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PAE FAstehe A7FE 3 FellA] 2% el 2 (spin
echo, SE) 8H& 7} o] A&l whol}, 1 o]9ox
gradient-echo{ GRE), 3-dimensional(D) GRE %% °]4%
T qlon, ubil o) Meoi= A]7ke] Aek, v]g-o] 7ha, Ak
HAw, 2ANRE, 21| A I5-E Lt 53
AAHATE & By Y AlESn8](signal to noise
ratio, SNR)$} tf] 2%-8-#] (contrast to noise ratio, CNR)2]
Z7)e} v Ee] 1 HAHS 7] A8 =¥ 7S (Arti-
fact)& &l WS Aldsloolilic(l, 2). o & &4 #A
off Ab&ahe dahbe] TREFL Fa TR, A4
3} AJab W) ekt ae) T2z Ak whl s AREgich 1
U, #AQFe T zGA T A oA 243 A0
(e} FabA) Alze] 37 Ale7k=2 H]lch(Fig. la).
2ol QA 7HS 5171 A SE uh# AR 23 Als
7452 vehles vhegx F<% SE W4 (fast spin echo
[FSE] or turbo spin echo[ TSE]) & 34 ¢] dAle|| ol o]
£-g)c}, FSE b & o) 45 SE wh R} 3¢ A7)
71 30% A= A Jelted] 2 o} 180% refocusing
PAZ ofe] W ubEsle] F7) wfFoll FH | FxEo] FHF
oAl o7t oyt Fulpel ubiste] kFo] Fo AbshA
o} (magnetization transfer)7} doji}r) wjFola}ar A z-gc}
(3). o]} Z& A5 EAL HAAF FHNY] HEer}
ol x] Ao T oS Byl HAsht AFAHA ¢
A5 Fasrlde PR ok

AAaAEe Alse FHo 22 xer) F4] dobd A
AT B o]aiu wHl o] WHe] o & ¢ ok A2 ¥
o] whog Aubzisupyolvt Apztdoe] wby-E A&t
o] Wl E5-& SE v} GRE Wi} §A &3l A3 < )
ok AA s o) Zhle A AFe| oAt mlg Fe3t ovE
Adc}, 2 o) SE Al A A 732 (1-dimensio-

nal spectrum)=7]& B xuke] 257} B 23 A3 B}
ackes g o F gtk gy FAE 7HA L Bolobd A
Ao AlzE AR o] FAF FFo| & 7ol DA
odZo] AlZWsE A ukeddt 5 ik =iy A A E
A|Ashd 44 #£&A] dynamic ranges W& Fo] #HAE9
A A A&7} Bolx| Al FH e 2R E Folv EIE V)
W& = ook Aaghsa ol e ubiEel sl XA
el 4 ¥ 3}ube] (chemical selective saturation)o] v @A 12}
Aol odapAA| ol A wo| o] g8l whdelw Wl 7tHEw
A upo] 9o} o}2 29| A% A WIS FH| ¥7] wiel
odAre] s Aol Solqk ubyl o2 ke A Ik Fig. 2)(4, 5). ©]
w2 SE, GRE, FSE 59 Wl A48 + glow a3
2 o 3ZAzYe) AR Apr)Ake] Bl Adel ogk Ad Al
3 Ao ddsiA 2 5 9len 53] HEgd ) Akl
& FA VE Sl Dol LA} = ok E Az whg e
2 o= 5] E-(Inversion recovery) B (6)F AH4-3led xupAl
390 221317} ¢lo A= Al (nulling time)sl| SE, FSE, &
2 GRE WP £S5 AH4-8le] ko] Al3aks glofl= uhieltth
o} wp]-& F &3] 7 nulling time)S A &3] FH3}e] g
W AupalEo) vl dEH R 7AET 2r)ahe) ujddA
ol 23t 3FS wlwA HA wko} o ZA|Zke] HojR)7) wiE
o AAFE P& A|Zte] AojA)= whAe] glvh(Fig. 1b). 2 ©]
oo &= ZA7]ol Wol AlE-319 Y Dixon ¥z} WHals uhdy
Eo] glom(7) F&odake) 4w A GRE dAdolA A4
3} B9 M52 94 (phase)o] thE AL o]&3le] AMze| $
Ao AW 2 =& A7kl dAMIEE d= 9P (off-phase
image) 5o] glov #AHAF S 7] YA A5 A s
W5 ofrt

248}3 o] (magnetization transfer[ MT], saturation tran-
sfer)ut] - o] &3}o] d-FxA ] A7 o] WIS HA3|AL
R2EE = 4 dvx g} 239 $aofdAe Hox b
57 2%F3H= free hydrogen pool(Hf)2} 325-%}(macrom-
olecules)gh A o]} |ulol] Eojgle] & X FZl0] immo-
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Fig. 1. Normal articular cartilage of the patella.
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a. Transaxial T1-weighted (TR/TE : 500/15) spin echo image shows patellar articular cartilage with intermediate signal
intensity. Articular cartilage is not well distinguishable from joint fluid.

b. Fast spin echo(TR/effectiveTE/TI : 4000/60/150) combined with inversion recovery sequence shows suppression of
adjacent fat of the bone marrow and subcutaneous tissue. Joint fluid appears bright and articular cartilage has inter-
mediate signal intensity. Surface and base of articular cartilage are well contrasted to the adjacent structures.

Fig. 2. A sagittal proton den51ty welghted image with fat
suppression of the knee. Articular cartilage of femur,
tibia, and patella appear as high signal intensity struc-
ture, which can be well contrasted to the adjacent tissues
because of suppression of fat signal.

T Image of Knee: 3D GRE /w 500 Hz offset

bile(bound, restricted) hydrogen pool(Hr)e] ¢Jc}. Hr& =}
7| EZA20F 2340 o 2be] 2151S HS poolZ Aol A|A Hf
pool®] ATE 7oA 7]e whlelch(8, 9). o]9} 7 Ap3bH o)
.o SE 22 GRE(2D<} 3D) bl X“‘*?-_} gtk A
Z2)9] z}3pele] A wr) Wb} o} 7). v 29 (offres-
onance) 38 # 9], Al7}, ZFEEo] 2] “HTO]D}- AZ
ZA o= EA}H(macromolecules)ol] £ 9l= go] o2
FA] ol Wlazsled §7) wifol 3ol Esr) Ak webx o
bR o g Ao Fa 8o Ade o 40-50%AH 5] AE L5
AFE Holn Fwle] It BN Azt Ed= 2t}
(8—-20%)(10, 11)(Fig. 3).

3-D S Imm = 11 0]3le) A& gl of> A
whE A)ZE Yol oA BaAle od A} WS aheba] A AR
T A A=t FolAlw §-E-8-% %78 (partial volume
averaging)®] 3¢S A W] ofFol| AAFE s -3k
= HA¥ 7 sl Aol gleh 3D dAES dAE S

Fig. 3. Magnetization transfer (MT)
contrast image of femoral articular
cartilage. Sagittal spin echo images
without (a) and with (b) MT pulse
and a subtracted image(a—b). Ar-
7 ticular cartilage signal intensity
shows remarkable decrease in(b).
" Therefore, it shows high intensity
“in (¢) and is well contrasted from
adjacent structure.



S %0]7] $18le] GRE GAelA2t Abgsid oy, FHIde
FSE £9 ¥who|xz 243t gitl. 3D SPGR(spoiled
gradient in the steady state) 93 At} x|z d Al Wl & &
Al At Fdod 3 sl S glshedl frol it
(Fig. 4)(12, 13).
wgh F o) QH e g agshE wh Foll DESS(double
echo in the steady state)zta Eale whio] (14, 15).
o] & 3D GRE whe] wF s} sHao] A, Fof o ZE
o]x] B¥e] GRE%4tel T2 contrast E3-E tigh 23} 2
A3 Ao webd sjyabd F2E A 3 5 eley
B ho] BAS FEE Vehl7] i f AT H o] R
T2 77| o gojgh whojrt.
FR Ao THe] WS AP AT LR 2IAE
& AAWE 798 Foll MR & e e
MR #4 zedgolzta gch(16-20). I & 25ty
ool AFAES A Ed FdAFHe] HE2eE ¥

HA B HB0| TE

1) 2o Ap|Z3HHE Mo ofty

d AFS h2 2—4mm A5 FUY FAE 7L o
o QAo &MFe dFe] Mg FrcH(Fig. 5). #A <
T Adzdo] ZrtslHA] skolalth. AFe) 742 E(65-80
%), proteoglycans(10—30%) 9} collagen(5—10%) 2.2 743
g}, z228z 0 g2 4712 222 v}ec): Superficial tan-
gential, transitional, radial®} calcified cartilage 222 7
Ach(21) (Fig. 6). o]2)3F 47}7] 29] -5 AT £2] Bof
3} 529 A (collagen) A -f<) FA W 502 v 5 Stk

Fig. 4. A sagittal three dimensional spoiled gradient echo
in the steady status image with fat suppression(TR/TE,
59/15msec;ﬂip angle of 60 degrees). This method pro-
vide high resolution (0.5%0.5 X 1mm) and high signal in-
tensity of the cartilage compared to bone, bone marrow,
and fibrocartilage. The image shows alternating signal in-
tensity within the cartilage from superficial to deep
zones.

A E7HA A9 Ao} 23 sk iAo ste] ofe] 7}A|
g 83 9tk T1 4x2d Aol s 2 NS} =R viehio
250 As7FEs} fAsch HEAT A EE FUsHA
ol3 =AH(lamina).22 A3 7% W3zl gk d#iA gl
th(22). AE7HA 9 2ol s, FEY AF 2] $49)
A1z 2 Beolvka 31 (22-25) Ao AF 2% AR
A} Az 2 pelhy gch(Fig. 4)(26—29). 12}, 2024
Ble] A3 7o) dig Ry} dEHo)A] E3l(Table 1)

ol

Fig. 5. Gross sagittal section of the cadaveric knee. Profile
of articular cartilage seems to consist of homogeneous
substance and smooth margin without irregularities on its
surface.

tructure o
Tangential Z.

a4

Transitional Z.

Radiating Z.

; o o ol T R S —
Fig. 6. Histology of articular cartilage. Four zones are
demonstrated : the most superficial tangential, tran-
sitional, radial, and the deepest calcified zones. Collagen
fiber orientation and chondrocyte are well demonstrated.
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(30, 31) 1 AlsHsle] o]f2+= AFUH el =9 2(22), prot- (truncation artifact)e}] F% <lojzlx MA9ala gk 34,
eoglycans®] #, Collagen?] (10, 11)3} Al fro] whak(23, 24, 35)(Fig 4). A FEL AT7}E Y zlolr} & HojjA] B

32), T2 ©]2FX]7H(33), diffusion, magnetization transfer, 12 Iy—-’f‘"‘(samphng) w} Fof] Yl el Fo A=
magic angle effects 5o] 288 7lolete F4-& dhaL 9l A=t *“Elé‘ AZ7F 7909 AR A dakslsls uh s A
zvzb gh7pa] o] fube 2= A AWE g gl o] Wrh i 83k Aol #AAZe] FACE H A (pixel) =710l 4ufl
2o} wed A2 Magnetization transfer 3 A dojA o Aol 7P FEsk el o AlE ke WHEke 2290

ol iyl Bol $EAlgll o Azt AeE vehd 2Eo(35). A sAAEE STMIIH A Ao g A
T slet T-29 F73Fel vehtE A3 tae £oE0H(35). 28d,
Za)ol Lz 2 E o AlulH S o] Lsled HhE od Alel| A= 9

ol o3 Aoz wrlol Ayl FETh MRI Akl A

Z odxpupol wE 9}]—} %3] Rt 3ol (chemical shift) <JAbfZo|t, x}shg

"—15]—713 75}‘4 ——'6] ”’X]-%, 7‘]""7‘;}-‘” QPGR o A} (Susceptibility) H=-(36)e)l 23t A3 o] 252 (misreg-
istration)e] ¥l 4% ¢lt}. 3}8tH o] (chemical shift) <3

[+

Fig. 7. Bovine Cartilage submerged in normal saline.

a. Tl-weighted image (TR/TE: 300/14) was obtained with Bo direction perpendicular to the image plane. Frequency
encoding direction is right-to-left. 4X4 cm field of view, 512X 256 matrix size, 2 millimeter slice thickness, and 20
acquisitions were used for this image. Thus in-plane resolution was 80 160 micron. Signal intensity of the cartilage is
not homogeneous and signal intensity profile is plotted from the superficial layer to the deep layer of the cartilage.

b. T2-weighted image (TR/TE: 2000/53) was obtained with same other imaging parameters. Signal intensity variation is
well plotted in a signal intensity profile. The very superficial layer shows high signal intensity layer.

¢. Histologic specimen shows cartilage and subchondral bones. Correlation of Histologic layers and MR signal intensity
change area are correlated with artificially made defects.

Table 1. Summary of the Reported Results

Modl Rubenstein Authors
Y 31 Human Knee Bovine Bovine Human
uhy SET2WI SETIWI SET2WI SET1IWI SET2/T1
7 3} triple lamina triple lamina 5 layers 5 layers
Tangential low high high # high low/high
Transitional high high IM high IM
Upper Radial high high high M high/IM
Middle Radial high low M low M
Lower Radial & Calcified Z low M low low* low

* showed an intermediate signal intensity band in the upper portion of the lower radial zone. IM means intermediate
signal intensity. # High signal intnesity is seen on the superficial layer.
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o]7} 5'.71] vehtbeE A4S B 9 9lch
et s e A 0 2 IR ) PH: 7 i Bol shadbat 4 gl
Susceptibility 9 3rel] €3} o] 5-& B35 3} ukskol AA}
Apze] @AYol u]H gl ZOCBo . X/Gx 7 distance of
shift, X :susceptibility difference, Bo . magnetic field
strength, Gx;read out gradient). 121}, A 2}59] A& o
ojatm g}atdo] odabsl o, Askg o o] A S wiA)|
& dglen, BdalgEel o3 FATEE FSEE o] 4%
microimaging ol A+ viebdx] od9te}(37).

3) six7ix| =20 E|= Chetst HEAZO Alsof Aol

AdedZe] Az wWzle] dalo] g AFEdM AdFAE
Zholl 27d9] A xshx] ¢k ¢lv}(38). Rubenstein 5(39)-
F 29| Aol 5—5& thA| RoJFHA Isjik JArE A x
sheict. A71El odARS superficial gliding A A& Fo]u] o] 2
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Fig. 8. Chondromalacia of the femoral cartilage. Fast spin
echo sagittal image shows heterogeneous signal intensity
of the trochlear surface of the femur, suggestive of
chondromalacia Grade 4.

A AZLE Wslol| o8] 3T EZe A ¥ fibrillationo] 2
Aehed o]eldt st 2t ol W3l olFo @i}&
(chondromalaaa) —2‘— A o Zw 3}50] Bl
d2re] B Fol| X 2719 ‘*‘35}*: d
4‘-4 °4§]——°]U1 W g] 7913-2 ool Ay} o= 7o

o} Z7lells Al F-Fo] A7, g, 7o) HolA vt

Fig. 9. Chondromalacia, grade 3. Femoral cartilage lesion
are detected on both FSE and DESS sequence images.
Outline of the defect are better visualized on DESS im-
age.

Fig. 10. 3-D SPGR sequence image (TR/TE=59/15, flip
angle of 60 degrees) with fat suppression after intra-
venous contrast enhancement shows a trilaminar appear-
ance of the femoral cartilage. Cartilage surfaces are well
delineated with enhanced synovium and fluid.

Cartilage show laminated appearance with alternating sig-
nal in the cartilage. Irregularities and focal defects with
high signal intensity are shown in the femoral cartilage.
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Fig. 11. Chondromalacia of Patella.

a. Fat-suppression, T2-weighted fast spin echo image shows linear high signal intensity in between subchondral bone
and cartilage of the patella. Signal change is also seen in femoral cartilage.
b. 3D fat-suppression SPGR images shows an enhanced cartilage lesion, which is well contrasted from subchondral

bone and overlying cartilage.

o el Web) 2 5 Aok £ AP EaA v
v BE Bl ehd o gl dAFe] HyA Wl F
722 a4 glch : basal and superficial degeneration
(41). o1Z9] #¥ 9] grading system-2 t}eFsl} Outerbrid-
ge(42)2] &
the cartilage ; grade 2: fragmentation and fissuring in an

5o whZ™ grade 1 :softening and swelling of

area half an inch or less in diameter ; grade 3: fragmen-
tation and fissuring in an area more than half an inch in
diameter . grade 4 : full thickness erosion of cartilage® v}
= 7 Ak

Az EAdHse 2ol AT FAS FANAHA
A8 = eFolxlch(atrophy). 413.¢] Wshe T2 7523 Akl 4]
A5, T1 A4z A A3 el o]eia Alse)
ke ek S7hE AR, 44). A2 e
A% P ol YRS Ay o4y de} kA 52

%0 —95% 2 R g (45-50). T1 7hz2cd Aol A3 4H&
Heof A57} Bl dFH AEAS TR 280 e
w T2 732348 Aldste] Ao AF 7 ert A 73y
Al 3 H(Fig. 8), GRE W& Ab4-3led od-Fe) 4137} 74
H x5 ok A9t 3D SPGR A2 vwd A3E

N

k..

F

FsH B 5 iz wholnh (48—50). AZe] W2 Akl
Fof| v)3le] A A3 xR vehdrh(26). FH 2o 2383} g

dual energy in the steady state(DESS) w2 33}
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% SE T2 7tz drc} 2 4 & 5 912w 3D d4te] 7}
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Tof gk YAH B A 4 Ro) qkEe] 9ok (Fig 9).
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