R A+ FFERTFIFRFFIREF AT
L=
Institute of Biomedical Engineering
College of Medicine and Engineering

National Taiwan University

Master Thesis

(S (R L PR R

Bt B E Rk AR T B T
Assessment of Exogenous Cross-Linking Therapy for

Intervertebral Disc Degeneration - An ex vivo Study

Using Whole Disc Culture System

5k 7E 0y

Ya-Ching Chang

R 2 B
Advisor: Jaw-Lin Wang, Ph.D.

PER R 100 & T2
July, 2011



EA VA N - B e AT
Uéii?%??%“@é?

RS BEERE A AR
LN R B SR R o e T il T 3
Assessment of Exogenous Cross-Linking Therapy for
Intervertebral Disc Degeneration - An ex vivo Study

Using Whole Disc Culture System

WX thiRTeEE (RI8548018) AR £ RSB 21 42250
REFTRZAELMHX  PEER 100 F07 A 14 B AT #£RXEE
EERBE KB 45 ILEH

SRR = J@%@

(45 3«?%[}1"' )
W 23
:%‘l /| UI‘ \__\
A AT M)
2% 5

ik - Elmﬂ%é'?%lr




Et
T A TR s P Aok o g c,,,gzma»pﬂwrgr%ml}%}ﬁﬁfrﬁl
TR T R P s EopFkRE s P RIBE S BEFIRE
AT Y FZgEILIF- B &fﬁ‘?ﬁkd‘r e g AN FRMEGILLHTER -
RS LR 5 3 SRR R B R R

BT L ARRT G R wiﬁW%gwpﬁg’@ﬂwgwwﬁﬂ

i?

Tz AFHRREE R A4 AR R IO A REE L B HY
BEAXEAFo PR EIHBLT - L Lo AP FHhhber R 2
HRLER - VR g S RTA AL A 4 St BN RALS F IR
TORANPFREEFT o s RIRE R T ERIIANEARE L
AR R R R WM RS RAE BN S R R D e o
BFIREOF LY FARRHA Y - B FL- R FE > FL R
AR BRI FARPEE AREDEF 0 BHF L REF i 2
B Je R A2F Y SR AR ERBLATE R B LG AT EY
B A F oy AL FEE L B F - B leader chd & o A AT R
bR A e b FRMAFEE FREFLCLT LT A S B
- Bt A PET AR 603 P EREF LHLF LB 0 BRI U RN THAILE B
FEAPR(GHrZ e 2y BEYE Y RIUEa) I BFRHHHREL FLH
A AR X kPl B ERAEERG R fuo 2T ER R
E3EF O RRBA GE R B AL EAPITERRGE S o V- BER
Bren A L LabVIEW A £ = 4# £ > 2 & £33 3C A S0 B enh 48 00 3| £ £

R G fE o RHE L AN DT RE CHRFE B ER L S Aoy

A\;

Bé’ﬁﬁf\’é_ iTlE‘i—E’;{ip W’J}E"f‘ﬂ('ﬁ]aﬁb ’ﬁi##'}@f%%ig%ﬁ;%),

REY SRS SR S i BT S P R

1



=
>t
<
4
Pl
¥z
i
4
ot
M}
el
e
=N
(=

\

]

5
ke
I
T

e AN B FCE A SR (S

BSRMT MR LTy RB Ay IEE R R W AN k%

B R@I kRS R PR o - TR ARSI R E R AL
ETRIAREFTHRIFIH-FE P H B FF";‘F Nl ST AVE I N

FARGPEYHETLEMERRE BRI R T PEAE RN R

-

SR R AR - B R RF M BB frd v B P e gy

A4 FUE AR EERE A L ARUGRR GRS B T

EIEWT T AEABITEE %»4'3:??15?'3&% A ents & 0 AR bR 2 7R
ER

R e SIDRIES E s A V5.1

=

ARPR 0 AR gggagfiﬂs%ﬂ T Nk H oo
BIRFRHPAA - LT HRERY L5 DEH ok i > K- & s

2

A2 s LRI - EoE PART R AR AR R PR R
—Aey 4 B RGO RBEHEAE O RS S AR L ORWOER B o R
PHEREFR B S ARG R R Bheo ch B Bl RR AR AR 0 RS L AR P BRSRE R T SR
FHPERL o FEREH A - Bl K ol i~ ERENES 0 Rl el
PABAAPHEIFLIFLUREIN N E [ 95T B S A2TRHD DR
ToREFEPESA AP RPH AL PRGN A L S FE PR
FTRAFZZABEIARL LR R8F Lt S0 f 587 § 2§ -
T F RE B AR o FT e RN B g RO o ] A A B ahp s 47 - momo
k%ﬁ’?%iﬁiﬁﬁinwl@mk?*nﬁﬁﬂﬁﬁﬂ

Bid  AREH-BAFAIERDFAZ R RENT T BB e
MEFhosar R(RE~FRPE~FREMNEET) F4 (it 2] PN, RS
A R GEFINESIFT A BT R AP TEY L E R TR AT
CEE AN R T AY R I LR e R

femr et 2011.07.21 B 2 #2603

ok

il



Y £

Be: I B & AR A BRI A B R AR A2
TRGA - %EAﬁTELmﬁ‘TELWI“F})J%ﬁ:aT’Eb}? ) ‘F;Q}%a‘ﬁ""f%ﬁ:}?

TR R

-

AL AT d S ST R A 2

FIPm & ARDPRE 50 H4HIVPREFE T2 Bl 0 R FORERF %

El

WL FERAL ML AT Y o AR RE I B - L X SRR

BiAl-teF F o HA T IEH WA S WA B9 TR B9 2 Bavefiets  * U
HFEENSHATR RFPLBAEEGLS 0 RE 0 WA Y
FEANF PR AL S T mdE i v o

HHEESZ %" > B2 AmEmpl  FHEET S F5- 352 &
(TI~TO)2. B e F 4 > A Rid iR AT R L B Z i B PR EFR R ~
FLE R i G fE(trypsin) B B A0 & B BRI AR R e

A BFEENT - A L2 E 54 2 0.5 ml, 0.25% %% 3w fis o fERiE i B
T E A B AR RS | (T4 £ 420N, f 97 5 2.5Hz,
' R 4hours, f %= #.%) 36000 cycles)’ @ jp i R - 3% = X 47~ 1 ml,
0.33%¢ %+ % (genipin) T/ » & BRI E 4 H R LY > T3 -

SERAR SIES RS

BERLEESPIC L FRERFE ABFLEEFLS BT L
Moo R P R R A eSS R S B - R R 31 2§
FTRESERZRTE > AR DR A b F g4 2 38R T %> 4
$o R RENA AR G RE A3 BN T AR AR AF A
WEE L Fae st FinRis 30 FRENMFEDRTED R RS 0
BRAPEPRE S R PR GBI REPORGZE o AETISRT TG

v



BFRw ARG 0 fE A0 B TR BRI T A e g
ﬁﬂ@ﬁ%@ﬁ’E%%@L%ﬁ&mﬁjwﬁmﬁy,aﬁ@ﬁgug g 3

doo FARPIH AR N BUR B E i 1 g RAF g R 4 o TN IR R RO TR



Abstract

Objective: To investigate the efficacy of exogenous cross-linking therapy in treating
the degenerated intervertebral disc by using ex vivo whole disc culture system.
Summary of background data: Disc degeneration induced low back pain syndrome
is observed in elderly human. The disc degeneration can be induced by factors such as
protein denaturation and micro-defect within disc fiber. A disc degeneration model can
be effectively used for the screening of clinical strategy for disc degeneration treatment.
The treatment based on this model can be studied to find the physiological effect. In
recent studies, exogenous cross-linking therapy has been shown to enhance stability
and dynamic properties of disc by increasing protein cross-linking. Nevertheless, the
mechanical and biological effects of peptide cross-linking reagent on different degrees
of disc degeneration shall be concerned to further assess the feasibility of exogenous
cross-linking therapy.

Methods: Total 40 porcine thoracic discs (T1~T6) were dissected from 6-month-old
juvenile pigs within 4 hours after sacrifice. After specimen preparation, discs were
equally assigned to five groups (n=8 for each group), and all specimens were incubated
for 1 week before test. Groups were divided as follows: intact group, early degenerated
group, early degenerated with treatment group, severely degenerated group, severely
degenerated with treatment group. For all groups except intact group, 0.5 ml 0.25%
trypsin solution was injected into specimen on Day 1 to produce protein denaturation,
which is the simulation for early degenerated disc, and high strength fatigue loading
(Fims= 420 N, frequency= 2.5 Hz, loading period= 4 hours) was given to produce

micro-defects within disc fiber to resembling the severe disc degeneration on Day 2.
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For groups with treatment, specimens were injected with 1 ml 0.33% genipin solution
after simulation of disc degeneration. Mechanical test and biological detection were
performed after one week incubation.

Result: In group of early degenerated disc, the results showed that the mechanical
property of disc significantly decreased both in static and dynamic test, and also the
disorganization of the laminate structure was found in histological stain. If the disc is
damaged by fatigue loading after protein denaturation, the aggregate modulus and
stiffness increase with height loss, but damping coefficient, permeability and water
content decrease because of structural defects. This defect was also found in
histological stain. After taking exogenous cross-linking therapy, the degenerated disc
recover its mechanical property and restores the water content to normal condition, but
the structural defects which occur in severely degenerated disc cannot be repair by
cross-linker.

Conclusion: Genipin-treated discs show the recovery of mechanical properties after
protein denaturation which presumes to be process of early disc degeneration, and the
efficacy maintains for at least one week; however, mechanical defects which occur in
severely degenerated disc cannot be treated by protein cross-linking.

Key words: intervertebral disc, degeneration model, exogenous cross-linking, genipin,

ex vivo whole disc culture system
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silicon membrane

porous stainless
steel plates

media flow in —>

Bl 1-4 Junger’’ % % £.2000 #3 B2 24 $ 12 %

%)E%
=
s
b

8



15 SR HATRA W
B AT B A 3 % BRAE P %540 BB AR 30 20 A0 R I 2 4006 5 BN BAL M A B

B2 LB E RV — M E eI R R B BAe T £ (genipin) T A4 F
X B CuHpOs(r T8 1 226.23) > S0ty —HIKE M6 R RBIKZBE > 2o B 1-5
P RARMERES AR NEEERBR TR IRAGEE » A 3 o]
REBEHIETE  RIWEREREHES ST ERBERE L THARE
(cross-linking) 3] A A AR E G A4y > AN AA RFWAMAREY > %A
HEB I REE TR ER - IREHN AR BB E MU EEERK
FE B Rd o BILAMEEEB e AFARMER Bk 2 REH AR
Bk N R B 1R AL A R A 2 sk
AR EIEER S AR RIS

1. B# KRB RS 2 R L M HE ] A

2. RSN A ML ST AR H AR Bl B2 B AL M P A 6 6 R AOR

O% /OCH_o, HSCO /O
N\
ﬁ . NH7Z H,CO_ ,//0 'j:}
of @

1-5 BFH8Ea Y BERKH~EE



1.6 F 5% B3R
AL B BRI RS N AT 2 RS Ho(HA) S % R ()
2R ARG BB FZBRKE IR GEC) A S RETE R S

EREERCEE X ST N R PR T & L R

é}?&:}%:‘:%{ B ki 2 £2% %0 sz 30 ’I?-‘ILL"“I%Q”B&}Q fis -
FAT 5 R TRMEAR 0 TP Y § PR AR o R R ke

Feoie A M BREEMBREHEE LA B A RERE RIS
BARTL RAZ AL (PP RTEFARE PHBEREK - SGFFBRZ (2
R Chdgcy FE MO T A 4 T R )i E O ey WML - ek F LT
T géi%+m@~$ﬁﬁ&ﬁ%ﬁﬁ“’%@@%%@ﬁ@ﬁ%

BT s e RheT e ST AR R ﬂﬁ,f!{ T L= AV &—&, F AR EF R L

—|

ZRARMEOSREFACRMAEREIERL Glich T RS ERY T 0K o
BR AR G0 Bavcghits s R P EFEWMAG S SR TR R ET S

‘:”f—"%\' ,'{iﬁ: o
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F_F FwRxHh
2.1 2 8324 % #(Whole Disc Culture System)

AERAAAEAMBESEREAARRBRAARHEER AR T
A FHERMBENEMBARNEREE wB 2-1F7F EREEFT B EYEE
B BERREBRAKEANLEREMRCRAE 37C ~ BE 95% ~ CO,5%) - 1A
BHEHBRINBRAGENIEERFN 2R AGEENEEZIREFT R AR
ES T EE VA

B 2-1 EERAFAFLARRE

11



2.1.1 A Y354 B

Wil 2287 0 AERZAMSEBOLLS-FEBE - FER -EATE K
JE >~ ZAB LK O-ring B R BEFFIRE - £ F > Ena AR EmEEEEE FX
AN EFEBRREEZNyZMEERARWALH (polytetrafluoroethylene, PTFE)
TRAGARAFRE™ (Teflon®™) > ko & 2-1 A5 HAH R 1 B ROAF &y Btk ~ LB 45 e (t
Bt )i B BB T HRBRERS - AT ITURN TR FEEE L4
% PR 0 B EEE F % 98 PC (polycarbonate)d » PC &4 & Huifhas » 2 —48
BREeMRERNIFSAABUEN  ERFHTELN ~ BT~ el ~ /R
MWRGILRERYE > FIRF5RES itk > BAHSE - 68 - MBEER - 0L
K O-ring 4 3] % B & 7E 8344608 - A LARS ok 78 2 AE A A R 3 R R R TR R
FRTERAE AT RET X RREE  HAKARTHASR A AN EEIBGM
Vetbond™)FEAE % > FHAARD ~ EHABERT > 5 T Bk kRigEe
HMHEAREE  HRIFIARIDHIAERD > AREERE AR ERRE -

PR

518

EAEE
iE&O-ring
HpEE

- ¥:d

22 ApBEBEIMGTE
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% 2-1 4B & AT H R A

48 4, 7 Teflon - A + 7% (CyFy),

B i ¥ i

g 2.10-2.30 gr/cm’
EEARTY 280 - 352 kg/cm’
W 200 - 400 %
PP M Gk 0.41*10* kg/em?
R S50 120 kg/cm?
R AR S 0.50*10* kg/em®
HE # % D55-55 ROCK well
9313 317 - 327 C
#5258 R (4.6 kg/em®) 260 T
GBS R 45 Kv/mm
# 18 HE % (C/em) 5.9 10*-cal/sec/cm’
09K 4 i 9.9 10°cm/°C
¥x -k & (24 Hrs) <0.01 %
B IRk it

L E A R R-S IR ER 3 L2 @ http//www.jing-li.com.tw/table03.php

212 H%k k%

44

f&ﬁ“ﬁ‘i%&@ﬁﬁ{%%@ BEREBEEMELEFS S EPMA IR R
ﬁwﬁ%’i?%ﬂ%%Aﬁ%}&ﬁﬁ&@pg%gﬁﬁﬁ&ﬁ@oﬁﬁgﬁ
AEBALA XA B oML FENBERAIT G REERIpF(FE

50ml) > s g R * pAIZIFIRLIRABR ié;g&%liﬁi‘g' s HEH S n| G B2

B m s AR R R B R A RelE R Y Z R A L A

13



B R A - ABE R BILERIE A FLE 02pm 6988 S5 L 2 A ¥ 09875 Rm B 4
BHAMRIRENILER S F A AR BB MERH AT H
(ChromTech, TP-400T) - 4[] 2-3 Ao~ > ¥ HA RREERY S - EFBERE
R AY AR TR E ATASHARR - EHSMAKAKRE
B R A EAN ¥ HEERT A 0.8rpm (200 pl/min) - A FIER A Sk A B E
AR AT RBARERR DG IRE AT AT 0 BRI A A AR
FEREARETRREABE AR HFELCRARR -

2-3 wEFH AT #H(wiRE)

213 aREZ&

BEAZTRFATA BYRKEL  HHBERABREKRE ASREX
BRArid O EARAAGTHE AR TRIIGEMENTep AT AR EB TR
3t Ao AER]ARIRAL S HLB THEBARNERNBOTHRAERE  ATRINAY
ERXEBAGL THMEFASLEEG2ETEET - AT AHERE
B %) £ & £#x(Koganei, CSA40X30) » 4B 2-4 > E4£48 40mm ~ 47 30mm ~ &
Rk T 1200N A ARE IMPa) » F &) 8 R sr 2 B4 2 RN TTELRE
ha > BARBIRAEEEATEENERE g €86 RERANETE
RIBARBR > HTHE~LBEER - B 257 £RRHADE A BA T
ARBENBHHRESBELERL BERARSEIRATHESAXIEREAR

14



AR 0 MRS BE SR B AR R SR AELA A h B 2 R E R - AR
ABAFTEHFHMBT AR AABRERZL2HETH R N FeHE a

(0.2MPa) A B 16 /W &) ) BE & & (peak to peak=0.2-0.8MPa, freq.=0.2Hz) -

(b)

(a) (c)
B 2-4 MARGHHAEE QFHRE O)NFTEE AT XAE

‘4.F4I!’4lhg.-r

B 2-5 afhasmiipgnty

15



214 1 h & &

AERINAKREE N REWE 2-6 RABHFLERRANBRHIIZ
4 A % & vz (Jun-air, JA12-40) > ko B 2-7 From 0 sb 2 BAA X B4 AHEE
B EE s —BAEAR - —BAEeERRAMUARETAREZLHELE £
LR LS A 22 LA RBEXEERE  HRANSGEASFToRF A

HEMATRBEE R AT FHKRF AR XN -

: :ﬁ..& :ﬁ ﬁﬂﬁ- W ( Péi] WI%J 1( mL E .
T i a7 e maip ] B9R
gnnt  2ER zassz/| mEm € mEN AR

R A B A% RS % $h

2-6 BN % HBLE B

T 0 R 5
EAMTRE

«— fi# A (40L)

H o 3 R IR R

2-7 % ARt
16



# 2-2 ZRABEBHRIAESH

ik JA 12-40 77 & 7%
BHENFE | BA 0.79 kw / 1.08 HP
4 RE 120 L/min (@ 8 bar 74 L/min)
B ARRAEA 8 bar (120 psi)
RAMBEE 40 L
#“EEF 48 kg
JBE 4 M 48 dB(A) / 1 meter
TR AC 115V, 60 Hz, 12.4 A
Ih3R R+ 556*446*581 mm (L*W+*H)

gl L ioE 2-8 i R A0 M E B EE FAGSEA A

BARADRGERRAZERRAE  NowEE#HRE - REREERES -

BE - REEER IR T  FARBES | XBAREH 60psi » @K H 2

18 3t

WA A 20psi > FIHEFE 16 KEAH on > 60psi 89 BREEZ K& d Lh ErikE

B bR BEGHFE284E Y RATHEMUSER 02 Hz &M Ew

HARAF R ®HAEL - HAEFOT N ETHEEN S FHFE 169K E

Boft /g 20psi e B E AL T HE#MABE LR BABKE T RATHE

MBS T A BRaEFRNHEER -

HERBEE]

B A3k % 60psi

R el & 8-
(¥m)

hoo i F R
(%)

_[

HEE ' N B2
On: 16 hrs. On: 2.5 sec.
0ff: 8 hrs. Arrennnnressanarvenshaforus 0ff: 2.5 sec.

PR BE E2

& f3xE 20psi

Foa —fy FEkR
&2

Ao Fakk
(¥HD)

_[

b B

2-8 x4l & HBLE

17
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2.2 %43 # 5 (Creep Testing Apparatus)

Motk & X258 LabVIEW 232 X A AR BB 2 BEH T B 2-9
Fiom > BARM LA B Bikes ~ REFE ~ §A4F - — 4SRN ARAZR - i
MR FEEESON A4 > R A X BR TS AAMEEA B2 FEHEARD
Mol MR ETE— FREA M AZR - AR S ER EEAE ART
304 A AR BB B A R b - 2 AR AR TR R AT XM E B 21
o U EREBERNBYENRLY -

BR 7 f 3,

p . 4

| | T ®EFS

— 4R 51 T

X

2-9 BEARMKE

18



2.3 i 45 X %) -F 4 (Continuous Impact Testing Apparatus)

2 A BT 6 (48 CITAA % ettt alas - R e BrE
2-10 AoR > THREBE SR E R LA BZAANSE > BATs 6 LEA —EREE
{3 ¥t (linear potential meter) LA & =48 — #238] /7 70 (load cell) > 2 & 58] £ 3 B A A A
HEFAAL SR ARGV EMHE > RREHMIBHRTHFE RARE
RYESERAZHBEEIH -EAAGELao s~ BELASEARERSFR
TERPEREE L A RARBEaERGBECERALBRESBOBRER
AEBRMERAZ ARADNA 190~590N 3471 & & 420N 45 % B SHz (52 8R A
1500rpm) = 3 1 4@ 2 45 A5 A6 W BF 1 % 40ms > Al B4 127

A

F314%

— Bx%
S e

e e

A A

Y EY T

%%r_ﬁﬁﬁ
% — 48 ) T
AL meaesz
= B % 4
gt Tt
— BN
e Ak
— 4B H A
— JEJE

I

e

"
o

B 2-10 #E X HEARBRE T EE
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FEFE AT
3.1 A4
AEHRERANMEARGFEREE  RRRA BWHES -2 F NG (TI-TOHF
Rl &y He Rl 4 > BB R R M H EAER B RA — AR E2F il ARFE BN
HEBFH OB ENETTR Y ENTRAERENREERBEEURR
HOBRINAL T - BERR0E 3-1@)F 7 ELERFAEAMEAL
BRARE  RBEUVRRTHREFEENLARES LEF -  BRBREANL AR
GAT FBART 2 T1 £ T6 2 & H e A FEB A FARE T RAR > ANFER
FEAEBZORREY > FRERRBRENT0%E B IERFEELH 30 54273
FOFLAGE - BAEHEXTBLMBLRIEAFERE © B 3-10)FF 0 HARR
% 588 R A48 Y 08 % b T A B #9R(Vertebrac endplate) i 4 FAT IR B R B
% G #F He#4r (cartilage endplate) » AR R L EZHLA ~ I B G REF

REf5 > mARBT AR 4 L AR MR ~ AR LT RF &R0 E 3-1(c)

PR ©
-
¥
BRAT & 55 B T1~T6 |
T = e (-
Zml0%mEm 0w 0 L
Y |
B M F A%
17
H PBSi¥ sk # =k
b ok Bk )
17
0,5 3E Rl A 8
v el 3
w3 b\‘ﬁi“.}f‘—" -
FPBS#% i # ok S —
¥ T
EALMBAE s

(c)

B 3-1 X EHFER (FHFHRARZEOG) IR EE T EMERE
20



B {8 BT 2 SRR & )2 T2 8 B K (phosphate buffered saline, PBS)4c » 0.5%¢9

2 % (gentamicin)fe & 44 el o Rl f SR BLZ BRSO BERE

—

~ F % hF(beta-iodine) ¥ o iR 2 REFA G BENER 25 A B F 0 R
% At k2 8RR oG TR o P H B R AT R R
BEr>PHUAPBRIE? A FRBARET ?}’%37’ fie > 40T : DMEM 4.5 g/L,

NaHCO; 3.7 g/L, FBS 10%, HEPES 25mM, P/S 1%, Gentamicin 3mL/L o

3.2 F iz

ARSI RS G T B EN A B AR E(intact, {f 21 -0 F % 12 2 (trypsin,
BAT) ~ 39 BR800 E(trypsintgenipin, f§ # G) ~ 30 TR Ao e
(trypsint+fatigue, f§ - TF) ~ F—v F % |2 40 2L (2 /5 2 (trypsintfatigue+genipin,
H-GF) > 7 S Az4e B 3-2 %77 - # 22 8 Btk 0 I ok 40 Bidfk > & B

Rt E TR LA ERRGER BRS¢

( R )
<>

[ R O ] [ TR & gfs] RS S ] [ s d e

IFE ) 1= b1
1 1= [aspex | [ awae | [ omris

| e

6 = 6 = e 4

\ = S/ v ¢6xj
~~

([ mewz i

v 12 LB
| samgae 050 |
1 T G TF GF
(B 5 Hin) CEERBLTN)

B 3-2 7 % i-ALH

21




33 §%3

FnAL? EEHRED TEPARN R L E R EETE ~ FER
BB AE - FEEBNITHARRE AT L v fe(trypsin) ok B i3
590 FREaEs PRI EY 2 BEET S - A @R 2 54 0.5ml,
0.25%¢& F-v fix > IR R P B LRt e u 3t % - X5 B RR 2R
¥ B ?r\'(:'- 354 § 420N, § ?‘ # % 2.5Hz, § ?E‘*Eﬁ& 4hours, § ? =% # % 36000
cycles) » @ jof P — H3% = X 7~ 1 ml, 0.33%¥%+ % (genipin) (775 %

LIt A - S IFd BpRER 4 VR

TR
FI* ARk p B2 BRRGES L FRRE RS BRTEA L LS 0.8MPa b

TP MR )P

B {5 R

FI* AR p W2 @SN EFRRET L ERE R RS T
RIGE (Y PE Y 40ms, e ac 1.20)0 95 3 k- 7R § 4430 4 48(T 354 £ 420N,
f§V4E 5 SHz, £ %0 89000 cyles) V7R f %715 £ F— =t BrfFiplgd o poiRR Y

BoRA P2 LA REFE N GRLE PV RERET (AT TR

4.9 18000 =) ¥ i & IR ehds B L o

kg g
etz A BRIREREE R o doR] 33 4 B[FT 2 BIEae s 1P
(nucleus pulposus) ~ & & ¥ Z& (inner anulus fibrosus) ~ ¢t & 4& A & (outer anulus
fibrosus) > B~k * /] () 5 B /S Smm o FHERBFTE AT A EFEE )L o

BRPRE SR Y A IR Ak L BB E S Rk § R (3D

22



B 3-3 kBRI EE

RRRE — Ak g
(- . P 0 ;' .
KAy A& T X 100% (£3-1)

etk

Fevih B HwE 3-4 /0 BAERASS MK MEREEEEY KRG
(mid-sagittal) XA & £ 7 da Al & 01 B JE & 2mm &9t k> BAE A 10% ¥ g Hik&
Bk B & 8 0 2 3~4 RAESER B R 10% EDTA B457% » iZeRRAHR
B3 REH—RBUESR) AR C R EAERMEN BE I FIA & ED R AR
W IRBEE 6pmeyFinh - 453 {# A Masson's trichrome % & ;% » Masson's
trichrome # & A THBRERE OB EREES  BHAKRE R - AR EETR
%o OBEHABENERA LB ETEABRMBEREY  ATREAKKE

£ B SX B 10X Z fatidr o 5l A7 AR R R AMERT AL -

[e‘#%ﬂw ¢ H EESE ]»[ .47 P[ Fife H g H 4 4 H it ]

B 3-4 ok iRAER

23



3.4 ®FH3
341 mREF

FUM AP B E Ho) ens i 4258 (governing equation) 4o st 3-2 #17 » Hy &
% & ##c(aggregate modulus) & k & % % 1% 14 (permeability) » u(z, t) % £ & B 4 =4
£ (disc displacement) » z ©* & jE A B 42 8 P o i b E W ehE AEEGE o t PN &
f RS 2P 4 dif i (initial condition) 3 u(z,0) =0 » i # i¥ i (boundary
condition) 5 u(0.0) = 0 « fi ¥ 4 7 % 5 UL B B T ¢ HABT K 23 5T B %
Hcv B AR PR (creep test) 1o fF o BERPIFEP HEFEYR RS T N33 4T
(e, HFFdREEY w220 T #5g z=h/2) 49 p(z, )R £ 2 B 45 £ R
AEPR IR HRS > B BEoM)WF %Y 5 TiE(ie,-Pa) BRPERIED 0
BEHRWES L FGe,p(2,0=0) 2PN 3370 034 557 0 @ EE

Tl 543 fZ(general solution)4r 3t 3-5 #7177 o

% R R T 3y
0z2 H,kot * )
ou i
o) = —p(z ) + Hy (3*3-3)
du
- = — X —
a7l Py (3*3-4)
Z=3
Py 2h -nm 1\ 27tz
WED =g Tl T zsin|(n+3) T
1= (n+3)
—4H,k 1 .
X exp % (n+§) met (;* 3-5)

24



342 B4 BRI
AT RRE RS - B R EE A A 4B L 4cH 3-5() -

Bk Bz iR A2 N 4ot 3-6 o 0 H ¢ M G OFE (mass) i & RO B2k
R R X R AL b 8 & 0 K & & 3R 08k (stiffness) » @ C 2
Fe R 1% #ie(damping coefficient) o r3F p|iRdp B > & B 45 fho 245 4P $ 30 pF 7 e g
kA w A (AoR] 3-5(b) 0 A BN R - 2 B Bk o A GFF Y
7 (impulse period) ¥ 4 AR ¥ P LS 2 R R T B E > %22 5= B
BoeniE B o Rk AR (S o A& p d 2 I (free vibration) i £
T oFAF AR EL X FZAMELZ ) Y RTED TR F o REE S
AR RIE BEd SN 3-7,3-8,3-9 ¥ REFHRF LGSR K)EIEL &

#(C) -

M# + Cx + Kx = 0 (X 3-6)
2m\ 2
K:M(—) (*3-7)
Ta
—11 i 3-8
€—Znn(x2) F )

C = 26NKM (:*3-9)
(a) (b)

0.8 s
M 06 L pd RTY

04
o'z - N

VIV R

Ta

@
Displacement (mm)

-06

-0.8

0 20 40 60 80 100 120

Time (ms)

Bl 3-5(a)- apd REFER L (b)EEREFIT & dhe =5 -FFF B
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35 st

1L H B+ % B B 1772 (One-way ANOVA) A 37 i B e (D) o1 3o it
(T) ) " 368 TR ISR (G, 39 TR AR E(TF) )~ " 38 TR et
He1sio B 2(GF) 1 27 5 ¥4 R % LSD (53K 4 17:2 2| 2 p ©<0.05
RAA EFERFELIE & BETREEY LR § 49 (5 (0min,30min):H

e Ap ik & T H % (pair t-test) A~ 47 0 F| 2 p B<0.05 7 BEFLALE -

26



FwmE FTEER
41 7P AR R

411 MBS E

AN B ERAESBETH ANARE T ESARTRESZEANS
B AR BOBE  MAEMBREITERGEAE EALETERME - B 41 A7
70 AR F A (disc height)h i — R & mpl M@ d £ 2 > Minhk—B4E 2R
MR ERE A 4267 (02400 mm E R EGEBELA TG H AR HRMESETH
#2989 (0242)ymm > HEGERXMEERAETEREE LEMBZERBAOE A
3.511 (0.226) mm ; phobh » B & W 90 B o Lk Bail o A H S A A BN A
%) 2.838 (0.334) mm > K ARlTE4%K%E  EHE —H A OHE92R 3.213
(0.230)mm « £ » B g E R A S A BEME E(D<0.00]) T £
ERHNEOQEEH ARG S LR SEEAEMBZE R AR Z OESR
(p<0.001, p=0.006) - L& R EBILBREMER BEBBRELABEENLER

(p=0.032) -

disc height (mm)
w

Dayl Day7

m O7 B&gG BTF BGF

41 B BH R AT B (A7 p<0.001)

27



4.1.2 R EE R
RGN A - PR L HH: 1.737(0478) MPa ~ 2 M2 5 B 5

0.269 (0.038) x10™°m*/Ns » -5 TR -Kjgts ® FHF LR L HBEF T 5
1.304 (0.244) MPa (p=0.027) ~ ;% #4:% 5 B+ B %™ % & 0.197 (0.052) x10"°m*/Ns
(p=0.007) 5 F & vt R ¥ EE - T 30 FRE e RS R L i 1478
(0.283) MPa iz § A ¥ % it (p>0.05) > 2 2 48% 5 R F T % 5 0.143(0.041)
x107°m*/Ns (p=0.040) » 4o 4-1 #77% o 4e » o3 % L H ¢ @ 8 36 FokfRis chf
B iF B4 HEdc R R %5 R ¥ ARIT Y 2 B 4 B 45 (HA=1.809+0.315 MPa; k=0.224+

0.062 x10"°m*/Ns) » &1 vt e » B A #cr 2 2 4 BEP L B (p=0.011) =

«%ﬁi

RMBERAFREFR R 0 RS R BT E 5T E R
e TR L MBS R Y T L 2 ABF (Ha=1.90620.479 MPa; k=0.204
+0.056 x10"°m*/Ns) » #p #5570k 3 F B F 2 4 B (p=0.028, p=0.021) » 4r& 4-2 =

Foo M REHTRIEL WS R IoB 42 2 B 43 #7 -

% 4-1 fEe 7 iR i pg ﬁk;ﬂ"/\fiﬁ& FREWHCE R ER P %"J‘

A & -8 Hy (MPa) RA%E R Kk (x10°m*/Ns)

B R 1.304 (0.244) 0.197 (0.052)
R A U 1.478 (0.283) 0.143 (0.041)
p-value p>0.05 *p=0.040

F 42 RF 53 FISRHEHW A RV RIEFERE

39 FRE 39 FRBRF R

H(MPa) k(x10"°m*/Ns) H(MPa) k(x10"°m*/Ns)

e 1.304 (0.244) 0.197 (0.052) 1.478 (0.283) 0.143 (0.041)
e 18 1.809 (0.315) 0.224 (0.062) 1.906 (0.479) 0.204 (0.056)
p-value *p=0.011 p>0.05 *p=0.028 *p=0.021

28



37 p=0.027 p=0.011 p=0.028

| T G TF GF
Bl 4-2 BRAeEBEERBRILEAAE TR ERZHAE

p=0014
| p<0.001 |
| p=0.04 |
035 - p=0.007 | p=0.003 | p=0.021

| | | Il I

o
© v ©
N W
1 1 1

k(10 5m4/Ns)
o
&

o
=Y
1

l T G TF GF

4-3 REBEEBMEMBRICEERIET FERZIHG
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4.1.3 &y R H AR

SEBARR AN 30 4B A RAT R B AR RIS LA B R
BN e M - 2@ N A BAT A HE R E 4-4 RE 4570 A%
GE G Lt RaRREO S LAE A YEASRABREN LIt

(p=0.027,p=0.031) > Aer@ BN Ea BN A YD EARMEGHE I ABERL -

@ K-0 min
900 - p=0.027 p=0.031 | ok-30min
300 - i |
700 -
—_ 600 -
£
£ 500 -
S—
E 400 -
hv4 300 -
200 -
100 -
0 .
| T G TF GF
4-4 BaR| 2 ShEBENE S & VAT & & E
0.8
07 . @ C-0 min
O C-30 min
0.6 -
'E“ 0.5 -
£
5 0.4 -
g |
o 0.3 -
0.2 - J
0.1 -
0
| T G TF GF

B 4-5 %45 2R GENES 8 RATHRILERE
30



VAT L8R Sh AR AR A4 B B8 £ B 0 453 & AT(0 min) > &35 4 K B 1R
TLFs B S o AHEF T 76 > &40 7] 48 HH 72 B AR R 4 (718.90£64.19 N/'mm) % A 48
EWTHE:EaE%ias 55541 (51.46) N/mm (p<0.001) » & & 4 414k 550
% 608.09 (70.21) N/mm (p=0.001) - & & & & M hu s 3E 8 % 601.01 (75.31) N/mm
(p=0.001) » K& 4 % Mo B4 554 4 618.17 (54.86) N/mm (p=0.003) - 44 &
H&EGBOmin) > BB EER EAMEY R TEEGEEHEH 606.55(83.41) N/mm
(P<0.001)2A%h » e zHAnHMMEREEMBRBAZMHER - WARTEFERE
YPEEATAHDEGEYE > Hd 0 £33 &5 $MHEE% 699.22(76.84) N/mm -
KA B G Y Ao Lk B BUEL SR 678.01 (85.68) N/mm » HAR$H7 8 EE 4% F
AAWANEGTEHa S HBaFENLE Z(1=0.012,p=0.049) - (EXwE 4-6)

* *ok

S

- 30 min

B OT B¢ @TF BGF

4-6 BHENARERIRERIEF ELRIAZ 8 BATAMEGE

[* B** £ 48 72 B H R 421D p<0.05 & p<0.001, #& 48 4 7% & 4 24 4(T) p<0.05]
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AR Y  FREGHAREHA XS HALZENMERRA BRRAR
%A MATH > one-way ANOVA 43t & RBFR S MM R AN T HHAE LS
(p<0.001) - AT EE XL ARGEA AT LA R EE B3R 8 AT
(0 min) > & 48 3] 2 FALE, 15 2A8 370 A 6] #2(0.639(0.089) Ns/mm) % A B Z M T
&G g gt 0458 (0.089) Ns/mm (p<0.001) > & & 4 # ik 4% m B 0.541
(0.069) Ns/mm (p=0.013) > Z& & ¥ % 1+ hu sk 3 48 % 0.380 (0.070) Ns/mm (p<0.001) »
B S M akdEg 6 4 4 0.483 (0.050) Ns/mm (p<<0.001)-4% 3 & #4% (30 min) >
EWZ ARGEEA T H8Y L P REaE 21K IEH 4% 0478(0.062) Ns/mm »
B A BB ARV B A ] A2(0.552 (0.104) N/smm) » Hhta gk QT $ttm b
0.411(0.071) Ns/mm ~ % & % % 1% Ao s 3f 42 0.299 (0.102) Ns/mm ~ & & 5 4 P o sk
SRR G R By 0.414 (0.077) Ns/mm - 48 #1704 B e 1 4 5 4 B 14 £ B (p=0.002,
p<0.001, p=0.003) = AwAiE F % 6tk LLE & R & 4-4 PSR 0 (LR dida H b

RICENBREBANEEADENEE - (BRwE 4-7)

0.8
0.7 #

* §
06 *F skok

{ ¥ on

| ¥

DN £
N\

0 min 30 min

m O7T BG BTF BGF

B 4-7 MEGENAREBICRERETFREGEAZEINEHAE
[* B ** £ 748 S 2 B AR A1) p<0.05 & p<0.001, # & T a8 7B & 4 & (1) p<0.05,

& TR HNE B F %4k v 4 (TF) p<0.05]
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TR PR R R AT RS L 43 bR R

B2 foF ARk I A & 44

043 R R0 R R

A5 B LT PR

#% {9 (Omin)

AR 1 (30min)

K (N/mm) C (Ns/mm) K (N/mm) C (Ns/mm)
0 BRI 555.41(51.46) 0.457 (0.089)  606.55(83.41)  0.411 (0.071)
Bl 601.01 (75.31) 0.380 (0.070)  675.70 (38.24)  0.299 (0.102)
p-value p>0.05 *p=0.044 p>0.05 *p=0.013

2044 B I ENRAN I RPEMBRE LTSRS G OR T

35 PR Fod R ¥ A
K (N/mm) C (Ns/mm) K (N/mm) C (Ns/mm)
e 555.41(51.46) 0.457 (0.089) 601.01 (75.31) 0.380 (0.070)
I
R te 608.09 (70.21)  0.541 (0.069) 618.17 (54.86) 0.483 (0.050)
(0 min)
p-value p>0.05 *p=0.033 p>0.05 *p=0.009
R 606.55(83.41)  0.411 (0.071) 675.70 (38.24)  0.299 (0.102)
(EE: S A
et 699.22(76.84) 0.478 (0.062) 678.01 (85.68) 0.414 (0.077)
(30 min)
p-value *p=0.012 p>0.05 p>0.05 *p=0.010
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4.2 AfRRER

4.2.1 Kt E

7 2R E RI4E 0 BUl B SR a9 A ] A& 48 R o ) By A B A% (nucleus
pulposus, 75 %% NP)~ /9 & # Fs] # (inner anulus fibrosus, 7§ 4% IAF)~ #} & # Fs] 2 (outer
anulus fibrosus, #i#% OAFMERr & 269 E R - &R BT S MABH — 2 A
HE R AR R4 B & 3 (NP: 91.48(3.87)%, IAF: 82.14(5.21)%, OAF: 71.15(3.01)%) >
HoR Ay SRR R AL o AT RS R AR - A BB SR EGY
G Pk o B HE 48 KA A B R /R(NP: 81.05(6.48)%, IAF: 70.99 (3.65)%, OAF: 67.29
(2.95)%) » AN R ERM B EEHHFRZRESE - ZAJRHER LS
KAy A E B A7 80~95% 0 P9 R A Rl 3B 49 Nt T0~85% > b M R 28 49 9% 65~T75%:

(SR THE 4-8)

p<0.001 p<0.001

2 40 - % %

NP IAF
Bl OT BG ATF BAGF

B 4-8 FRRALMEERIE T EL RGNS AR n k4 E
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422 % ¢ %

3R PR S R B o PR B A RTE 0 AN H T2
FHRE VP REPESTHT S B RER e SRR R SX Ms 0 A
At PR AR AR crfe B R R R 10X Bp e dp 2 o

RREI WY T MR RS AL KPR LR 7
PR FHEREAEERET G LR A FHARF Ry TR Ak

¥R PS> RS FH] 5 R (R 49)

R

\

FOOFRIE T PR N R R G2 T LR}
#

a‘m@m}i v & 17 ’fET,F'&I% ﬁ%ﬁfﬁﬁﬁ bR > V% @ﬂ%’é’] ﬂ@,‘g;r s P\ %K/”\éiﬁg

i
g

Ak

bpd 4 HYLOR G T PRI RE TR PRI mEAF G

s

EHRF R4 F LIRS - A FHWART 25 - (B 4-10)

FO PR IR e I FRILRELE S 253 Rin R AR R H A K
EEFACEEREEP R RV UERBE T AT ERG R v RS > R T
Bk dn PRGBS P ROARF R R IGOEERT S e R A
REPEREEF F iR > 7 AR FREEF ARREOR G > # FHEREK
B 4~ FRACE el B0 o (R 4-11)

B FREepUR D F e R HEE TRES ORI R R WY R

FR o fFRERENR A L HNEE B P RFN S e X - RS
P e i s B4 Bfg» VR T R R F BRI R PR ER < B e
A R TR AR e o (B 4-12)

B FRIEACBBUBISRE R Y 3 200 My TR R YA
S > 7o PR GNP RERG S AN G CRFREY R
Sl F A AT RS s - Ko RS R R IR R natls
TR PR AGERPINA T L g 0 BRI R ﬁhT %o MRS O
Fo FRMIS ISR hen o (R 4-13)
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4-12 BEGE G Rz kB a g R @BRER (bR
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iﬁ”ﬁtf’fﬁ}i? Y it iE AR 0 o '\"}f%“ G - 8 - S AL R
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B R A Tl SRR S R B R
gﬁ?éi%%%ﬁﬁé“’ PR b FREOKRE R
SOMSERAE B KR T R R A

7
=

d FEREET UFR WL G0 R A 4 Fev ﬁﬁf%.rigf—,_gﬂgj PN

BMHY PSR REWEE RUASABA - QUL IPHE TS ad

X

RS SR e KA KBS BFRTE 0 A9 7 P RRT E

P H R TREL RS e MF AU AR A RATPOREE TR

FA P - RFER AR RED P BGET R A TR B
LRt SR LB P  WRTE RS RGeS B
Fod AL REHIE P RERA E T2 o F o Perie # 4 o0s ped sl
W e

mg@“ﬁ“ﬁﬁ@#&TJ%ﬁﬁﬁéﬁﬂ’aﬁﬁmmm&A%%ﬁ
L

FRFE T i f ¥ R AR SRR SR ALY IR R

GERME RO RNASAR I EERT S LM BERAEE T - R
22 R FERAeT o om A ¢ Ar i i) 5 443 (confined model) » H 4 &
KQ#IJ:"—E’—?‘ SRR A E MR O ?‘ S PET A M A s e ‘%—E— 3}@ T

N /,?Hp 1B & 0 (articular cartilage) 5% 48 7% 15 & &7 2 R 45l % £ (compression

strain)#p B * FREBRREH AZSRADHE MG HUER"S) 5 2T R
* 22974 07 (unconfined model) » o 3R IR TR PRI T A 2 S 875 16t

o Fed BRI R SR R R SRR e M R R A

PAER TSR R T ERRWBEIAEE K

NS
i

2
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K ERBRE G- RASTRSARNES  ARASBRBADEERY
AL AR AR AR R A H R AR A 5 MBS A REREA -
R E B A S SRR S S BN T o Bl R e SR T4
Bl b kB TR — L oA B B RS O i i A A — AR
AARNEMET R AP At MERAAHEGTENAENE  COESE
FHARMEHAG - AR FRRMARALE kBB LR
HMERAGERADAMBARESE BARALREREEOROERRY
B EMamame s TH - GFEwE 5-)

(a) (b)

R . - 3

[-I-I-I-XI-I-I-X-I-XI-X-X-X-]

Hy| stiffness| H,1 stiffnesst
permeability| C| permeability] C|

5-1 BAGBRATEE @QREOGESTEMHO)&E G LR AIMERIEAH

5.2 A M R B GRR B AL PR R AR S
HHXBRE L BRRORMAGS AR BB AR AR LIRS LHER
FEHAE " MEFRHEBAREOASERA  EXMEHLCREA LY
F&#24F A (biodegradation) i & 2 42 45 » FRIA R E R AF A AR B AR T 0B
BAEGWEXMEETRY DB BORBE 2 AN BT -
AAFE T AR R REBR R B-E T £ 50 R BB ALIE R 2 A R ks
AW N ERERACHTOHOHE - STRER VA4 BRBLTHNES

At AT R ARMERA  RAOBE  HE AR EME I8
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AR AR GHAMMBAGSE  AENERTEFAEWMEE KM A
BN BRRBY T TS LR SEES T AT RHERG > An
BHE - REEI - REBEE - B3R 8 AR LR AR R A% 579 e R
Bzt eE  SHBFEUACKESERLLLESE  #it& £ p<0.001)- &
LEEVASRTRER  FafEhemBeRmT£X0E Q4% RA R
% JE& i %) 91 2 i (no herniation) » H 4 4% 3% & 91 BALL 4 B AT 5 0 AT B HNF
BB H AR R W R AR XS ENER > Bt SEREEE M RAEH
BREBRGBYEAGCHFRAEZRA  ERHEOEEMBR ST MERARTEEE
HE sk s aR RE 5 R AR E MR OEEY 0 mAKE AN
ha o FT R AR L AR B E A RALE A BT EETAE S 0 BB R A EONE R
BRABREHBAZHEHE - C6BRERWE 5-2) XRTFRE > SERTEIBER
o RS RPEREE G AN > DRSS AR MR ANER P &
BATHRERAE  ERTEERGL  BWBEEGREEE  MioadRE
1843 b0 8 % PR 45 B AR B B A T A S LR BB SR T 0 E AR 48 % B b ) £

o s X AR AR RATEI MR AR -

(a) (b)

HAt stiffness? HA? stiffness --
permeabilityt C1 permeabilityt C1

B 5-2 4T Kb mB b BH AT EE
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5.3 R %L

AT TR 2R T R SRR RS e 0 FHRG
R4 F)A 3 RFEEI XD PRES o dom it > AT LR RREY ¥
1{%ﬁ?&%@aéﬁ@ﬁ%*%+%H§@ﬁﬁﬁ@§§ﬁﬁ%@°¢%ﬁ
Tl FHRFEL S SN 1544 e 20295 0.55mm 2 0.86mm™
IO RABF LR G M A 5% TR D R4 5% Ryt apder AT Y > HFE
XD RS B A AR ) 5% e

SLPARS )’%ﬁi C BB N R ZLAE R 2 P8 T ¥ (endogenous non-enzymatic
crosslinks) 7 f-pE it 1% * (glycation)®-5¢ F £ #£3 £ @ H4e > @ H B2 = PE ¥
A 4 (advanced glycation end-products, AGEs)#- ¢ # % R PR P
23 RAacp O A £ 0 AEhE K2 R LY RERRF G S

ERFE SEa T o AR AR

A

S S L L E R

AR TR gy HRFR G 0 RA o AFTY P TR R S 1 0T
AR A R By TR AV A B e agE Y o T ATy 2
CHEAE R AR HEENRE BRI R 0 2R

ERoofa A o
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PRSP AR O Bl A HE R E g o R AP T
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e
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