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CHa 9 By - ASE 3709] A SlEellA] Aol A8 FPAE=2AE < 8 mm, ZHol
10 mm =719 FAATzZE 30 ERT. E33335T7l(spectrophotometry) el A
dimethylmethylene blue ¢]€3% chondroitin sulfate standard®] ¥5+%5& 733l
GAGS B#EA 3dvt. #AAEE gY &AL 0.2 mg/ml trypsin, 1 mM
GA(DTPA)* A7Hd trypsin, Zelx t2FE ik sH4 9 (phosphate buffered
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(mixed echo sequence) (TR/TE, 760/21-168, 8 echoes)52 Alslslgict. ZE 2ol
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AHZ : Trypsin A Zbl wla} BAAZ o] GAGHES Ak o2 213l 4= 9lols Al
71 97.9X195 pmgl MRIZ GA(DTPAY-2357% 9 0|7 24T = lglet. v 7k
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adya ARA & 2Ad A (fat-
suppressed fast spin-echo)”|®¥ To] f&d 202 HuH
A #dAZe g4 A(diffusion imaging) el T1, rho,
T2 o]¢A % (relaxation map, relaxometry)& ©]83to] &
7(40:]*14]4 HalE et AZA MRIY B3 Bu%E 9%
o} (6-8).
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AHeg de o]45E 1.5T MRI 29717124 BA4S
o

Yozl AAASE FYsto] GA(DTPA)” 24FAHE, 29
i T1, rho, T2 o}SAE5o] oj® ¥l Yehys A& do}
B3 3223 ojw) HATY 24 Wl Asiad gay
BEA S MHZ dwste] ofd dayo] JERE 1P Eo2H
ARATHA ] 3 BHAZ MRIZF F84L Lotry

AT 3 Y

APARZE 5 9X 4479 A58 A 3t d A 370
o /=& Hzdto] ARSI APl AHgE BHASE
Z4zke] EAZdA 2 mm FAY AL EFAA F 8
mm, A°] 10 mm 27198 FEAF2ZE Fe 21709 RES
gHEAH.

Hj & trypsin HH‘* ZGAE H718 trypsin wjF,
a8 n QS Ad phosphate buffered saline, ©|3}
PBS)Re] w59 3F7E WHEAT

trypsin Wl%¥e}2 PBSel trypsin(Sigma Chemical Co.,
St. Louis, MO, U.S.A.)& #7389 pH 7.69 0.2 mg/ml9]
FTER wEo] A& okt ® 2947 Arkd
He 0.2 mg/ml trypsin BFdo] 1 mM GAd(DTPA)*
(Magnevist, Schering, Berlin, Germany)& %713t} AL
stk =22 wjgol= PBS fovko 2 wjokatgich. 2wk
B TAIZE, 2A1ZY, 3AIZE, 4AIZE, BAIZE, 24A13E, 48AIFO.R
ujokal ko] M2 ot 7709 15 ml 4 {(Corning)FEol 1.5
mi# o] geke F 21719 Frd sjgdS 2ottt 29
A7 A7bE wjokale zt vkl 1.5 mlol GA(DTPA)” 3 W&
A7¥stel GA(DTPA)* 1 mM9] s %de ES)

i et-& ghaking HH°k7](1ncubator)°ﬂ/‘1 37 C 0.5 Hz¥

A& FHA AP

Trypsin 8¢ Fo wigd oz F2l8 GAGY 42 A3}
7] 948t 1,9-Dimethylmethylene blue(e1d DMMB
(34,108-8, Aldrich Chemical Co., U.S.A.)&H& ALE3
343547 (Novaspec II. Pharmacia LKB Biochrom
Ltd, England)ZA S o] &3}t

Hjoko] A3 EY 5 2 7}]9] 4
oFds Aol 4 ml F¥ (cuvette)ol
DMMB&4 2.5 mlg} 4—?: & 15% opfjo] % %’”%4‘74101
Yol Z4Z(absorbance) & EAIHTH (11,12).

Trypsin wlddel o3 F28 GAGY ¥g &7] Y3t
chondroitin sulfate standards(C8529, Sigma Chemical
Co.. St. Louis, MO, U.S.A.)& ol&3td TEo W2 %
og—’FE #e 789t} chondroitin sulfate® 0.5 #g/ml,
1 #g/ml, 2 pg/ml, 3 pg/ml, 4 pg/ml, 5 pg/mle) TEZ T
T 7 Fxrit £33ETANN FTEE 489 2 A
71%7) && Astsdd
HdAF #ol= 1.5T MRI 7]7]1(Gyroscan ACS-NT,
Philips, Netherlands)olA 274 8 cm3Z7)9] 9% ZHZY
(circular surface coil) & AH8st o™ AHAEL 12 ml &
o] FElujo]Ad Ho A9 5 mlE AY FA3AT. MR
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#AAE &
magnetic field) 9 WaFo] Fsk YX71 = A 3
ol FAgwoz MRS stgd. BEA
719] FAG(By) ol FPstA AAFEE o] BHAZ AE
742 984S F= magic angle effect® WA &P 7 G
%3 (phase encoding direction) AW B a5}
F959t}. 49 dE dAddZe B
EE #9gstgith

MRZG71HE T17%4x29%4% CPMG(Carr-Purcell-
Meiboom-Gill) pulse sequence?] €% mixed echo
sequences S AHESIATE. T1HZGAY #dz27LS WHEA
ZH(repetition time, TR)/9IZ A%t (echo time, TE),
450/22 msec : 1 slice ; 947135 (number of excitation,
NEX), 4 : #9A7, 58 24z}, mixed echo
sequence= TR/TE, 760/21 msec, 8 echoes (21, 42, 63,
84, 105, 126, 147, 168 msec) : TRz, 2240 msec : 1
slice s NEX, 2 : &gA|7k 178 57x0]Adh (Table 1).

#9¥ MRI ARE9Y FFEAZZ2HL Osiris(version

3.6, Medical imaging software, University Hospital of

o

N
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ofN
o2
£
=)
R0

o
ol

Table 1. Scan parameters of MR imaging.

Geneva, Switzerland)® Scion image(version Beta 4.0.2,
Scion Co., U.S.A)E AHE3I9 2 #EAE] BN A
33t 747) linear profile®] #+& Fd& H29] HA (pixel)
ol A she] vl watg o).

wjokol Bt #A9EFL 2% (formalin
8] (decalcification) #4-& A Fo 4712 4
% #AE2AFY 24T

=
fd
o
o
&

bt Bt B 64 =
hematoxylin & eosingd ¥ & 3¢z AHAAdZFYY
proteoglycan 32 GAGALES ZATH o2 Adhs}r] 98}

=2
o alcian blue(AB), toluidine blue (TB)%
Fue 294 trichrome GRS 47HA =

Table 2. Accumulated concentration of glycosaminoglycan

(ug/mg)

Culture duration Trypsin Trypsin-Gd
1hr 136.1 {21.6%) 121.1 (18.9%)

2hr 190.6 (30.2%) 171.8 {26.8%)

3hbr 230.7 (36.6%) 213.5(33.3%)

4hr 263.4 |41.8%) 252.9 (39.4%)

5hr 290.9 (46.1%) 286.4 (44.6%)

24 hr 494.5 (78.4%) 487.7 (76.0%)

48 hr 630.6 (100%} 641.8 (100%)

* trypsin = trypsin culture solution, trypsin-Gd = mixture of
trypsin solution and Gd (DTPA).

Sequences TR/TE TI flip angle FOV matrix slice thickness  NEX scan time
T1WI 450/22 90° 5 256 %512 1 2 4 5’ 24"
Mixed-echo 760/21-168 360 90° 5 256x512 1 2 2 17 57"

* TIWI (T1-weighted image), TR(repetition time), TE {echo time}, TI {inversion time}, FOV (field of view}, NEX {number of excitation).
T TR, TE, and TI (ms), FOV {cm), thickness {(mm), scan time {min and sec}.

0.160

0.140

0.120

0.100

0.080

0.060

Absorbance (525 nm)

0.040

0.020

0.000

0.5 1 2 3 4 5
Chondroitin sutfate {ug/mi}

Fig. 1. Calibration curve for chondroitin sulfate standard with di-
methyl-methylene blue. Absorbance measured with spectropho-
tometry at 525 nm.

| “—e—Trypsin only
=8 Trypsin-Gd

Cuiture durations {hr)

Fig. 2. The release of glycosaminoglycan from the cartilage by
trypsin was proportionately increased as the culture duration in-
creases.

*Gd = Gd (DTPA)
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BEAZe| GA(DTPA-ZYSZ X FBH x|SR that 4

Psto] AASHT. ALAZTAAY 237 AAE S MRIZYH
Wi Bdd whoz A
#Hod® MRIARES v|ZEA o= SPSS release 8.0 T2

89 olgstel 1A, LULA(ANOVA), 292
* pakel 005712 A 92
2wkl @, 2w Al

T4 24AYE Fig. 19 2ol & ‘ﬂﬁ‘r"ﬂ gt dAsHA B
AEglon T W2 45 M FAe Hi V)L 4
(W 2

FAAF WS vl v S BRBEFAR 245 29
1AIZE A BAI A7 A = EAgho] Bl A o2 ZAastet, |
ALkl A BAIZEAA] wjg el A 2F Hree g GAGEEE
A1)l g3t Fabar of7|o) 24417k 482K 9] EA gl
03 =8 Eﬁ’} #e BEAZ GAGY FFHo 2 71A 3
AlZHE 2 GAGe] fedeE Audd &4& 73 AFges
Table 27 2t} (Fig. 2).

Absorbance (Y) = 0.02668 X#g/ml(X) +0.00440 (1)
L} T1Z2ZHAMOM GAd(DTPAV ZHS2EE EH
Setd o2 GA(DTPA)YY 2YZ7 a3s 89e + 9l

th (Fig. 3). Trypsin WY¥3 trypsin-Gd(DTPA)*

of T173ZGA A BHAZY ATHEE i;{ét:;l_ A A E

S7F B 42.0% 74T (p € 0.05). ¥

::. _|1
On-'
F—Ti
o~
>
=
w
ot

b

i)
e
4

Az 2944 B8 F/ks (Fig. 4). B
fgesaz AEAEE 29T AshlP el F74E o

Ct. Mixed-echo sequenceOllA| OI2IX|= X T2 ZPX=Y
M=
BHAAZY T1 o)A EE AR R ZA3}o] vl

3} trypsin WY EY trypsin-Gd(DTPA)? u]&fellA] B A 3—
[191A e fFs= THE(superficial zone)¥ olF &
(transitional zone)§-$loll T10]¢hAl7ke] S/t #a= AT
GAd(DTPA)* 29F717F IS ¢ F Ay (Fig. 6).
T1, T2, rho o|¢AIZF Tt vl X E FoA e Abo]
7b #EAH A @3k (Table 3).

Mixed-echo sequence o)A 8ol 22 T27}z 4+
g o TEZF S7Hg whet $ddEe] A% iy
Hth (Table 3). WA 7be] W& gollme] T2AZAAE
A T&ﬂ"i*” AEe] HlaoAE o4 A= %

A 2t} (Fig. 7).

2f. ZXZAIZ D}

trypsin ¥ & #-A
AAell A AMALo] FA
o A= AR @

Z9 toluidine blue®} alcian blue
AFAA AHA HEdH wd UF

o] = s
e B 5 Y

=
ARl Holn A MRIZSE BEd
o A3 2% wu gom A BRAEY

3 F(fat-suppressed FSE)U =
o A 3'}%73/\}01]3’—(1“% suppressed SD SPGR or
A A Ak (6). AT B AAS

r
—
=
w2
z
N
=
Jo
oo
2
>§_.
HU

e

Fig. 3. T1-weighted images of cartilage after 5 hr-culture. The high signal intensity of the cartilage in trypsin only culture (A} was noted as
more bright intensity in trypsin-Gd (DTPA}* culture (B).
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Fig. 4. Comparison of signal intensities of the cartilage in T1-
weighted image after trypsin only and trypsin-Gd culture.
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Table 3. Measurements of T1, T2, rho relxation maps and signal intensities of multiple T2-weighted images

Trypsin Ohr 1hr 2hr 3hr 4 hr Shr

T1 map 418.7 407.3 3784 375.1 346.1 333.7
T2 map 422.2 395.1 366.3 ) 403.6 387.2 377.0
rho map 4754 465.1 445.8 498.4 499.7 375.2
TE1 195.5 194.3 189.2 186.8 190.1 182.5
TE2 157.1 158.3 157.8 145.9 149.0 142.6
TE3 117.5 122.3 114.7 117.3 112.5 107.4
TE4 97.9 100.7 94.1 91.0 97.4 86.1
TE5 81.4 82.6 78.4 76.8 76.2 69.9
TE6 63.6 62.3 62.5 61.5 64.0 55.6
TE7 47.8 55.9 52.3 45.1 50.0 44.3
TE8 43.1 46.8 42.8 49.3 : 44.5 39.2
Trypsin-Gd

T1 map 387.7 405.9 356.7 372.5 342.2 229.7
T2 map 412.3 393.4 358.7 369.3 366.8 366.4
rho map 487.1 419.6 469.1 217.0 189.1 278.2
TE1 203.0 244.4 253.3 251.9 271.2 293.1
TE2 160.3 185.6 194.9 189.3 203.0 222.7
TE3 121.7 134.1 138.3 141.6 143.8 158.3
TE4 101.1 112.1 115.8 118.1 1114 120.7
TE5 76.8 82.1 81.2 87.9 81.9 94.5
TE6 60.7 68.3 72.4 69.0 63.7 74.2
TE7 52.3 56.8 54.3 53.7 45.9 55.1
TE8 38.9 48.4 474 43.8 48.0 48.5

* (TE1, 21 ms; TEZ, 42 ms; TE3, 63 ms; TE4, 84 ms; TE5, 105 ms; TE6, 126 ms; TE7, 147 ms; TES, 168 ms)
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BHAT| GA(DTPAX-ZYSZ W FBA xp7[SHY A thSt U o137

29 ASHES Bdold AP 0Agr] BB Ao TEAFES L5 AT
2 4359, BRAF FHE PR AEARDo) AL 1%7 A
Az AFME TIZZG ST oA EAA #HEA  FAZR Hof Sled MEYRAL T1-T7%71 &, YA
T REFAN AEAAY AE ZEE] F4A wdd 2231 GAGLE FAH0] itk udZLS giFE 113
(undulating) 9] ¥gE 2o MRIZ A Z 248 Fo] wYAR FAH Jlon duFyl o B2 GAGES] 2%
[ 800.0 1,200.0
700.0 1,000.0
€00.0
- > 800.0
2 500.0 e e G JO S,
5;: 0.0 ¢ ety Trypsin(Ohr) gg, 600.0 oot Trypsind 1hr)
& 400, & R
G e Trypsin-Ga(Oht) - & =~ Trypsin-Gd{ 1}
< s e w5 i e o e~ A e et ——— [P —
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& 2000 @ 400.0
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200.0 -
1000 §---
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1 3 8 7 9 11131517 192123 183 5 7 6 111315171821 23
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> 8000 2z 800.0
g et Try05i0 (200 2 et T ryp51in{ 3w}
& 8000 S 8000
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2«00 & 4000
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= >
e H L ,
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3 e T rypsin~Gal( 4} 5 e Trynsin-Gd{5hr)
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e f

Fig. 5. The pixel-by-pixel comparison of signal intensities of cartilage in T1-weighted image. The degree of Gd{DTPA)?-enhancement cor-
responds to the gap between the two curves. The Gd{DTPA)*-enhancement of cartilage is increased as culture duration increases {A, 0 hr;
B, 1hr;C,2hr; D,3hr; E, 4 hr; F, 5 hr culture).
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S03~ 71¢k COO™ 717k 7] wiioll Fgdo] AL o]
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AAHRAE GAGH & T+ $%
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9372] 245l thg A o] oA HY4Y AHGo| 24
2 LA ok (4, 17). mp #AAZAq 2719 H
AsE BFsP] fsiM s nddR GAGY AEd @
g5HA Fgst=uprt BEAE MRI |79 $28 5
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Bl 7] GAGZAES MRIZ #3e] 7A5dA 9 (10,
23). Az AT A= trypsin YO E GAGAES #5238
% Gd(DTPA)* & o] &8l MRIZ #AdF WHeE #2
& F UEAE YolEuA stk wjEA o] FIHEFE
GA(DTPA)* 29F717t S7HEAR GAGe] % @ol &4

ARFE & F A% (p €0.05) (Fig. 3-5).
WPAA R AEo] Yo HHEAZY T20| A THo] F7}
). GAGS ZEolAE rho o]¢AZo] F7He
AN v APelM e TIZzF LA Gd
(DTPA) 29570l S7tevt Bastgint (10, 14, 23, 24).
Paul 5 (25)2 FE4FS T3t GAGY AdAZe
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Fig. 7. Comparison of the signal intensities of cartilage treated by
trypsin with increase culture duration (hr} in multiple TE (TE1, 21
ms; TE2, 42 ms; TE3, 63 ms; TE4, 84ms; TE5, 105 ms; TE6, 126
ms; TE7, 147 ms; TES, 168 ms).
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Fig. 6. Graphs of accumulated signal intensities of cartilage in T1 relaxation map. With pixel-by-pixel comparison of trypsin (A} and
trypsin-Gd(DTPA}* culture (B}, the increased relaxation time is noted in the superficial and transitional portion (pixel 3-11] of the cartilage
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Purpose : Early degeneration of articular cartilage is accompanied by a loss of glycosaminoglycan (GAG)
and the consequent change of the integrity. The purpose of this study was to biochemically quantify the.
loss of GAG, and to evaluate the Gd(DTPA)*-enhanced, and T1, T2, rho relaxation map for detection of
the early degeneration of cartilage.
Materials and Methods : A cartilage-bone block in size of 8mm X 10 mm was acquired from the patella in
each of three pigs. Quantitative analysis of GAG of cartilage was performed at spectrophotometry by
use of dimethylmethylene blue. Each of cartilage blocks was cultured in one of three different media:
two different culture media (0.2 mg/ml trypsin solution, ImM Gd (DTPAJ* mixed trypsin solution} and
the control media (phosphate buffered saline {PBS)). The cartilage blocks were cultured for 5 hrs, during
which MR images of the blocks were obtained at one hour interval (0 hr, 1 hr, 2 hr, 3 hr, 4 hr, 5 hr). And
then, additional culture was done for 24 hrs and 48 hrs. Both T1-weighted image (TR/TE, 450/22 ms},
and mixed-echo sequence (TR/TE, 760/21-168ms; 8 echoes) were obtained at all times using field of
view 50 mm, slice thickness 2 mm, and matrix 256 x 512. The MRI data were analyzed with pixel-by-
pixel comparisons. The cultured cartilage-bone blocks were microscopically observed using hematoxylin
& eosin, toluidine blue, alcian blue, and trichrome stains.
Results : At quantitation analysis, GAG concentration in the culture solutions was proportional to the
culture durations. The T1-signal of the cartilage-bone block cultured in the Gd(DTPAY mixed solution
was significantly higher (42% in average, p<0.05) than that of the cartilage-bone block cultured in the
trypsin solution alone. The T1, T2, rho relaxation times of cultured tissue were not significantly
correlated with culture duration (p>0.05). However the focal increase in T1 relaxation time at
superficial and transitional layers of cartilage was seen in Gd{DTPAJ* mixed culture. Toluidine blue and
alcian blue stains revealed multiple defects in whole thickness of the cartilage cultured in trypsin
media.

~ Conclusion : The quantitative analysis showed gradual loss of GAG proportional to the culture duration.
Microimagings of cartilage with Gd{DTPA)*-enhancement, relaxation maps were available by pixel size
of 97.9x195 um. Loss of GAG over time better demonstrated with Gd{DTPA}*-enhanced images than
with T1, T2, rho relaxation maps. Therefore Gd(DTPA)*-enhanced T1-weighted image is superior for
detection of early degeneration of cartilage.

Index words : Articular cartilage, contrast enhanced MR image,
quantitative MR image, glycosaminoglycan
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