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FIE F

k=113
E:l

1.1 X DE R

— BN AR T DA E R E 4 (diffusion weighted imaging : DWI) &1, HEBs

fﬁ@f_ W5 16 OEEMELSS (motion probing gradient : MPG) % iz CHgg L 7=
EZ R LTEY, &I, KIEBOHE L DX HFEED MPG DR S (b-value) %

ﬂﬂb\%’o%é}%rﬁ‘ I VB D K O ITHIRARAE AN 2 < AR T D HEI T, K DES)
FF AR S Av, RS & BT M OB TIE BN E LT 5. Z 0BG & B MEL
B (anisotropic diffusion) & MRS, —J5, MFHZERZ 233 256 121%, EF72MKA

BORBZENRKRENFITAE L <, BEMEIEHMOZEZYER Lo #mig a2 5

Diffusion tensor imaging (DTI) (X8 LR AZ R & L TR Y, MMM 2%
B9 2 K172 E1E, MEIZ K o TOKOIEHG MR HIR &5 728, £H 1~ MPG
FHNT 2 Z & T, KIEROEE & Z otk z /TS 2 ENARETH S V. DTI
RO IARIC BT 2RI S K I Sh TR Y » 9, BERRICBWT, HuEI
IR DR OBEACITILE R T D ERICTHFE T L LERA DD, iz, BIRIZ
i+ % DT OFIH AR IR BF O F2 72 &, BEO#KE MY, DIRBIZEIT D00
EAT I R 722 & %2 3o 7= % %9

ERIZE T D DTI OB TIE, —#%8972 MRI /3T A — X O, JEEGERF OFEE %
P % b-value & iR E T 2 MENH 5. b-value |TEFRESTRE, MPG O K& XLHINT %
R ENBHE SN T A —ZTh Y, FIEEOENIE U TRAESE O E
FIRELLEHT S, LoT, DTIOWEERLZD Y R T A M, ATV A —7r
VARBEEB DT F v ALK Y B DD, HiEE, MEREIEET 7 R
2 %R L7z quality control (QC) #4795 BN H D . KT, Shiskizeo X 5128 e
DR, FIeHMMEIC XD MRI R 2z [FSICH > T L 72diciy, RS BT %

MIRERZENEALRNE D, QC DEMIIEZETH 5 7. DTI O E 726t R ITM H'E
ThHD, 77 FAIMAE EEHU LR EZ RS> Z EDREE L. £,
b-value ® a2 R—2 FD 1 D Th HPLHURFH (diffusion-time) |ZEEEDREIT LY
HEIRIZIRE S5 720, diffusion-time OEWSHEE, FHHEMICKE S EEL 5272
WEHIE, 77 FLAOMEE L TEHEHETHS.

DTI 77 ¥ b Ak U T AR ST 2 O I kE B OB 2
TAEMHRRD 7 7 R ATHD. T bIEEVERE A2 R L, DTIHRITIC IR 948



BT A=A NERETWVEZRT A THAERS S Y2 L, 2hon7 7w

b A EEM, ZEMEMELS, ERFEH RO TWD o, IFHET 7 AL
EIRMETHD. ZOREERT 5728, FBMEDOE, capillary plate o1k 2k 2
MEtE Uiz, 3JEAEMDTI 7 7 R AR I, DTI 7 7 > b A~O@EHAMEN Z i E T
ICHRESN TS BY UL, BiEEARBRSC A% OEEICH VT, multiple b-value %
multiple diffusion-time % Fv 7= DTI #RE 23 FHME S AR H S 03, @EO DTI 7 7 > b
AT H2RETIIINODORUETIZBNTH 7 7 R AL LTRYNE I DR S
Tk 57, capillary plate 7 7 & b A, ALFHEAE T 7 > b LTI D 3 72 S RO Fr
PEIZRE LTI, RIEET7RFEDN STV



1.2 BFXXDEH

EBERGEEZRT 7 7 P AL LT, 2HOT 7 AREMEREZ & D plate & 8%
L 7= capillary plate 7 7 >k 2 (CP), polyethylene fiber ® 57> 5 72 % Dyneema 7 7 > b
L (Dy) N EHAER L, DTI QC FIDIFEHEY 7 > b A& L THMTH 5 2wl d 2
FEHWELT, UTF 22007 —<iZoWTHHEITo 7.

1. 3B 7T MRI % v 7=, b-value, diffusion-time O KX & 72 DTIQC 7 7 > kA
DOYLRREIC B 2 Wt

2. ERGRFI 3T MRI Z U 7= DTIQC 7 7 > b A4 ML & FRBLMEIC B 2 i

12HOT —~TiL, EBH 7T MRI Z F\ T CP, Dy O FE/ Z2 HE R & 77l L, DTI
QC ADIEHE” 7 b AL LTHATS 2 it &1r- 7.

2 DHOT7—~TIE, BAH MRI TOABMHEZFNT 5720, —AREKRH 3T
MRI % VT CP, Dy ##f% L, FEB A 7T MRI T& L N7k RO HE S5 05t &
Tolz. £, 77 v b LAORRIBEBITS T 2B (RREFFIHEME) &, Dy 2 #851E
% U 72 BROMEIAZE I B9 2 FEIMEIC SV T, 3T MRI 75— 4 & VW TR 21T - 72



E2E Win

MRIC & 2 B S OBLNE, 1965 4E1Z Stejskal & Tanner H1Z LV, 7L A RMERE
B AR U Ok - REDYEHURE 2 R0 D HiEMER SN 9, 0%, 1980 4ELIFEIC
Le Bihan ©, Moseley 512 & Y ik MRI O ATERS A S, 2 0% OEEE~ &L
<IWHENTE.

F2ETITRME LT, ARCICERO® HIE8EHLS &2 OBITIETH D DWIIZ
OWTEHT 5. & <IZ, IREA BT D ERICEE L 72 %, b-value, diffusion coefficient,
diffusion tensor DFEHIZ DV THFRL T 5. £72, T H DWIIE, Ko OIEBILIES Y
MIZHED LD JFHEITHE SN T WD 28, EHEAR NSRS T 2K IR Z 2 b
mono-exponential change (Z& TIE® HITITOCMEEN H 5. £ 2 C, KL E KD =
YN= R AV NG T, BAET YT VBT ANRBRI N, KETIIKILHEE 2
DD R — kA NI4T T, bi-exponential change (2B L T3 5.



2.1 Diffusion phenomenon

PEBEHISR L1, =X VX =T X LREGES) (77 v D) 2L, mUWiEa
SRV~ &AL, BT B EIREEA~ & W00 BIGTH D, MRl CTEIHI L TV 54k
BHLRIE, 2y 7OFITKEANT, ZOHIZA V7 2 —ilTe b LIEREZIAR - T
SHEF LTS, ZHUE, A 7 DNEAHOKSFLEEREL, INNDHT-0THY, AR
TOIHENE, K3 FZDOLDODILMTH S, DF 0, Koy Fnfhoksy 7 &ML,
IR ZBIGETHD.

— I MRI CEIHI L WO DR & 1, Z ORI ER AT 5 &0 9 JER0T
BB EH S, <x2>=2Dt &9, Einstein-Smoluchowski D& HA L LTV %
(<X > BALOWH) N, D o YRR, t JEHRERD). AR O 1 RIT TORET
ZRLTEY, 2KTTIE <xX*>=4Dt, 3T TIX <xX*>=6Dt L& 5. B, 20
TT TR TR E T 2 FO R WVEH BT E R L TWD . 07, ERERERK
T HMMITZE DIZE A EP I & OEREE § > THR Y, Ko TOIEiTs £F
IRREREIZ SO0 e N B RBENT D IEHHIR TH 0, WIZERSAAT DT TiEZu.



2.2 JEECRFAE: (Diffusion weighted imaging : DWI)

MRI (ZH1) D IEHGEFAESR (DWI) &%, BIEXNGICE D KOIERE K L7
EETHY, —RIEEE THWD DWI &I, JEERR O =02 A3 2% 1 o ek
s (MPG) ZFHIML THf% Lz el %/~ 7

MRI T/K 531 DYERCE FHIT 5 FEARRY 72 J7151T Stejskal & Tanner 12 L - THiE S
7219, Z g, spin echo (SE) #EDONARILH A 180 FE RF /L ADHTH£IC, 1 %D MPG %
REfEIME 5 — 50 ms B2 DL ZARICEIINT 2 FETH 5. G 1L MPG DK E X, 5 1L MPG
DOHIINEE, A X 13t MPG ORI Z 2 Eisd (Fig. 2-1). 1-2H ® 90 £ RF
2V ABREHZ LD KA U ONAHIZZE AV (Fig. 2-1, Phase 1), &IZ, 12 H® MPG %
FInd 5% &, MRE—A Y N2 FT2KpFHNOT v b ONFRIIAEIZHE LT
% (Fig. 2-1, Phase 2). ¥kIZ, 180 £ RF /)L ZDMBHHZ L v, v ko Ok 180 &
[al#z L (Fig. 2-1, Phase 3), 2 2 D MPG % 1 -5 H D MPG & [R&F 5 CHIINT 2 & 7' m K
> ONARINLEIZ LB LT D (Fig. 2-1, Phase 4). Z OFf, §ik L TV D KD FD
7'u O ONFERIT AR E L TEREZZ TRV, ErlEnm< s, —H, 1
%D MPG B CEBEI L72KD 1%, £O7 v h o OMHENE(L, 180 JE RF /SILATY
NAIEE A D722, FERIITEBRENME N 5.

EEIZDWI 215 5121%, 5 —EDRE (b-value) = H > MPG ZFHINL, 7k0)1’f”§5(
EEDZD. MOHHREEMEIZI VT, AAF I MPG ZHIINT 2% & 22 A7 M
MEEDOESMET L, fHICZEDRES M THDH, LT, fAitkl %ﬁﬁ“éﬂulﬂ
DIEERHET. IMEE DO X O IS RRBRHED K5+ O EB) J7 17 & TR 3 5 55121,
MPG DOHIINJFT & A E D EITHIMORRIZE > T, ZOEFMEITE(TD. Z
BAIGUTE S MEPEHE (anisotropic diffusion) & FEEAL, DTHZ TIASIGH SN TV D, L
L, EERR CIIMFEEZ EORERMIZIE, EF2MAENGOEFIIREL 257
D, X, Y, 2§l 3 FF~FNZEI MPG ZFEINL, ?%%Mf:ﬁ@%é\ﬁk L7z b D —ki
RIS TN D 2,



180
90
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<>§

G I MPG MPG
No diffusion (D @ ® @ @
® QIO |l
Diffusion (D @ ®® ®® Signal
® & @

Phase 1 Phase2 Phase3 Phase4

Fig. 2-1. Detection of diffusion using a pair of MPG pulses in MRI
Sensitivity to the random molecular displacements of water molecules is achieved through the
use of two MPG pulses with magnitude G, duration 6, and the time between the onsets of MPG
pulses A.

Abbreviations: MPG, motion probing gradient



2.3 b-value

DWI D #z&1E 15D MPG FIIN 247\, & OMMICHEEIC L v B8 L= KyFD 7 1
N AR B E AT, BERERTE2E =T, Ko T, BEEEN K& <, MAHSEI K
EWIEEITIE, KVESHMETL, —J7, BEEHE /NS <, fIHESEA /NS WA IS
%, BRI TFIEATIC V. 20RO MPG O i S % b-value & FEXY, UL F DT
RIS,

b-value=y>G?5%(A —%) [2-1]

725, v (MHz) [ ZEIHRLE, G (MT/m) (X MPG O KX X, 8 (ms) (& MPG ORINEERH],
A (ms) X 1%t MPG OH[REEE 2 221 RT . b-value Z #3252 > 7 R—x > b D
DB, yid BRI T DO EREEAOETH D, Lo T, EERIZ b-value &
RETDHERIT, G, 8, A ZZ L S EFHIAAT 5 23, THL DD g KAEOHE B 132 (& [E A D
RESNRAET 2720, BEEOERIEICIB T, b-value = 1000 (S'mm?) & LTh, TD%
AR FOEITEEIC LY R D RIEERLETH L.

b-value D 5 5, A-8/3 (ms) 13 diffusion-time (Tgir) & FEIXAL, FEBSIZIEE D %8, %
B LTV DI Z R, 8 OERARE TIE Tar = 50 ms FREETH 0, flaN DKoy 1
I <2 H DRI I ST DT X v AN H D28, DWI I TERG N
BIFTRE & 72 5. {KIZ diffusion-time % HEFR/INC T 2 FRA[RETHIUL, Ko T OB
R O EIRICE S 2D 72, BITMEITIEK L, IEBAT 5 KD B BILH 8L AT
RBEBEZLND.



2.4 HEEkbREL (Diffusion coefficient)

DWI D EARRIZMEEITHE, K3 FOILBUTIER 3 MIIE D T v & L7p oy OBHE)
& LR, ZOEENRILBORE JITIEHHRE (D) TrREd. 5 2 ETHRIT L
& 91z, FEEER ST Einstein-Smoluchowski DA A L L TR Y, H 5 3RITZER TOD
JEHUE < X2 > = 6Dt (< X2 > 0 AL N, D o JEHERER, € JEHIRERT) TR &
N5 (D OHEAIE mmYs &725). 728, MPG HEE O = o —(Z 5K TFOFK & 725
KaFo7a b OEMIZ, 770 EBO X S R R LB, BILE N
DI 7e EOFERMRBEL TWVD EB 2 BN D, FETRBLEITR e ik & bk LTl
FEMRIEN =, WA <, HIINT 5 MPG % & 2 FEE K& < 34U, #ERHARIC
HRT HE B3 L, MR OAE MRS 5EEZX NS, 2D XK HIZ, MRI T
AR R LB U DR A b BT D0, HE S AR EIT A0 T DL R
(apparent diffusion coefficient : ADC) & FEZHL 5 2,

IR O DWIHZIW T, MPG Z FUIN L 22 W56 D BIHg D AE 558 & So, MPG ZHIIN L
7256 OEBOEFRE % S(b) & L7-%a, kD mono-exponential 72BAtR235 & i
5.

SO) _ exp(-b-ADC)  [2-2]
So
fds, BRI MPG AEIIN L, &= BHR 0 FA{L & = RIS BT mean

diffusivity & M5,



2.5 Y587 /v (Diffusion tensor)

EERNICBIT DK F52E 2 256, MREICE > THHRZRIEENHIRIN D 729,
LR LT W & B LAZ < WH T AET D, AR 0 9 (AR AR A fl S
WIZZ2 > TWD & KRG FITE & AT R TIITITIER Lo WS, B L BwE R M
LI & B 223 B 72D HER L IC < W, 2D X 91T, FIAIZ & o THEB o & A3 57
LM & YRR 5 M (diffusional anisotropy) & FES. & <2, MRREHSE D X D 7R, 7]
IZ L DR DOE S DOZENIEFICTRE N & &, SRS IERR & RBLT D,

WEROBRGTMEZEFHT D58, 1IRTTORY L TEATSTHY, T /&0
LHLENRD D, Bl ZIE, IR WG M A2 DTN D ERET D &, SRR A
FH H120F, #hRRER G H @) OFEEOE S, MiRkER L ERT S 2 I
OC, ysliI7m) OILE OIS, £ LT, MRHIER DT m~7 v @A MREEED X, y,
RN S BT EL L EAWTNDD) ZRETILERD .

ZIBIEEEE AW T, KA EICB T 57 Y VoS AR T XL DI, X
Y, Z Bl D& SN B 70 2 EIE CTME L7e £ 2 2RO A RET 5. 22T, %Y, 2
ORI BT DILEAR A 224, D, D, D3 & LT, AillE 1T L,

LEBTE B, ZOHE, Xy, LI RONEE, ZhZN,D,,4D,,,D; L4 5.
[2-3] K&~ M EATHIE W TERBELT 5 &,
1/D, 0 0 )(x
(x y z] 0 1/D, 0 | y|=r'Djtr=1 [2-4]
0 0 1/D;)\z
L% B, 22T
X D,

o O

0
DZ
0

0 [2-5]
0

O

3

LEFKRT D) 1IRY MLy OIREITHITH S, ZDOHE, D178 DR Dl e~ TIEH

(CRE T UL, x SO TGRS PO FEHR L 725,
PLEDGITIIFEIERD X, y, 2 @TIR > 7258 2 RE LTV 2725, BRIR THEE 2 8L

T %A1, FEHRIEBT IO F NI T AT 22720, FEMED MRI HiE

10



D X, Y, Z 23t U THW TV D56 O FIE 2 BfRT 5 LER S 5.

T IMBIE, HEEE AR SO AS MRIZEE D X, y, z 8l L TEVW TV D
BIZHONWT, ROEHEZITH . MRIZEED X, y, z B RIO RN Y ML E, ZNE e,
e, & &7 5. LT, LR TMEERITFEIIERDOILEUREL, Dy, Dy, D3 52 21 & %,
e, e, e’ E15. 22T, BHEOMEIIKRATEZON5.
€, = &18, +6,,8, T3,
€, = 6,8, + 608, +608, [2-6]
€, = 65,8, + 58, + 58,

ZIT, ZOREATHNE P LES.
& & €3
P=|¢&, & &y [2-7]

€31 €3 E33

2

P15 70,

z

*77, K elIHN X7 L THY,

e =l

12
:‘ey‘ =

gh+el el =1
2 2 2
EytEytey=1 [2-8]
gl +elvel =1
E72 60,80, e ITEWICERT 5720, WHEOER LD e ¢/ =¢ e/ =6 6 =072
DT,
1€ T E1pEy + €133 =0
Eg€ay t ExpEay T Ex3Ey3 =0 [2-9]

Eqéy T E36py T 436, =0

L2 %, Lo T [2-8]5 [2-9]1A0 5, RADERIGELND.

€1 & E3 |11 Exn €3 100
T _ -
PP =|&, & &xnllén €n & |=/0 1 0 [2-10]
€31 €3 E33 )\ 13 €3 €33 001

728, P & PTORMBHENATINC 25 L\ ) ik, PTIX P OwitTsl] (PT=P") L7425,
& 5 ZEM] EICHAET DR U %, MRIZEEHERE p = (x, y, 2)" EAEFIAEAE » = (X, vy, 2°)'
THRT L, TOMITIE,

xe, +ye, +ze, = x'e +y'e +z'e’, [2-11]

OB 5. LLELY, WAOBEBAELNS.

11



X &y &y &y | X €1 Ep €13

Y =|€n €n &Y, Xy 2)=(X Yy )& &, & [2-12]

z €13 &y E33 z E31 &3 €33
TRbb,
r=P'r ' =r"P [2-13]
F72, P =P OBERLY,
r=Pr r"=r'P"  [2-14]
NP A/RVASY

MRI ZE{E T x L TN 2R RO T %, e, 6, 87 IC K o THITCICER LRd
L7=FIZ X - T, HHEO HFREAIT[2-4) oo v (g,

1D, 0 0 )(x
(x y z)) 0 1D, 0 |y|=r"Dy'r=1 [2-15]
0 0 1Dz

Lot 7k, -4 B RATIUE, Z ORI E MRI S IS T 5
ZENHRETH B

r'(P'D,'P)r=1 [2-16]
ZIT, DT=PDP LBE, N ZRAATIIETH L, (PTD'P)(PTD,P)=1 &725C

Lne, DT OWITHITH D D I,

&y Ex &y (D
_pT _
D=P D,P=|¢, ¢, &5

€13 €3 E33

0
D,

0 D;)\eay &5 &3

0 Ey &y & [2-17]
0

LIERI D, TNEILT YV ERES, 228, DITHEITIITH Y, — A9,
D, D, D

XX Xy xz

D=|D, D, D,| [218]
sz Dyz Dzz

LFRT

[2-17] X405 P ENT D &, BB, DPT =P D, A E 56N 5. K-,

12



€11 € €3 én &xn €x)(Dp 0 0 Die;y D,ey Dyey
Dlén €5 €u|=|6n €n €| 0 D, 0 |=|Dé&, D,&y Diey [2-19]
€13 &3 €33 g3 &y €3)\0 0 Dy Die;; D,&y3 Dyéyy
IhEEXELT k&2 55.
&1y &1 &y €y €31 €31
Dle, |=D;| &, D| &y =D, €| Dl &, =Dy &, [2-20]
€13 €13 €3 €3 €33 €33

Z D, Dy, Dy, Dy ZHEET v /L D DEAME (eigenvalue) & FETR, kG4 527 k
IV (En, E E3)'y (Eoy En )T, (Enn, Eny Exa)' ZEATZ hJL (eigenvector) & IES, 72
B, EAXT MVIEMRIUZEEEZED DA T, FAEOmME, DE 0 AT hlel, e/,
e/ DX & H 2T,

FERDOYLEL MRIEHTIZ IV T, AROITHET > Vv D 3% b, D DA TR
< 2L T, MAMBEEANY MAEHED. B, —KAICEAMEIZA L, 1, 13
(L1222 23) ERFLIN, MIGTDHEF T ML vy, v, vs ERFEELD (Fig. 2-2).

DTI THWDIEE T A =220, JEEER T EDTR S TH 5 fractional anisotropy (FA),
JEH D 7 1) LT EERIMRICHEB O R & & 477 mean diffusivity (MD) 2386 0, LLF D
TEHRSND 2,

@+%+%_
3 =

MD = <D> [2:21]

[2-22]

FA_fJ(ﬂl—<D>)2 + (=< D>)? +(fy-<D>)’
2 JAZ 22+ 22

fé:is; ﬁ’fﬁ;{fl; 212’ 2’3 &1 T}:‘L\‘ﬁ?:/y/l/ D O);(‘d‘ﬁﬁ‘zéj\ DXX! Dyya DZZ@FEﬁc:a\j:v
A+A+2, =D, +D, +D, [2-23]

DRARNR S 5.

13



Dy D-"J' D, General
D=\D, D, D, coordinate
D, Dyz D, frame
Vi

8 _—
_ rincipa

V3 Ah+tl+4, =D +D +D, axes

V2
Eigenvalue Eigenvector

(Unit vector)

Fig. 2-2. The ellipsoid model for anisotropic diffusion
The eigenvalue describes the length of the three axes of the ellipsoid, and the eigenvector

describes the orientation of these axes in space.

14



2.6 Bi-exponential change

DWI TIEHI#E E LT, KoF2RABEBICIEET 2 IER a2t L TV, JLHx
mono-exponential change (Z7E 9 & & 2 HLTE 72, LA L, b-value 23R Tl 3 2% i
Az 5 E, AERNTIEZZOEERS TUTE D LIEESVEE. 22T, MikicksT
L AKYEE &, JEEROB N O LBV DI, K TR EN D bi-exponential
change (234 Tl b HEnER SN Y.

SO _£,..)-exp(-bD

fast
So

) + (1_ ffast) ’ exp(_stlow) [2-24]

72385, S(b)/So i L EXL% D15 2L, bi% b-value, Dyast, Deow I3V it =2 > R —F > h
EBWIEE 2 AR =R N OIEBIREL, fag 1TV AR =R NDT T 7 Vg v ER
7.

MmAE4, SF 0, MBI 2 KIERZ AR E LIEGE, IEo#va R —3x
M, IR E ROV E B KN ER R L/C%z LD, EBOE N R
— Xy ML T, KaoFAMRNICRERIND Z LIk £ T 5 RILHE
(restricted-diffusion), il fd DA IZ I W THIFL R BE IC 520 22 S B IRHT 5 K
(hindered-diffusion) 2 ZK & L THE X LD (Fig. 2-3). Oz d, Hifasio EFHIZ
MR EN DK, MlEOKEEESERE L THELTWSEEX LD, v,
restricted-diffusion IXHIIEANOIEHLD 7=, KOF-LBENEBEZITHIRR H 5 LB 25
#v, —J, hindered-diffusion |ZAMARSDILE TH 0, K4 FITHROREZ 825 K 51T
L CBENT 5728, FIBEIRRECIZZ ORIRER VW EEB X b b.

15



Restricted-diffusion

———

Hindered-diffusion

Fig. 2-3. Slow diffusion components in bi-exponential change
The diffusion in the intracellular space has been assumed to be restricted-diffusion. On the
other hand, the diffusion in the extracellular space is considered to be hindered-diffusion

because the cell membranes form obstacles for the water molecules.

16



W3E EBHA 7T MRI Z B\ 7z, b-value, diffusion-time DERX $,2 7= DTI QC 7 7
NEOCNEIA: & e e Y )

3.1 &8

DT ARYERL D B 5 e fk BT 1 & B BAICEHME T X 2 RGEThH 5 Y. R E K
WHZ WL, MRRMEN B E M AW T EIZZOFAERM LN TEY,
JEHCR M (FA), FHIHE# (MD) 72 & OFHRAE SRR ARAE OB 20 AT 70 L& O
I aEE R BT D ERIERE L LTHOWLRTWS 238 % DTI OEERCo
¥ N Z7 A MI MRIEEEFAG D/R7T 4 —~ 2 AR, 35/ v A —7 v

WCREL EHFINDFEND, EERE, o, ixECRE 7 0 b a2 LOREBETFO
FENVETHDH, LN T, HELa F TR MR~ b L oICEET 7
N AZEFIHA L QC 2179 MENSH D V. FRiC %ﬁm RAFIED K DI H 7R D fiER, #7p
HEFEIZ XD MRI B Z RSN > T 7212, B3 b7 A MIKRE 7%
NIRAELRNE D, QC DEMITEETH S ® 9’. QC 1T — 7z B s T H TN D

n, BEHAWSNHKT 7 b A i?f%ﬂz;ﬁ'\:ﬁﬁz)ifm\f:&b DTl OMEEIZIZ S BV 5D
ZEETERY. 705, DTIOQCO-dITiX, ZE LItk Z % o, BH~
7Y NABMETH S, MMZ T, DTI @Etéﬁ% FEEROFTHN (L <ITHEE) T
HOHENS, 77 PAIMAE LB L b o R E LWV P,

DTI 77 ¥ b &k U THRS HEAICHFIA STV 2 O L 3HE R SE-CE R Rk 2
TAEMBRO T 7 FATH D, ZHIEEWIEBER AR L, FA, MD 2 OHL#N
TA=EPAERLEITVEZ RTATERLTHS 9 L, b0 77> hAlk
BB, ZEMEMELS, FRAEHBEORON TS, T 7 0 R AT ARN
XThD. ZOMEZRRT 5720, BEMEOE capillary plate <°, {b5kiE 2 #18E
ELTFEAEY DTI 77 FABIREINTWS., AT A, ROT T AF v 78O
capillary plate 7 7 > b JMIFEM:, ZEMERE DO CTEL, 2, BWIEEETEZ R
TERHOILTNDLN, ZO—FKT, HFIZ WEEND, 77 b AEREREO LA
RS ICHIBRZ & 122, — 5, LS~ 7 > b A, KFIC Dyneema 138 A2
TR TTMEZE R L, TOZRLDWHME N, capillary plate & o~ C 8 A0 3E5EME 235

. E 72, FA MD E b ARG & DV MEZ R T H S, DTI 7 7 & b A~Oi FIPED )
HERTHD B Lo L, BIERREBRC B E OBKICB T, KHO MRI 3EE %
W72 DTHIZRE T 2 iFE a3t e— 5 C, capillary plate 7 7 > b &, fLFEHE” 7 > B AIC
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B DM JEEHIR OFFPEICBE LTI, REHFORFAEN I N TV, F—IT,
B IR OPERER EIZ BV, B @ routine MEAIZERWT, KV PEEKGREE O FRVY high
b-value <> multiple b-value % F\ 7= DTI A 2330 S N A HENC H D Y, T D5
TICENTH 77 FAL LTRYNE D DR STV RV, 8 10T, JEE ]
(diffusion-time) DEWIC K > THIEMECFH BN E 2 BT 20D RMTH S.
Diffusion-time (VLA HET 2 ECEHERNRTA—=F THLHIZHEP0D LT, BUED
R ICIBWTIEZ 77 0 =2 FOMRRIZIE, BEIICRESND. £z, ZOfH
NIEFRTHDLZ L RITHY, ZO7-DIZ3E A Sz diffusion-time OS5
WEETH HHE L. 725, diffusion-time OEWSHIEE, FHEEIC KX < 5
G ZAWEE, DTI 77 FADO—2DOMWE L L THETHS. MR T, DTI OFER
KB THLHMAE TIL, EOPEH ST A — XX diffusion-time (2%} L TZE 2D 7o\
PRSI TND 2,

At BRI, capillary plate <>t Fk#E 2 V72 7 7 & B 4725 multiple b-value <°
multiple diffusion-time (23T ED X 9 RBPEFR R E R0 E2FHA& L, DTI QC HOIE
W77 AL LTHHATHLIDEFHMIT5Z L Th 5.
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3.2 i

AIRFCTIX, AEDOE®Z > a VICEEMZ R T 5 L 5 1C, capillary plate, Dyneema
fiber M & L7 DTI 7 7 > R AZAFRL L, TTMRI Z T 7 7 > R AL L TOMHE
ERHE L7, 7T MRl OF — 2137 7 > b AOYEEEE % FEHICTRAR D 72 I W,
multiple diffusion-time |Z351F 5 — XA 72K N7 A —% (FA, MD %5 p) <°, multiple
b-value, multiple diffusion-time (Z33\ T, b-value-dependent signal change % bi-exponential
DR Aitting 75 Z &L TROBNLH/XT A —Z Ol 217> 7.

321 77 v b AMER

DTI 77 b AL LT, UTFOMELZMEM Lz, —oHIX, ZEDOT T A-EME
(20 pum diameter) #iE% &> plate % 5 L 7= capillary plate (Hamamatsu Photonics,
Shizuoka, Japan) 7 7 > kA (CP) Z{ERk L 7= (Fig. 3-1a). CP (XM 4k —A (10 mm
diameter) [ZHEMIF & LICTEPA L2, D B, BKMED polyethylene fiber T %,
Dyneema® (1760 dtex, 1560/filament, TOYOBO, Osaka, Japan) 7 7 > b A& (Dy) Z1ER%
L7z (Fig. 3-1b). 160 A Dk o & BUNAE T = — 712 L 0, 95°C OB FIC THRER L 72,
ZERDBAER S Te, 2TOLRIFBMAKOF TITo 7. S BIT, Ml K 2 B
D ER< 72, EHIKIZIR L72IRRED Dy 2 E2578 0 7IN~EIE L, 20 2R &2 1T - 72,
Dy O CP & [ARIC FIAEIR 77— & (10 mm diameter) (ZHEHiFE & 2B EA L7,
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20 um diameter
/ u

Fig. 3-1. Capillary plate phantom (CP) and Dyneema phantom (Dy)
(@) The illustrated plate is made of glass, and has many micro pores (20um diameter) that are
uniformly oriented in parallel (Hamamatsu Photonics, Shizuoka, Japan). To create CP, several
plates were stacked in a plastic tube with ultra-pure water. (b) A bundle of polyethylene fibers
(Dyneema®, 1760 dtex, 1560/filament, TOYOBO, Osaka, Japan) were bunched together with
a thermal shrinkage tube to create a Dy.
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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3.2.2 DTI #&f&

FBRH 7T MRI (Magnet: Jastec and Kobalco, Hyogo, Japan; Console: Bruker Biospin, MA,
USA) |2 TR %47 > 7= (Fig. 3-2a). 5215 =1 /L% small rodent brain surface coil (Rapid
Biomedical, Rimpar, Germany) % ffi /] L, £/ = A /L1% 12 cm inner diameter volume coil
(Rapid Biomedical, Rimpar, Germany) Z{£ff L7=. CP & Dy ® 7 7 > h A — A% MRI
A N Y—@ z T AN %t U COEATICESE L CHRiE 217 > 7 (Fig. 3-2b). DTI#RBIZ1F,
14 steps @ H72 % b-value (0, 2, 250, 500, 750, 1000, 1500, 2000, 3000, 4000, 5000, 6000,
7000 and 8000 s/mm?), 30 #ilio> /x5 MPG, 2 F¥HD #7225 diffusion-time length (Tgi) =
A—8/3, 37.7 and 97.7 ms %\ 7=, 7235, MPG OFEINERE (8) = 7Tms ZEE L, 1 %D
MPG (2B 58 (A) = 70 and 100 ms % TN LHEH L7z, WIEI2IE, & fiEkE
multi-shot echo planner imaging (EP1) DTI acquisition Z i L, LA F OHfg % v 7z,
TR = 3000 ms, TE = 115 ms, average = 1, EPI factor = 4, FOV = 25.6 x 25.6 mm, matrix size
= 128 x 128, resolution = 0.2 x 0.2 x 2.0 mm, temperature of magnet room = approximately

22°C, total scan time = 78 min.
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b

Fig. 3-2. DTI scanning using preclinical 7T MRI
(@) A preclinical 7T MRI (Magnet: Jastec and Kobalco, Hyogo, Japan; Console: Bruker
Biospin, MA, USA) was used for the main acquisitions of this study. (b) The phantoms of CP
and Dy were placed parallel with the z axis direction of the MRI gantry.
Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom
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3.2.3 —MRAVRIEBN T A —Z DFFENT

k7T a T IT MRI OF —% ZHWT, BEfRIZEXE L7 region-of-interest
(ROl) R—=RIZLLF DT A—=Z T Z4T>7-. FA map IZB W T 7 7 > F ABRER B KR
SLERRSINDATA ZZBIRL, TICHEHTS ROl 2~==2 7 WIZTRELT.
[FEkD ROl Z D4 TOMHTIZIB VT HEM L7z, ROl OFffi7efiE & K& S %, FA
map |27~ L7z (Fig. 3-3).

Flg, L AV S DL ST A —% & LT b-value = 0, 1000 s/mm’ (2%
7%, FA, MD % Z 21 pixel-by-pixel (23K, ROl N TYEHBHL Lz, F7z, BAGMESCHE
D) — & AT 5 725, FA map, MD map, FA color map ZH /i L7=. 5512,
EDHIZT7 7 v N AR DB O E E &Rl T 572, ADsy &9 FEEE
EERTELRDZ. ADsg 1 ZLL F DO L 9 Rt E CERT 5.

XL ®IZ, ROI NOEMMZARE —~EAH <27 hL e LT, mean principal eigenvector
(MPEV)Z R AUZ L W EEE L7z,

Y (V,)

MPEV == [3-1]

n

D)

Vi IZAEFE BT HHE—EA7 MLaR L, niZROINIZE T 2 EIFE A ~T. &K
2, FHEFEIIZBITLEBEAEZ L E MPEV & D723 (angular dispersion : AD)
& LG AD 2RI L W ERE LTz,
V, - MPEV|
V[ MPEV]

cos(AD,) = [3-2]
7233, AD; 13 0 to 90 degrees D THrAfi L, & DEN X 0 /S W, MPEV (2% L CFAT
ThdbEERD.

Z LT, ROIIZKITDH AD ODHFSfEA ADsy & L72. 725, ADsg X ROINDO BV &
JNZBITDE—FEFXT MONRTOEZRTHIETHD.
Zih, ERUCTEHE SN /T A—% (FA, MD, ADs) 23CP & Dy DI TE HiE D
7>, F 77, diffusion-time 22 25 Z £ TE I BLT L0 E K LT
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3.2.4 Multiple b-value T® diffusion-time & 7 DFAT

LUF O 7T MRI OF —ZIZBWTC, At 7 v a U TRELZH D L[FE LT ROI
ZHAWT T 72, £, 2 >0 diffusion-time (Tgig = 40, 100 ms) = & (2, z fililZxf L CHAT
72 MPG (Axial), FEH 72 MPG (Radial) “C@® multiple b-value-dependent signal change % %
neEnMH L7z, 2 LT, b &2 LITFO X 512 pixel-by-pixel (2T, bi-exponential D=
~ fitting L 7=.

SO _¢,..)-exp(-bD

fast
So

) + (1_ ffast) ’ exp(_stlow) [3-3]

S(b)/So 1L IER LA DIE 5214, b 1% b-value, Diagt, Dgjow ITIHWIER = > AR—3 > b & BV
T R — R b DR, fas (TN R— 2 b T T 7 v a v ERT. 5
HALTME (Diasty Doiows frast) & ROl WTENEN ML, CP & Dy ODZFNENT
diffusion-time OFEVVNR ZIHD/XT A—HIZED X I ITKBLE LT\ D 0% 5N L 7=.
2T ORNTIZ MATLAB (version R2016b, MathWorks Inc., MA, USA) % W\ TiT- 7=,
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3.3 R

3.3.1 —REVRYILE T A — & DFENT

7T MRI ® 7 — % 1. Y 5 & 7=, FAmap, MD map, FA color map {25\ T, 77 v b
LO¥)— S EBGHEO R S BNRENICHE TE - (Fig. 3-3). 7z, B S/ fiii
T A=ZITBT LRIV SVERERAEL, 2677 FADY—S L BGEO R
& HEAF TV D (Table 3-1).

7TMRI OF7 —% L0 B SN JEH ST A —4 (FA, MD, ADsy) D#fifiZ Table 3-1
2. Dy TO Tair = 37.7 ms [ZBUF DIEH/ ST A —H 1%, MD = 1.2 x 10° mm®/s, FA =
0.55 £ 72~ 7= (Table 3-1). 7=, Dy TP Ty = 97.7 ms (28T DL/ X7 A —H 1%, MD
=1.1x10% mm?s, FA=0.61 & 72> 7= (Table 3-1). CP T® Ty = 37.7 ms (23T B ¥rii S
Z A—41%, MD = 1.1 x 10° mm?/s, FA= 0.68 & 72> 7= (Table 3-1). £7-, CP T® Tyt =
97.7 ms \ZB T HHEH/ T A — %1%, MD = 0.83 x 10° mm?/s, FA= 0.89 & 72 > 7= (Table
31). ZDLEDOE{LDFEIAIL, Dy LHELT CP IZTREREL o7, Thbb,
CP & Dy Ol FIZEWT, Tag2 37.7 ms 75 97.7 ms ~HEHI§ 5 &, MD X F L, FA
XN DA o T

ADso DFEHTIZIBUNT, Dy TOFEFR (ADsp = 2.4 — 2.9) 1%, CP TOHfE R (ADs = 1.7 —
22) LU TROREVMEMIZSH - 72 (Table 3-1). ZOEWIT 7 > N ADOHEIED K
L TWD EE R B, CPITIEFIZE WD T TERAI SN/ ZH D T A EHM
BNLHERENTEY, —J7, polyethylene fiber D3R/ 5 72 % Dy IZEBWTIE, /NSN3
DO HZDOEININTOEINHHEEZ LS. L, ADs X 0 to 90 degrees D #ilFH
ZBOATT HH T, ARGTCE ST CP & DylZBIF D ADs DL, FEFIT/NS N D
EEZBND.
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7T MRI iln
Typ=37.7 ms 3
¥
B
7T MRI
waz 97.7 ms

FA color map

Fig. 3-3. Maps of estimates FA, MD, and FA color map
The maps were obtained in preclinical 7T MRI. In FA color maps, diffusivity in the x, y, and z
directions are coded by red, green, and blue colors, respectively. The maps demonstrated the
highly homogeneous diffusional anisotropy of both CP and Dy. The value (color) differed
between different Tqis, but visual homogeneity was consistent. The red rectangle drawn on the
FA maps indicate the ROIs set for the ROI based studies.
Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; Ty, diffusion-time length

applied for scanning; FA, fractional anisotropy
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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Table 3-1. Diffusion estimates obtained from the CP and Dy using preclinical 7T MRI

T = 37.7ms Tair = 97.7ms
cP Dy CP Dy

FA 0.68 +0.030 0.55 + 0.040 0.89 +0.030 0.61 +0.030

MD (x10° mm?s) 1.1+0.040 1.2+ 0.050 0.83 +0.040 1.1 +0.050
ADs (degrees) 2.2 2.9 1.7 2.4

Numbers indicate mean and standard deviation of the estimates.

Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; T, diffusion-time length
applied for scanning; FA, fractional anisotropy; MD, mean diffusivity; ADs,, angular
dispersion, a measure of uniformity of diffusion anisotropy which was defined in this study

(see main body)
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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3.3.2 Multiple b-value T® diffusion-time & /7 DFAT

Axial 781D T — X (28 CliE, CP & Dy @ b-value-dependent signal change 1388l L
Tk, diffusion-time |2 L 221k 72 - 7= (Fig. 3-4). ZiL 5 % bi-exponential D=
~fitting L TE LI AERIE, O VR —% 2 FOARE (fas) 1 ZWTHS 1123
VMIE & 72 0, ZF OIEHUEEL (Drag) 13 2.0 x 102 mm?/s ICHTV Ml & 72 - 7= (Table 3-2).

—J5, Radial 5[0 —ZZF\\ T, CP & Dy TIiZ#72 5 signal-change pattern % < L
7=. Dy T, diffusion-time |Z L 5155 Z1k13, Axial J7 17 CORE R & [AkRIZ D 72 <, fitting
L7 EDZEIT/INE Do 7=, CP Tl diffusion-time D& WIC L D fE OB N K= <, Tyir
= 97.7 ms TIXE 2L #h#R 2 Bk & 72V, bi-exponential fitting X~ FJRETH
7= (Fig. 3-4). CP T® Ty = 37.7 ms OO fitting ik FlL, fag T 1 IZITVMEE 72D
(0.99), Dy Tl Tgig = 37.7 ms, 97.7 ms [N T, WL 0.78 & 725 7=. Dy TD Ty =
37.7 ms DEFD fitting #% 513, Diagt = 1.1 x 10° mm?/s, Dgow = 0.10 x 10° mm%s & 72 V| T
= 97.7 ms DEED T 4 v T 4 THERIZ, Duge = 0.91 x 10° mm?/s, Dyoy = 0.084 x 107
mm?/s & 72> 7- (Table 3-2).
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Fig. 3-4. The b-value-dependent signal attenuations of CP and Dy using preclinical 7T MRI
The graphs indicate the b-value-related signal change patterns of (a) CP and (b) Dy at Ty =
37.7 ms and 97.7 ms. Signal changes in the axial direction were similar between CP and Dy,
and they were less dependent on Ty Signal changes in the radial direction were similar in Dy
at Tgir = 37.7 ms and 97.7 ms, while they were different in CP between different Tgis.
Especially, the curve at Ty = 97.7 ms in CP formed an upward convex shape that was different
from others.

Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; T, diffusion-time length
applied for scanning; Ra., radial DWI; Ax., axial DWI
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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Table 3-2. Diffusion estimates obtained by fitting multiple b-value signals to a bi-exponential
curve

Tair = 37.7mMs Tair=97.7 ms
CP Dy CP Dy
Axial
frast 0.99 1.0 0.99 1.0
Drast (x10° mm?/s) 2.1 2.1 2.0 2.0
Dsiow (X10° mm?/s) 0.00 0.00 0.00 0.00
Radial
frast 0.99 0.78 N/A (*) 0.78
Drast (x10° mm?/s) 0.60 1.1 N/A (*) 0.91
Diiow (X10° mm?/s) 0.00 0.10 N/A (*) 0.084

Diffusion coefficients (Dr.s and Dgo) and the fraction of fast diffusion compartment (fi,s) were
obtained by fitting the multiple b-value diffusion weighted images to a bi-exponential curve.
(*) The signals of CP at Ty = 97.7 ms were unable to be fitted.

Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; T, diffusion-time length
applied for the scanning

(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)

30



3.4 B

—IRAVIRIER N T A — A ’E?théﬁﬁﬁff*%ct v, Dy IXHEHER) 72 DTI QC 7 7 > kA
ELTHEHLTWD EEZ LN, Z, FA map, MD map, FA color map % F\\ 7815
BRI CTlE, CP & Dy I8 W T, IEEIQ \-lﬁjl/‘i@*riﬁ‘fﬁ“%j’bfi. F 72, ADgy DT %,
Dy O#ERIX CP & eI niEeemno72b D0 (Table 3-1), AT H#)/h& <, CP
EDYyILBITA 77 FADH—INREINTZEBZBN5. I, Dy TiZ DTI QC
Ty hAE LUTHBRRIEHRNT A—2 &2 T tFE 2 bivs. Dy TIEEHRE I FA
(0.55 — 0.61) =°MD (1.1 — 1.2 x 10° mm®/s) DfEILCP &l L TIMEAE &t (FA=
0.60, MD = 1.2 x 10° mm%s)®, RGMDE S 25 0, MEAE~D/XTF A —Z O
FHEET7 7 o P AL L TCOBESLNIET EEIOND. £, THHOILH/ANT A —
Z DIFEEHZ BT, Dy O diffusion-time K FFEI% CP & Hfig L T/NE v o 72 (Table 3-1).
Introduction Tik-~7= X 52, diffusion-time {KFME/ NS W IIEET7 7 F AL L
THEZRRA L FTHY, Dy (X CP LKL THKILEEZEXOND. BKEIZEIT S
diffusion-time |ZEEE[E A D /X7 3 —~ 2 A2 LV, b-value DR EMEIZHE H BRI
FHT-OMTER EZ))KEI ETHY, EREOHEELRETHLHEND, KIS
WFFE78 EEEBHFERED MRI ZHWEWIZEAAT O BRICIBE & 72 5. > T, 2O/ T Dy
IXCP LV HENTWHEEXDHIEAD.

Multiple b-value % 7= #1827 — % DG T, CP & Dy O TR & < g > TR
I%, Radial FF[a1lZ351F % diffusion-time K74 CTdH - 7=. Dy TOIEFZEILIE Tar = 40 ms
& Ty = 100 ms [ CRIEETH Y, diffusion-time (Z%F L COEREMIT/ NS W EE 2 Hiv7-
2, CP TIHE S DB KX <, diffusion-time IKIEMERE W E B 272, &6
T Radial 7mZ351F % b-value-dependent signal change curve D73 K % < ﬁiﬁot
AR CTH W= bi-exponential O (Eq. 3-3) IXRRBRAICHK A& IZH 1T 5 multiple
b-value-dependent signal change 1= L < &35 Z L 35TV 5 Y. Dy TIlEWFho
diffusion-time T % % X (T bi-exponential D32, XV BAFIZ fitting SN H1EFELTH
ST=DITHK L, CP TIE Tyr=97.7ms T &I1Fa<EH kI [E](D%F/Jﬂ:mw: L
THERMIZ, Dy Tl & H 5 o diffusion-time TH X FE TOWMEFNUIITV T A —H 0
BHNTZD (fras = 0.80, Diagt = 0.82 x 10° mm?s, Dyiow = 0.17 x 10 mm%s)?”, CP Tl Ty =
97.7 ms Tl fitting 95 TX 720 o 7= (Table 3-2). £ 77, Tgir = 40 ms Tl fitting 1% 7 E
BHoT=N, RTA—=ZIIWMEED S D EIINTEEN TV =, 3725, diffusion-time ~
DIRFMEO/NE S, MEBEIZHEEILIZIKBNT A =2 2/ 060008 5 OW T D ki
IZBWTC,DyDHFNCP LB L CDTIQCHE#RET 7 F AL LTHYUITHD EEZD
n5.
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CP & Dy @ Radial 51107 —# CTZ DX 5 BB AE URFIZE 7 7 > b Ak
WEREEBEL WD EEZLND. £7, DyIZB/KME polyethylene fiber D #7573 5 H ik
TobH. =d Radial FNZKPEET 5 & &, Ky 713X Dy fikiEIc S0 5 2 & “C“%b%

ZHIR SN2 5, BENEEEZIZHIR2N 220, Wi 5 hindered-diffusion DR AE T
Sl EN 5 %, Hindered-diffusion 134 A'E O 7= 24k E LT LIE LI uJE
SN TR Y, RERFHCHMEH L7-®iBH i diffusion-time (ZE I 722 & BT
b5 P Fabb, ZOBEENARB OFPICIBT, Dy ASMAEIC RAEE LT
FERERLEEEBTHA S, —F, CPIINRENED T 7 AMEMEN LRI TE
D,mwuﬁﬁm%mf%h%h@%M%W%@mﬁ%@T%6%%Mﬁ@éhfm

L ZEWb % restricted-diffusion (ZFHY TS B X BV, ARRETOEEGE R T
diffusion-time DFEEAZ R Z T TWZZ LITENUT—ET L. 2L DBENDBAT,
CP DILHUIMAE TRO LN E 1T RES RS20, DTI 77 oA & LT
KBTIV EEZLND.

CP DYEEA pure-restricted-diffusion (21T Z & & & BIZHHIEIZ T 572, JEENT T
HED—>TH 5 Q-space %% T CP @ Ty = 40, 100 ms (Z331F 5 Radial J7 17 D15 5
A% £254 % %, Q-space |L I FRIEHK D 2N B A FHET B BRIV B, DWI > —7
> 2D diffusion-time % [E & L, MPG 58 E & BEFERIICH N S B 12 BROE B2 b & %5 &
T 5. g-value IFIRAUT LV RSN D.

q-value = ziné [3-4]

y TR IRlER L, G IX MPG O KX X, 81X MPG OEIINRER] % <7, b-value |2k =i
REN, b-value 75 g-value ~DZEHNAIEETH 5.

b—value:;/zGZEZ(A—é):MZqZ(A—g) [3-5]

A 1X 1 x5 MPG DFFRRER], A-8/3 1% diffusion-time % 7~x7". CP ™ Radial (23517 % Ty =
37.7, 97.7 ms D15 524k %, Filh% g-value |2 L T v b L7ZRER, W& T
Wiginodz (Fig. 3-5). Zauld, IR EDNITVWFEEZRLTEY, Ko TOBETX
% BEEEAS B REIZHITR ST % 7 A4EINT, restricted-diffusion 23BN TH D F AR
LTW5.
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Fig. 3-5. Preclinical 7T MRI signal changes plotted as a function of g-value for the CP in radial
direction

The g-value-related signal changes at Tqi = 37.7 and 97.7 ms are similar when plotted as a

function of g. This indicates that the majority of the difference between the radial signal decay

curves when plotted against b-value (Fig. 3-4), is due to the different Tgigs.

Abbreviations: CP, capillary plate phantom; Tg, diffusion-time length applied for the scanning

(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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Axial il D7 — 4% TiX, CP & Dy DWW ALIZH T b diffusion-time & AFAMED /N S0
D, HOEH T AR — 1 ORI 1 1SiE<, EOIERE N IEF ICKRE D o722
& (more than 2.0 x 10° mm?s, Table 3-2), %7z, b-value = 2000 s/mm? T/5 =5 DR X 73
noise floor IZIEL TLE-72&EE XS &, BHAKIZEWIEB TH 2L ERDH12AD.
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3.5 #EiG

fEam e LT, ABRSTofER L v, CP I restricted-diffusion (772 7 7 > b & & LTHl
FMFRETH V, —J5 T, Dy I hindered-diffusion fE(r72 7 7 > h A & L CRIHT 2 ERN
AR TH D, £z, CP, Dy ITHITHILH /N T A —F map IZBW TmWE—H 4R L7z, Dy
IX CP & H# L C, diffusion-time (KEPED/NS X, JEB/RT A — & OFEFNAENR, &<
W EEIZT WS E RS> Z &G, DTIQC 77 FAIZHE L TWDH EE X LT,
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%4 HHKM T MRI 2k DTIQC 7 7 ¥ b ADOF Itk L BHMICET 5Kt

4.1 W5

DTl (IKIEBE DB GHE N3 5 Tk E L CTUALFIA SN TEY, JEROFH<CHkL
O & 2 E BIICEHET 2 ENARETH S V. DT ORf4 1T MRI OFFBETREE, 1A
Wi D/R7 —~ o R0, GRS BERNCIRE 2720, M, HEmICE
WCTHMHODTI 77 FAEHWEF vy ) 7 L—2a URRETH L. 5 3 EIZE W
T, EBERFEE ST 7 A E LT, Z2HON T AMEMEREE SO plate
#i& L 7= capillary plate 7 7 > ~ & (CP), polyethylene fiber Dyneema % ZUNAETF = —~7 C
FERLTZZ7 7 A (Dy) 2ZnEAER L, DTI QC HiE#7 » > A ELTOHFH
MAEZERF 7T MRl 2 AW Tl L7=. Dy (BT D80S T A — & OFFfERI1L, CP
DENG LT, LOMEEITEWFERE 720, DydODTIQCHZ 7> AL LT
OF BN R ENT-. F£72, multiple b-value, multiple diffusion-time % F\ 7= fEHz BV
T, Dy (34 18 & 818l L 7= b-value-dependent signal change % 71< L, bi-exponential ® =%
Fiz fitting TiE, £ OFRES BATHFRIC THRE SN TV A IME-E OfE & 382l LTy
7z,

FEER 7T MRI Z2 W 7283 T, diffusion-time 72 £ 2{EE TR ET 2 HFNARETH
D, £, BOMETOFMAATETH o2, — T, IR EEEHA MRl TiX
diffusion-time DR ECHERTRIZHEEL <, F7=, EBH MRI &l U TR R ERES O S1
HENDRLEDOREIZITRAR S 5720, HllRSHFE T TCoRmB s, LoT,
FRIR T MRI 2 I e — B9 70 B E A TR S o g S14HIC BV T, DTIQC 7 7
N ADOFMAMEZRGEET 2 FITHEETH D.

AMFOBWIL, DTIQC 7 7> h A TH D CP, Dy Z VT, 7T MRI T b7 i 1
23, 3T MRI TH BT 20 Et 2170, BAH MRI TORAMEZBLETL5HTHD.
T2, 77 b AOFEBMEEZPNIT D72, CP, Dy ORFMIRGE IR 25 Himth: (REHF
HITFBLNE) &, Dy OEEAEREIF ORI T 2 BB SN T, 3T MRI 7 —4# & H
W TR 2T o 72,
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AT, FE3FICTHALEZDTIQC 7 7> b A TH S CP, Dy Z AW T, K
STMRIZHEITDH 77 A& LTOWEZFHMII L7z, 7 7 > b AORFF B A 7
flid27-, 77> b AMERFL, 0,150 H BHIZH1F 5 CP, Dy DLk /87 A — % Z3tH L,
W& 4T o 7=, £z, Dy ORI OB KB4 2 HEE 2 FHEd 5 7290, 4 K0
Dy IZHB T DB T A —F D %17 o7z,

421 77 v b AERR
DTIZ7 7> hAE LT, BIWTTHRITLIZCP Dy #ff L7z, 7285, Dy 2B L CTlx
BEANERLRF O FFBIMEFE 21T 5 729, [FAEED TRRIZ T 4 A{ERR L 7.

4.2.2 DTI

RFEW 2R OB E LT, 3T MRI (MAGNETOM \Verio 3T, Siemens Healthcare,
Erlangen, Germany) & CHRg %17 > 7-. #8#fi/K Ttz L 7= holder box ~CP & Dy D 7 7
Y ML —AZEETEL, MRI A > b U —® 285716125 L CEATICELE L= (Fig. 4-1a).
=Zf5 a4 i 12ch Head coil # AW, 7—F 7 7 7 S &2&K/NRICMZ D729,
segmented multi-shot EPI (RESOLVE) DTI acquisition Zf# /i L 7= %V, 7235, Z® 3T MRI
IF— A7 ER IR O 728D, diffusion-time |Z2EE 12 LV AEIRICIRE SN, 72, O
RIIRARECTH o T2, TOMO EF R RGEIFITLLT 2 A7z,
TR =5000 ms, TE = 72 ms, average = 2, FOV = 200.0 x 200.0 mm, matrix size = 100 x 100,
resolution = 2.0 x 2.0 x 2.0 mm, b-value = 0 and 1000 s/mm? and 12 diffusion encoding
directions, temperature of magnet room = approximately 22°C, total scan time = 13 min.

RGO FEBUE O R 21T 5 72, CP, Dy % Fi\V2 T 0, 150 A H T DTI & 217\, Ji
BT A =2 DA ZIToT2. I HIZ, Dy ZEEER LI25A 12300 2 i Bl ks 2
17972, 4 K0 Dy Z—FIZElE L CHRE 21T\ (Fig. 4-1b), JEHU ST A — % OFH R %
1T-o7-.

4.2.3 —fREVRIEB/ T A —F OREYT

ZOk® 7Y arTIEITMRIOF—Z % AV, EifICE%E L 7= region-of-interest (ROI)
NR—=ZZLLFO/RT A= B2 T o7 FAmap IZB W T 7 7> b AR b K& F
IRENDAT A AZRINL, ATICHEHAT S ROl Z2~== 7 /VIZCTRE L. [FEED
ROl Z D2 TOMHTIZIB T HEEH L7, ROl OFEM7 M & K& & %, FAmap [27R
L7 (Fig. 4-2).

AN L < AVWS NS DTI T A —4 L LT b-value = 0, 1000 s/mm? (23315 %, FA,
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MD % Z#LE 4L pixel-by-pixel (23K, ROI I CTYH L7z, £/, BHESEOY— %
RHEAN G EHE 5 72, FA map, MD map, FA color map ZHi L7z, & b7 7 b
DRI DIEE R T D) — A R 5 728, ADs Z 8% E LR D72 (ADso DFFEAIT
% 3 WA S H).
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Fig. 4-1. DTI scanning using clinical 3T MRI
(a) The phantoms of CP and Dy were placed parallel with the z axis direction of the MRI
gantry to assess the long-term stability. (b) Four Dys (#1 to #4) were placed same as (a) to
measure the reproducibility.
Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom
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4.3 #ER

4.3.1 —fREVRILBNT A — & DFENT

3T MRl ®F — % X 0§58 X172, FAmap, MD map, FA color map (Z35\C, 77 >~ b
LO¥— X L BGEOE S DPREHNCHEGE T 72 (Fig. 4-2). 7=, B S fiigo s
T A—=HIZBT DN S ODVEREFET, b 77 b0 ERGEOR
S & HEL T TS (Table 4-1).

3TMRI DT —X X0 EH SN WE#XT A —% (FA, MD, ADs)) DOiffi & Table 4-1
[ZRT. DYy IZBWT, 0 A BICHE T DHEE T A—2 1%, MD = 1.3 x 10° mm?/s, FA =
0.53 £ 72~ 7= (Table4-1). £7=,CP 2BV T,0 HE TOILH/ T A—Z (%, MD = 1.1 x
10° mm?/s, FA = 0.72 & 72 > 7= (Table 4-1). £7=, 150 H BICBIT BT A —Z 13,
CP,Dy & HI1Z0 H HOfER LTV MEE R LT, AFERIE, CP, Dy (281 D R B
NEWNWZ EERLTWND,

ADso & W= HEHZ B W T, Dy (2.1 — 3.5) TOREEIL, CP (1.9 -22) L L THE
VMER 2 B o 72 (Table 4-1). ZOEWE T 7 F AOEEDKML TS LB 2 61
% . CPITIEF @ W — D T ChISI S 7= 250 7 7 AREMERSEE 1 O plate >
SRR &N TRV, —77, polyethylene fiber DN 572 % Dy 1%, /NS WARMR 5 HZ DAL
FWNToEMBHDLEEZBND. LHL, ADs id 0 to 90 degrees D& 2 /044 5 H
T, ARFTHOLNTZCP L DyIZBIT 5 ADsy DL, IEFIT/IENEDLEEZ BN 5.

Dy % ANER U 72 BR O HEMEHEIC I8N T, 4 KD Dy ICBIT DB/ ST A—F D7
FIEFIT/NEL, £, 0B HEDODYDFER L TYH, ZOEITIEFIT/NINEND,
Dy O @ WEBIMED R 72 (Table 4-2).
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FA map MD map FA color map

Fig. 4-2. Maps of estimates FA, MD, and FA color map
The maps were obtained in clinical 3T MRI. In FA color maps, diffusivity in the x, y, and z
directions are coded by red, green, and blue colors, respectively. The maps demonstrated the
highly homogeneous diffusional anisotropy of both CP and Dy. The red rectangle drawn on the
FA maps indicate the ROIs set for the ROI based studies.
Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; FA, fractional anisotropy;
MD, mean diffusivity
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Table 4-1. Diffusion estimates obtained from the CP and Dy at Day 0 and 150 using clinical 3T
MRI

CP Dy
Day 0 Day 150 Day 0 Day 150
FA 0.72 +0.035 0.70 +0.028 0.53 +0.042 0.53 +0.035
MD (x10° mm?s) 1.1+0.055 1.0 £0.081 1.3+0.070 1.2 +£0.038
ADs (degrees) 1.9 2.2 21 35

Numbers indicate mean and standard deviation of the estimates.
Abbreviations: CP, capillary plate phantom; Dy, Dyneema phantom; FA, fractional anisotropy;
MD, mean diffusivity; ADsy, angular dispersion, a measure of uniformity of diffusion

anisotropy defined in this study (see main body)
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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Table 4-2. Diffusion estimates obtained from four different Dys using clinical 3T MRI

Dy #1 Dy #2 Dy #3 Dy #4
FA 0.52+0.048 0.53+0.030 0.53 +0.025 0.52 +0.029
MD (><10'3 mmzls) 1.2 +0.056 1.2 +0.037 1.2+0.027 1.2+0.041
ADs (degrees) 3.9 2.8 2.6 2.7

Numbers indicate mean and standard deviation of the estimates.
Abbreviations: Dy, Dyneema phantom; FA, fractional anisotropy; MD, mean diffusivity; ADsx,
angular dispersion, a measure of uniformity of diffusion anisotropy defined in this study (see

main body)
(Reference source: Tachibana A, et al. Magn Reson Med Sci. doi: 10.2463/mrms.mp.2017-0079.)
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4.4 BE

3T MRI & —% L 0 #HE &7z CP, Dy O — IR/ T A — X OFFEERIL, 7T
MRI THOLNTERZHHLTEY, £<IZ, Dy K VHE LI T A —21%, #
WESRR A\ X A EENIFEF I/ NI NWEEZ BD. F72, 3T MRIT—4 W=7 7
> b AOFHMEFHEICIB VT, CP, Dy @ 150 HRENZEIT DB/ ST A — & DR
LI/ h& <, [AERIZ, Dy ZEEER L7285 TOIE ST A — 2 OEE /N S Vg
5, KBFTHA L7 7 v b AOEVWIREFITEENE, Dy OBEEBIER R O FHM R
SNtz ARETCHEA L7 DTI QC 7 7 > b A, — B9 KA MRl TH 45128
HAREE LB 2D,

3T MRI & —# X 0 34 & 7= FAmap, MD map, FA color map % 7= # R AOEEAH ©
I%,CP & Dy iIZEBWTEWE—MEEZ R L, JEHNT A — & OFEHERZEIL 7T MRI Of5H
ERIBRIT/NEWEN D, ABRFTOMEIL, 7T MRI F—4% LV EHE LT A —%
EHBL TN EEZEXBND. 728, ARECHEH L7z MRIZEE 13— 72 EERH 3T
MRI Toh v, FEH72 diffusion-time OREGRIZAAIHE TH - 7228, 3T MRI 7 — % K 0 G5
SNTHLH T —FZ OFERIL, TT MRl 7 — X IZB1F 2 Tair = 37.7 ms OfE R & FLiHYIT
VMEZ R LT,

77 b LAOFBMRHHIZ BT, ARFCTENAIZIT 72 150 A TOMIM TIZ, CP,
Dy M B EHR L7 L R T A — 2 O RITIEFIT N S <, BEFBEENEWEE X5
N5. 2%, 150 HREITO Dy I281F 5 ADs DZE{L (2.1 — 3.5) X, CPOFEN S (1.7 -
2.2) Ll U CRE 2R & 725 72758, ADso 1d 0 to 90 degrees “C/Tﬂﬁ‘éﬂiﬁ‘(“i% 0, At
MTHOLNTEIEFITNEINEB 2 HND. KRIZ, Dy 2EEIER LIZHEAOHFE
PEREIZ 3T, 4 KD Dy L 0 §HE & 7= FAmap, MD map, FA color map (%, CP & Dy
BV TEWE—ME2/R L, I T A =237 7 > hARTOZETIEF I/ E L,
BWHBMERSH D EEZBND.

AREHZEIT 5 Limitation & LT, LFRE NS, FH—I2, — 72K H MRI
ELTABREICIE3TMRI 2 L TWAH A, Miskiz k- T ;.’c ot 0 ARV VER I R 0D
EELEHINTWSD, Lo T, —#&M7% DTI QC 7 7> b & & LCEHliZ1T 9 121,
ARETCHH L7 3T MRI & & b® T, MMOEBIGE DMEEICBWTYH, RO
DVETHHEEZOBND, £72, WU 3T MRIZEBWT Y, O N7 3 —~< 2 R|Z
X0, BKRMERES O BB D R0 DOREIZII T DX 13 H 0, diffusion-time 0% O
> DTHIBSE L7z /3T A —Z | ZITEemE L D ETFRISND 729, HL3T MRI T,
fhFEFE, fth A — I — MRI %ﬂ%u\tnﬂﬂﬂmz%tk%z LD, FH I, AETTIE
3STMRI DF —# Z W=7 7 > b AORRKHFEM AL, £7-, Dy %#éﬁd’ﬁﬁk L7-%
AOBEBMEFM AT 7225, 251X b = 0, 1000 s/imm? DA I1T 5 — i) e diik
R A=A DM E EF D, K MRI & Head-coil 2 AV5 5T, thgpgy— 72k

WemTR L, RF A3\ C, 4 KD Dy & —FNZRLE L TR T 5 F0N AlRE Th o 71223,
—7J5C, multiple b-value, multiple diffusion-time % A\ 7= 3£ 22 YA HCRF: O Fefgs 134512
ITITZ TV, Ko T, ZORICBWTCIRENZ2FHMIicE EEDEELZLND.
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A5 FEdm

fiam e LT, ARTMORMEL D, 3T MRI 7 —% XV 3R S 417z CP, Dy OLHE/ ST A
— XL, TTMRI T —# LV EHE INICREREZHFHR TE . —ROZRERH 3T MRIZE
D, Bl ORI EA R T &, L <IT, Dy KV EHE LR T A — 2 3 ER
G E OBV XD ZER/ NS WFEN S, BBIKRAH MRI THHSICFIHNATRETH 5.

F 72, CP, Dy ® 150 HIZI T DILH/ T A —F OZALITIEFIT/INE <, BVERERETY
BEBMENG ALz, FERIS, Dy 28EBUIER LIZGEICBIT 5, 7 7 & b ARIOILHL
T A—Z OEIIEFITNE L, BOFIESHER TE .
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HOE FEE

ARFHIB W, JEHERGTEEZRT 7 7 A E LT, 250N 7 AREMERHEE
% 1> plate Z3#fE L 7= capillary plate 7 7 > k & (CP), polyethylene fiber Dyneema % #4
WHETF =2—7 TR L7 7> b A (DY) 2ZnENAER L, DTI QC ADIEHRE Y » >
MAELTHHATH D250 LT

12, EBRH 7T MRIZ X % multiple b-value, multiple diffusion-time % 7= #i5 i
R IV, CP i restricted-diffusion (7 2 JLHUFFEZ 27 7 M A E L THIHAIRETH
W, —JC, Dy i% hindered-diffusion AL 72 YL HFFEAE D7 7 F A& L THIHATEE
ToHh -7z, Dy I% CP &tz L C, diffusion-time IK7EEN /NS <, HiHk T A — & OHFiPH
DB VRS A HOFEN D, DTIQC 77 hAIZH L TWD EE X b,

FAT, A7 ERR A 3T MRI &2 AW 7o Mathi FL, F2BAH 7T MRI T b 7o fb
REFELT2ENTE 2. LI, Dy OFERNOEE LIRS 7 A — 2 13550
B K DEE» NS <, BARM MRI THJAS AR HEEZ DTI QC 7 7 b AL LTH
HThHotz. F7=, CP, Dy ORFRIFREIZ K3 2 @Bt (R FEE), Dy O#I%L
VERIRE D i OB S Rl T & 72
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