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Application of Diffusion-weighted MR Imaging
to the Diagnosis of Bone Metastasis: A funda-
mental study using rabbit bone tumor model

Masami Mikami

Purpose: To evaluate diffusion-weighted magnetic resonance
imaging (DW-MRI) for the diagnosis of bone metastasis, using
rabbit bone tumor models.

Materials and Methods: Skeletal tumor lesions and inflam-
mation were induced by the injection of VX-2 tumor cells
in suspension and in croton oil, respectively, into the distal
femur of Japanese white rabbits. Ten to fourteen days after
the injection, MRI was performed under intravenous anes-
thesia. Single-shot echo planar DW images were obtained.
After MRI, the diseased femurs were extirpated, histologi-
cally analyzed, and compared with DW images. The appar-
ent diffusion coefficient (ADC) values for the different tis-
sue regions were compared, and the relationships with his-
tological measurements were examined.

Results: In the necrotic regions of intraskeletal tumors, ADC
values were higher than those in regions with abundant vi-
able tumor cells (p<0.0001). In extraskeletal tumors, necrotic
cells were numerous, and ADC values were similar to those
in the intraskeletal necrotic tumors. Intraskeletal inflammatory
lesions and normal bone marrow showed the highest and
lowest ADC values, respectively (p<0.0001). ADC values
were negatively correlated with cell area density and the
nuclear/cytoplasmic ratio.

Conclusion: ADC values in various skeletal lesions corre-
lated with histological features, suggesting the potential
usefulness of ADC mapping in differentiating osteomyeli-
tis from bone metastasis.

Research Code No.: 509
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EBNEERIRADERFEFOPTROZ C, I
FUHE, BUSIHRAR, MR EOMATHICERICRET HY. 2
D7z, TOBWNIEMIEGDOBRITEOPRIED 2O T
HTEETHS. BF, FEEBODINIIEMXMERL, &
YUyFrI 74, XCT, BEILEZENE (magnetic reso-
nance imaging; MRI) % £I2 & D {Thh 524, FFIIMRIX
IEOHEMOESANHEE L, BEF2MGGHEICLD
MR ERICEN, BIECIRBEZEZITCBWTIL L fH
ENTWEYY, L Lad s, MRUIMES DRFEMEASL S
Lb+aTh{, REBFZ2ELIHEIIREREL R
SNCHEE T BIEID B ICRERE NS, Thbb, BIEEE
B, BE MR EO—HORELRE, —MKIZMRI
TG TRETEETAI LISV, FHEELR LT
A LA MEARFIROSEN L EaTNE T LIELIEE
SR L LTSNS 20, Thb LFHE L OERIHHEE
LAEBIDEET 510,

VA, WEECAREIG, SHNREEOBN R L TE
ORI S, BELBROSGTHEH LT
L0020 g . EERTEIR T, HERE IO REMEOENIZS
AR HRE SN TWAEY, BIE F TICLHGHRA S
2B 2 BT o3 #R % (apparent diffusion coefficient:
ADC) ADCIEOFHHEABF IR IC OV TV (29 DOH
AR ONDLD, BHEESE L ERICBWT, Ml
W7 & OIRIEARETEEE L, ADCHl & OBSEZ AT L
THEIZASNRY, FTAHE, FRAREICBHELA
G IERE ORI E (S 2 IS L, ToRmBMSENERY
HERETT 57280, B NIESEAL (viable#, necrosisif),
RAELRE & CIEH BRI BT 2 IEHaFAE R TOMEIZD
WORRET L7z,

MEBLIUHE

1., EBREFTIOER
FEERIX 108, THEE kgD A BEE160) % H
vV, EMEEEFLV(n=8) L FEET IV (n=4) ZEEKL,
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Table 1 MR imaging sequences

T1-weighted image (fast spin echo)
TR/TE 500/10
band width (kHz) 20
NEX 3
ETL 2
slice thickness (mm) 3
gap (mm) 1
FOV (cm) 16x16
matrix 256x192 (ZIP 512)
acquisition time 2'26”

fast STIR Diffusion-weighted image (DWI)*
3000/80 (TI=150) 5500/100
20.8 9N
4 1
8 -
3 5
1 1.5
16x16 24x24
256x192 (ZIP 512) 128x128
454" 022"

*SE type single shot EPI, b=0,500sec/mm?, isotropic diffusion

4 PERIEFEE L7,

MEHEE 7N DI IE, UHETHRAHF IR TV AR
BVX-2EBEEZMHEH LA, RISV ET =N (VL S~y
FO)IZ & 2 ENREREE T C, KBAVE R 5 % 18GE % F v
THEBEFH L, VX-20EHBBIE (5 x 1058) A L7244,
EH12H HIZMRI Z#E L7z,

RIEET VI, FROFHIZTI0% 70 > F 40
(Nacalai Tesque, Inc.; Kyoto, Japan)0.3ml % J <& i fir i
WKHEALER L7z, 20 b vt 4 VIZMAEREEREOE
RMWETH Y, BGERALIHRNRAE % &S 519, MRIIZ
78 brAANVERTEAR, FHR2BEICEREL:. 4B
IEFARICIIEAEORRZ 7z,

B, RERL, IGERNKEHWEREESOKD
(03-022) & %1}, NIGERKFBIYESIEEH IS X £
s,

2. MRIE{® & ADCEDETA

MRIDHRIZIE, BIRMEET T, GEFLELL.ST(E (SIGNA
Horizon LX, i KMEFHGBEE33mT/m, slew rate 120mT/
m/sec) ZfEH L, head coil ¥ iV TH{E A T o7, LW
#Rk1%%(F % Table 1 IZ7RF. fast spin echo (FSE) {12 & AT1
SHARE D3 F A = 4 13500/10/3 (TR/TE/excitation), Hi{&Hs
i 2 572680 T = 72, fast STIRDF(E /Y5 2 — ¥ 133000/
150/90/4 (TR/TI/TE/excitation) THf&FEH 13 4 53548 Td
o7, EZENH A X3vFind 1.6x 1.2mmTH 5,
EPFSERIC £ AT156M% & fast STIR 2 4% L 727%, single
shot echo-planar imaging (EPI) % F > 7= 35 80 99 1% % 15
. BLHURFAEBE D /8T X — #135500/100/1 (TR/TE/
excitation) CHEIF 13228 CTH o 7=, bl 0, 500s/mm?%
FIRERIZ L7z, SEECAAmRIC BB 7 94 X1k 1.9
x 1.9mmT&H 5.

ADCIIbfEA% 0 B & U500s/mm> DI HiGH i 7 & 515
L, [E{EEHTY 7 I Fanctool 2000 (General Erectric) % Jf 1
TADC map & 1EHL L7z, RIZ, ADC mapDWi{g 7 — ¥ % i
#rH 2 > ¥ 2 — # (Macintosh Power Book G3, OS 8.6) |- iz
1% L, A[ENational Institute Health (NIH) ®Wayne Rasband
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(2 & B EEHET Y 7 PNIH image 1.62 % L, {£&0
LIS (ROI) % #%5€ L TADCHE#® 3K 7. MRI & S H41 ik
BOWARIICIE, 32—y DE=ZF LT, a2V
2= F TN A A PR (S & 3t L CAT 5 72,

viable#f, necrosis®h, ZIELS, HEH, EYMEELE S
—H T HEMLOADCHE % HlE L7z, RONIFZ20mm*D —E
WMTREL, 5 2OWALIZOWTEET & ODADCHE % e
LS HMTORKEZIT>7:. ROIDFEDS & ADCEDE
Wi 2 2 DHGHRBHE O & 3HI2 TiT o 7=,

3. RIBMEEIEADOMER B L UBH

MRISREHICKBRE 255 L, HEE 7 oMz
BANRIZY B720, 77 VEELZTo7. EFEB LU
FIEETIWIZ2WTIZI0% K<) Y THEZEL, /S5 74
CABELT o7, FOH, MRIED AT £ AT SbE
TY¥A 270 b=L%MHT SumZIZHIEE L, hematoxyline-
eosin (HE) R 247V, HMMMEAZ/ER L 72 KBREANOIE
B (EPIIER) 1%, MEBAROWIRERE X CHEMET o
Bz b LT, OBIREEILE Mo Mlas 3L A EARS
N WFEEMERES AL (viabledB) &, @ MMEO—EBD L
CIRRPICHIRAHE L, FERE, BiREIED LS
BAOL (necrosisBB) IZMHE L 72, 72, KBS ED St
VX-20ER 2 FIMES & U7z, RICHFALEE b RO
(ROI) % % 5% LIBAS system (Zeiss-Kontron, Eching,
Germany) % T, #liE & ME O MR s EEHE) &,
4 OMINLIC BT 5 MFLE X B OE R (N/CH) D
¥EEHE L7z, ROUIMRIEE & x5tk L7 555 ADCHER)
ERFOROLIE W HER R ) — B+ 5 X 9 (2 —E HH% (20mm?)
TReE L7z,

4. 1BREVEB
B NIESSTAL (viabledh, necrosisi), IFH-S88, S4E
AL X URAERRALIC BT AADCEDHEB L U5, ()&
Ptk & IEH AT HRIC 315 2D ADCHE & MTEREE B X 00
ADCIEEN/CIL & DBEIZDOWTHRF L7z,

HAEREE o4k H35



Fig. 1 VX-2 tumor implanted in the rabbit femur.

A: T1-weighted MR image shows an area of low signal intensity (arrow)in the

distal femur.

B: STIR image shows high signal intensity (arrow)in the same region.
C: Diffusion-weighted image demonstrates an increase in the signal inten-
sity of the lesion. The central portion(arrow), which represents quuefled tu-
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mor necrosis (see E), has a slightly lower signal intensity than that in the

peripheral regmn(Red arrow heads).

D: On the ADC map, the viable lesion showed lower signal than the necrotic

lesion. Yellow arrow heads indicate extraskeletal tumor. The cortical border A B

of femoral bone is shown with dashed line in Figure C,D.

E: Histologic section shows viable tumor (arrowhead) peripherally and lique- c D
fied tumor necrosis (arrow)centrally (hematoxylin-easin stain; original —_—

magnification).

F: In the viable lesion, cell density is high, which might lead to lower the ADC

(hemotoxylin-eosin stain; original magnificationx100).

5. HEEtSa0MRET
EEM O 1 dScheffeDIREIZ L V), FHEEIZPearson DAHEE
BEERCTITY, WIRbpfE< 0052 FFEL L7

#w R

1. EESMOMRIFFR
KB IIRE
LT, MRITU#EFHE TR(ES, STIRETEESFIHHE

N7z (Fig. 1A, B). F7z, nioaidmig ik, &NEEE

ER 1643 A 25 H

AL IR LoV -2l S L, EEEfE It

@4 BviableH i L e

BHEL D EES IR SN, necrosis
HIEES IR s iz, —F4, ADCmapD s L — A7 —
JVFRR T, necrosisHlZE B Oviabledf 2 lb-<B il &
7z (Fig. 1C, D). MREB{ZIZ3FIES 5 Wit o5 Edkg &

Fig. 1EIZ7RT . viable#fi TIZRBI OB 2 Fe oM A% 1250
4 BIEHEIZE S 17z (Fig. 1F).

2. BEEFIVICE T HRIBIRIEAT R & ADCE D EEES
BEALDOADCIED M EFE R % Fig. 2 1277, F NG
Tld, necrosisihid viable® & Kl L TADCAYE &V iE
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p<0.0001
' p<0.0001 '
'p<0.0001 p<0.0001 '
p<0.0001  p<0.0001 p<0.0001
3.0_ r T 1 p400001 |
. _ p<0.0001 =
o 2.5
§ -
3 207 -
E .
£ 157
o L &
X 1.0+ -
8 o5 '
2 051
0 o
necrosis viable extra- .
[ normal skeletal  inflammation
Intraskeletal tumor tumor
Fig. 2 Comparison of ADC values between tumors, inflammation and normal regions.
2.251 25 -
£] o 2.25 o
= 2.00 O ~ 2.00 O ]
2 .. O r=0.737 - e =0.477
8 175 p=0.0005 8 175> __ p=0.045
21504 o n=17 @ 1.50 - ~ o =17 g
E 1.25- b\ o E 1.25 ~™~.0
E (@] g -~ 0
% 1.00 Cp O \3\ % 1.00 o o b‘xg)\
X 0.75 OO X 0.75- 5 ﬂmo\
Q 050 C\ e Q 050 24
< o5 <C g |
0.25 e \ 0.25 e}
0l||||||||]|||||||-|—| 0||||r\r[|||||||1||||
10 15 20 25 30 35 40 45 50 55 60 42 43 44 45 46 47 48 49 50 51 52
Cell density (%) NC ratio (%)
Fig. 3 Relationship between ADC values and cell areal densi- Fig. 4 Relationship between ADC values and N/C ratios.
ties.

Z/RL72(p<0.0001). 72, FAIESDviable#BDADCHE
BEFEFHBL ) S EBIIEMEE R L7 (p<0.0001).

BHEEEAL O SRS 1 dnecrosis 27 L, ADCHILZEANE
Fmecrosisil & FREICEVEEZ R L7, 7, BYMEELAL
& BPER viablethds L IEF BRI L OMIZIZEEEDSTRD
L7z (Wi dp <0.0001).

3. MMmETE®E, N/CLt&ADCIEDIARS

0 B T A 98 FE P N/C L S 1 72 12 & ADCE I ERAE % 7R
L, ADCIEE DRIZIZVTFR S FELAMEI RO SN
(Figs. 3, 4).
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4, REEFNVICH T AMRIFIR b &L ORIBMABAAR &
ADCED L&

RAEFILIEH TR L Y MRI T15RFHE TIRES, STIRIET

Fife 5 %R L7 (Fig. 5A, B).

LGRS % Fig, SCIIR Y. WEHMEEATIZ 7 0 k
YAANDEANEDHEBLEZ LN LB L BREDL
HIERDIZ M % 77z (Fig. SD). F7z, HKIERBI DADCIEIZ
AR L7z 5 #6209 BT BfE% R L7z (p <0.0001)
(Fig. 2).
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Fig. 5 Croton oil-induced osteomyelitis in the rabbit femur.
A: T1-weighted MR image shows a low signal intensity area(arrow)with an unclear border in the distal femur. A B
B: STIR image shows high signal intensity (arrow)in the same region. S
C: Diffusion-weighted image shows low signal intensity (arrow) corresponding to the lesion on STIR image. D
D: Photomicrograph obtained in the distal femur confirms inflammatory cell infiltration with abundant exudate (hemotoxylin-

eosin stain; original magnificationx40).

z =

e, KT ORE % RIIEHARI i vitroDIREE
THE SN TEDS, FEICE YMRIZFER L TEENT
DIFHHES 2 WL TEL L) 12 ho k. ILETRAEZ
I, ERRHYIZ(Zecho planarfE DB IC & b RFEAY 12 K
L, BE, SUREAEZES 2 OMtho b RE B OB
TEDOHERUANHELL T BED, S 512, B TIXEPHE
T H R EEZ SRALIZ4F L, SSFSE (single shot fast spin echo)
*°SSFP (steady-state free precession) 57 & % FIH L 7-3L#%
SEAREIR BT S, B, FHERBOBENICICE ShT
WA, R C ORI EHE OICH T, JFI0HE
FEIICBIT LR - BERORNTCOFAMEIEE ATy
B8 g bt EEEESOEIE, 82 EEME
12 & D MR BE AR LAKDIEBCEB IR S h 5 720,
PHCRMEE TERE T It s A, —F, BUEIFOL
LT, EPEIES I B LGB IEDSTE <, JEERGE A
BTEREFICHHINEZLIEZONS, SRIDERT

ERE164E3 H25 H

(&, e AR RE A i & R L 7o CIEADCHEIZ BB %
L, BPERnecrosisif R AAERS CITADCEIZ EEZE TR L
7z, ZhUE, RS SFHEINTWAEEBRICEIT A
B OREAGENER L IR TAERLEZ OGN
).

ADCE PR RREFIEDIE NI, NIClELEELZED
M AR L7z, N/CHISHIaoBEERE & B5E L, ErAEEH
fi 7 & OMEFEOE L TIIN/CHATR & W dh 519,
THhETIT, ELOMERICBIAHMETY, ADCIELHIR
LR EDIINIIN/CH L DEES A2 L T HHER
ATREN TV EZ2020 f=2L MRS BT B KD DE)
EDOFIRAT, ML~V TOADCHEIC EOBRERS-T 5 H
IZowTid, 4B 5IHFIWETH 5.

P EER {212 & B necrosisih & viableZ DR (2 DWW T
&, 7v FOETICHHEL - FRIEL HWIRE TRAD
FERPHE STV A2, ZOMETIX, ADCIEDT2EF
FEM R 26 & V) dnecrosisl & viable D ERIFE 12BN T
Wiz F, Maier 5 IZADCIEZHIET 5 Z L 12 £ Dviable

27
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#B & necrosisERAEERI T FETH D IGHEHlICH W2 & E ST
EHELTWAEY, SEIOERETIE, T2ARMEFMNCELAE
EDHIIITo TR wie®, ZOEBIIREETH 255,
N5 OFERIIES Dviability DFFM R iG#EE OFLREIZRIC
BT B ULECRFBIEOF AL R L Twab,

EPIIC & 2 3 BRI IEEIGIASBE R 2 h 5 720,
EHBHMADIEEDE T &R S s, ZD7HEPI
Z W ADCHERIE TIE, FHMNIRIFO%EEIZ & h ADCHE
PEHTE. ChITOHRKFILLE, FEEFHOADCH
&, EPLIZ & 2% T0.23 x 10 mm?/sec?®, BRI % f
H LGBV A Y —4 » AT130.3 - 0.37 % 10~ mm?/sec'™
WThY, EIAHET ZHE121E, FRIFHDHIIC X b ADC
EAMED IZFHli S 1B, BERFIIHIZ0FF L 2V BRiE, ADC
fEHIZELZ & 5 IE 7556 & viable B ORI AR EE - 70 2 W he:
L#EZ LA, viabled, necrosisil & SHELE & OB
(&, FEALTEMRAEEIN AW L2 £ 2 5 EETII
TEETHL LEDLNS.

A a2 72 VX-2 85 13 Shope-virus HISE D R L Rz T
ERERZRT 5720, BRA~NEH LEZZHTOME
BRI BE ORI 24T ) DIZHE L TWBE, —fgls,
VX2EEM I KBOBEE L, - Bk kEnwz &
LTS, SHOBRETY, BEHON/CHIEIIz46~
48% 5 L, D& ® 5 LEIEEEATA SN,
BRICRR Y T VIR LR D I WIEE R Y, B BN
JEBDHHIZB VT OADCIEIZENE LB L EbN S,
Wang b b, EEOMIRIZ L D ADCIEIZELR SRS 2
EEBRELTBDY, BRIZEMSEY VSRR E
WZBWTIE &L D &b MRS 1 il L CADCHIZEAE
FRT ZENASNITWA, JEEMEOFERIC L 2ADCHE
DEAIZOVTITSHESICHRFAIRLELELONS.

70 b A AN L BIEENIE, FPIESviabled & H
B L CADCHEATE\WMEMEZ /R L, IHEGRFRAEIZIC BT
BT EDREEATRE SNz, —F, Buyn® 5D
HTILREHERHERIC BT 5 ADCHEIZ0.98 x 10 mm?/s & {5
EERLTWAS, SHFIEETFTNVE L THW 204
LI E BERETIE, 70 by A VEAEED BHE
DEBEIZALONS ), HERREIIBNERETH Y,
— AR 2 BRI £ 3R R R HMERMEE R L7, Buynb
DG L OHEITIZ O L) RHMEOHMBIZL B b DT,
PIEEBOLT b Z DOHMBEFIFRIC L Y ADCHEAK & B
ALDLBbNS. AEWEE LA KEETVIZBITAADC
EEADKELERZ, IFPEZEARES $ ) M HE R
BEFENZIT TR, BHEIFEECAORZ D
b, MEDOKDIEKIZESESDEHER SN

T/, SIEORIEIZ E 1A S D WIEHB R HAEL D
ADCIEICSEET A2 eNEZONAE,. 12721, 4EOBE
TIFFHNRHEICMRIZEITLTE ), MiELizED6R
o,

EMEFOIECAREE OEFME X, F I
KRGFLHERICE B INDY, BEMERTIIMEAE
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BaIENEC, MEICE O EERA TR TFONHIRE
T IEREICRHIET 81202, ERIC L AR EE o ICEET
BULENDH D, —HlZ, ILHOEREGR BV TEROPE
2RI BT, bfEE A% { £ $500 - 800 sec/mm2Lh L
T 52 EPUEE SNTVEY, 4E OB TlEbfEnso
~ 500 sec/mm?DILEGAFMEE L ) ADCIEZ 1 LT3
A, RIENEERIEROELEZENL TS L IZE W
{, AMATOERTREELEDbNS,

B E T2, BERRAEEDOSVAY -4 A E LT,
echo planari%, spin echo(SE){%, single-shot fast spin-echo
(SSFSE)i%, SSFP(steady-state free precession)i#:, line scan
% (line scan diffusion weighted imaging; LS-DWI) 33 I IF
radial scani% % EDTH VO T D, 12, echo planarik:
SRR RATRIE L 7 5 728, FEERES: & Tl
L, ZOIEDICbAHR L2 B Y, BPUC L A 5#Eas
BBV TIPS O 7- O BEl % & Lk T2 ADCIEAS
BOICFHE SN2 - OFEILEEEbNS,

SEE M FETH Y, BESBESETHSTIT
(signal noise ratio; S/N) 1385\ 4%, HRICHM % 3 5,
SSFSE #IIS/NIZE 7S, BEBEOEAND R\, SSFPIET
ET2OHEHRIE L EMELZADCOER(LAHEETH 5.
LS-DWIHIBIFE F 7205 S ST nwhs, IR OH;
WoREHm 2 - LTS TnB3 32 F 72 radial scan
E RS hh S DIFREE CHERTRICZRZ2 b0 LR
bh s, SHOWEClE, L 7MRIZEE QIR 5 EPI
xRV, BEESRIC L AHENSERTES,
P22 RRERSIND T O RA L F LTz, FiERIcs
VT % FECHCR i 1% O R BRI 2 W R A L 0 B
T5720I20L, SN OMRIZ EERWCT/ VA Y
=T Y ADENHER LA EIT) S EALEL Bbh
5.

E )

1. BMES; OnecrosisifiidviableF 2 X TEVWADCEZ
R~ LTz

2. ADCIEIZHIIEREE S L UN/ICLL L Bz R L7 2.
3. RIEERGLIZ, ADCAEASE <, JREALRRIC CE )T
BiZAbhiZ ehb, WEDKOBKIZL ) ADCHEA L
ATHIERRLTwALEZ LN,

B &

A BI040, SHEH - HEBE B Y F LNGERK
SERUREE SRS TR 4 & (IR RIBE BT i
AMEBEFLIT. 7, RISV ARV RIBER K
SEFR B R BOREBI Eik MR U o M
OEEE, M ETEREY Y Y - OEHBETE, HHrTA
R, AT & O EER K S SRR S O R Wi
CEHLET. BARLOERR, Fe2EHAREERSHFS
M CPERISE4 A, i) TREL.
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