 108 % and <134 % at 58 ° of flexion,
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respectively. Similarly, to achieve Knee Score beyond 80 and below 100, the recommended
elongation rate of the iMCL was -0.17% to 0.12 % at 23° of flexion, while iLCL was 0.1 % to
0.6 % at 23° of flexion. To achieve excellent Function Score at high flexion angle, the elongation
rate of the iLCL by < 0.14 % and > -0.18 % were recommended at 94° of flexion.

Proper soft tissue balancing is crucial for the clinical success of TKA. Therefore,

quantification of in vivo length change pattern of collateral ligaments provides useful implication
for knee replacement surgery. This study reported length change patterns of different bundles of
MCL and LCL in patients with medial pivot cruciate-substituting implant during in-vivo lunge
activity. Also, the correlation between length or elongation rate of MCL/ LCL and Knee Society
Score were analyzed. Our study revealed inconsistent elongation patterns of different bundles of
MCL and LCL with the increase of knee flexion angle in MP patients. Critically, the present study
demonstrated that the MCL lengths were negatively correlated with Function Score within the
middle flexion angle (within 60° to 80° ), while the LCL lengths were positively correlated with
Knee Score at middle flexion angle (within 40 ° to 75° ). The elongation rates of LCL were
negatively correlated with Function Score at high flexion angle (within 80° to 100° ). In healthy
knees, it is generally recognized that lateral laxity is significantly greater than medial laxity due to
the medial pivot motion. In the present study, the difference between findings of the medial and
lateral side of the knee can be possibly explained by the better restoration of the natural rotation
axis on the medial side with the medial pivot prosthesis implanted. Numerous studies have
indicated that medial stability is important for improving clinical outcome after TKA surgeries.
However, optimal laxity of the lateral joint is unclear. In several retrospective research of TKA
patients, the results were controversial. n the present study, the difference between findings of the
medial and lateral side of the knee can be possibly explained by the better restoration of the
natural rotation axis on the medial side with the medial pivot prosthesis implanted. Gap balancing
technique is commonly used to create symmetric balanced flexion and extension gaps during TKA,
despite the fact that it may not fully mimic the native space of normal knees, and the actual gap
vary between 0° and 90 ° . Therefore, the ligament tension along the entire range of flexion
should also be noted. To achieve a favourable post-operative patient outcome, soft tissue balancing
in TKA should be handled with great care. Maximum MCL length at 69° should not exceed 98 %,
while LCL length at 58° was recommended to be longer than 108 %. Elongation rate of the LCL
at 94° should be lower than 0.2 %.
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