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AT E WA s & EF TR i
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[0001] A WY 0 S — M FH T 3t i IR 1 AR A RS IR V6 ok S AR R b (K RO 1k
Bl PR TR

HREAR

[0002] ff FINMR (ZREILIR) WM E K 7+ FH P #i(CallaghanfE201 14 K LW
“Translational Dynamics&Magnetic Resonance” (43, 423 K2 ) sPrice7E2009
FRFTHWR Studies of Translational Motion” (88, &My K ) ) - TIERE AN
A& R RH ) K SLBR B TR 3527, Bl 40, & A (Hirlimann %5 AT 19944E /] Magn
Reson A 111,169-178 A F R “Restricted diffusion in sedimentary rocks,
Determination of surface—area—to-volume ratio and surface relaxivity’ ) FL7
(TopgaardZE A T20024E4F] Magn Reson 156,195-201 F &K FH “Restricted self-
diffusion of water in a highly concentrated W/0 emulsion studied using
modulated gradient spin—echo NMR” )DL S FE& (MarietteZE AT 20024E4E] Agric Food
Chem 50,4295-4302 % KK “‘H NMR diffusometry study of water in casein
dispersions and gels” ).

[0003]  FL&5 KA HAD 4% o) e MEASE A /K 1 9 085 1) S Pl i S SEAE T, H F T DR 9 o o g e
LA YL TE [A) B = RS, o A R AR A R R B B 56 7 18] (Basser®E AN T 19944F
fEBiophys J 66,259-267 &K FEH “UR diffusion tensor spectroscopy and imaging” ;
BeaulieuT20024F4ENMR Biomed 15,435-455 & F [ “The basis of anisotropic
water diffusion in the nervous system—a technical review ;MoseleyZE AT 19914F
fEMagn Reson Med 19,321-326 & FEK “Anisotropy in diffusion—weighted MRI”) %
AT B Ta S P 00 R PR T 5 T T B AN 40 ) % ) e PR 4R B (Basser FIPierpaoliT-1996
HEAE] Magn Reson B 111,209-219 F'AFRM “Microstructural and physiological
features of tissues elucidated by quantitative—diffusion—tensor MRI” )k &4k,
[0004]  Jf H., AT {sF A4 HONMRACAS: WU B2 A4 & 1m) [F) PR AR} w () A0 5% 1) S 28, B W00 ik A%
45 (1) #.PGSE Bk 86 5 11 e (11382 ) 1R (Callaghan fl S6derman T 19834E7E ] Phys Chem
87,1737-1744 % KK “Examination of the lamellar phase of aerosol OT/water
using pulsed field gradient nuclear magnetic resonance’ ;TopgaardfISoderman
F20024-7E] Phys Chem B 106,11887-11892 & FHK] “Self-diffusion in two—and
three—dimensional powders of anisotropic domains:An NMR study of the
diffusion of water in cellulose and starch” ) [=l R 32 s 0 00 2 3 [ 4R AE dh 28 ok s
IR, T e afr DO 3k A I AXPGSE 75 i , He v A8 Y AN B 8] Bt ENMR{E 5 #EAT A2 B2 4 (Mi tra
T19954E7FPhys Rev B 51,15074-15078 E R FH “Multiple wave—vector extension of
the NMR pulsed—field-gradient spin—echo diffusion measurement” )eSZF . Al i ik
DA 77 AT H SO0 & 17 S PR A7 A < T8 b S R A 140 [ 90 S o A L 2 1T 52 6 7% b
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(CallaghanfKomlosh T 20024 fFMagn Reson Chem 40,S15-S19 E&AF K “Locally
anisotropic motion in a macroscopically isotropic system:displacement
correlations measured using double pulsed gradient spin—echo NMR” ;KomloshZE A
T-20074E4E] Magn Reson 189,38-45 F KK “Detection of microscopic anisotropy
in gray matter and in novel tissue phantom using double Pulsed Gradient Spin
Echo MR” ;Komlosh%¢ A -T-20084F#FMagn Reson Med 59,803-809 & F [ “Observation
of microscopic diffusion anisotropy in the spinal cord using double-pulsed
gradient spin echo MRT" ), M7 R BB SRR 77 1 2 1) 10 £ FER AUSE BURY S £
P H (MitraT 19954 #FPhys Rev B 51,15074-15078 & FRH “Multiple wave-vector
extension of the NMR pulsed—field—gradient spin—echo diffusion measurement” ;
ShemeshZE AT 201 14E4E] Am Chem Soc 133,6028-6035 & FH “Probing Microscopic
Architecture of Opaque Heterogeneous Systems Using Double-Pulsed-Field-
Gradient NMR” flfEMagn Reson Med 65,1216-1227 F& FH “Microscopic and
Compartment Shape Anisotropies in Gray and White Matter Revealed by Angular
Bipolar Double-PFG MR”), B i1t —4EAH5CJr V4 (Callaghan fIFure T 20044E4E] Chem
Phys 120,4032-4038 & F R “Diffusion—diffusion correlation and exchange as a
signature for local order and dynamics” ;HubbardZE A -T20054F . 20064 7/F Langmuir
21,4340-4346 &K FTH “A study of anisotropic water self—diffusion and defects
in the lamellar mesophase” flfELangmuir 22,3999-4003 & FH “Orientational
anisotropy in polydomain lamellar phase of a lyotropic liquid crystal”).
[0005]  7E S AY () BORE AR SR (MRT) 5236 v, R BEAT A4 251 2 & 1) e M o 76 R A
PGSEFZ A A, 83 45 4[] 39 S i it 28 1 AT 4 A 25 1] (] PR A ) o (30 SO0 45 1) S P PR A 0, 222
SRS BOIA , £ Il PR S. F AR I8 AN RTAT 5 I FS ROUL 2% 1a] e 1 2L A =B I R A
X G S BG v T I ] 38 SR ek P T B ) 2% [a) (R PR BOOTR (B in 30 2% 1) S DTk ) 1 — A 0
BT A0 25 1) S P 4045 S o 0o iR 5 1) S e ) AT 272 80 88 9, A2 XU PG SE S 36 B8 8 1) 43 A 1)
FEHE .

[0006] =4 R 4 A BOM A5 17 S MR AS R A% 2R B, T AR B0d 6 i PR S FH o DR b 75 2808 FH T i
PR IS FH PR ASE 00 Ak 0 25 1) S P 1) v R RSB R o A, 3 75 B — PP PRt 1 B8 4 i 7
2, Hn v T 5 H A T SR AEDRS R 5 25 HOM IR I Ao 5% 1) e P2 () BH A 24 o

REARE

(00071 AT WA — A~ B (A2 B 03— iR B 20 W D7 vk » S TR B (1 25 80 OO 7 0 2% 11 P
(WFA) , SR EHE R Hoimy RBUZ RO E, T RO % A Ak, FLBA R AR T s AT
ARl AR R 2 H o

[0008]  DA_EJirid H i) A FH T S AL B ROMT 18085 1 S M AT/ BT 23 IR 1 T
RSB Fr R 75 3 A28 et 3 B R R A AN [ 0 456 2 R 75 S 3R A ) [l B S o 2 AT 5K
Jiti 1) 5 o A5 JEE 1R ] 7 S 2 T % 1Al [ PR BSOS, iy 57—k B R il U SR T AR A
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], 1% TTIEAENMRAN/BOMR T 7 VA B 36 R AT , BRUES & 53— NMRERMR T 7 VA 3EAT o 81 41, 75 B in
(1025 )[R P2 IR SE 36 v 5 3% 4 A ] DAZS A 9 sk S R/ B 000 P2 ) & DABR LS T A A
ROV % T S P DA % 45 1 S P 2 ) - BT B oA B, o 1% 40 T R SRAR S A4 9 1 7 sk
R 00 R ) P R o A 3 ek 0 R VA T AN [ A 5 [l (R R/ B 1) S P T DT
Wk » 223 BT T ARG T 70 06 S i 2 2 R RS I ) 25 i) SRR RR TR R 2 48 BUE 5 = 550 fS
2o RO 17 S M ) AR A A SR AT AT R B 2 (KRR W 52 2 T FRAT I 73 BN itk

[0011]  [ff el fajik

[0012]  [E[1A-CE7N HE 20 T AN [R) SR BUME R 25 i) [F) MR R4 ) A &% 1al [R] P (B2 28) 0
B 5 32 590 T bR~ B B AR AR 2 1 /5% 1) e PEAD R B A 1DE 2D 64 BB 6L T
()15 5 T ek B 28 o 12 T8 0 il 28 %) T Al 8% 1) ) PR O Ske 56 A& 22 F8 5, g o5 T 2% 1) [
PRI HIOIAK i 2 B 8 B o 25 1) [F) PR R 55 i (R P 9 0 s sk it 28 2 1) 1) i 22 e it
1 PRI E AR EIBRE L T B 2 AW BT Mk 5 1A [F PR R S R 25 ) (R
AR A [R] PR HOm A ™= A A0 5 HL 2 4 20015 5 st 28 R G 7 B S ml A PR 5
= PR S TR A MR S, % & fe) [F) M AT R 2% 1 R PR BOIn AU R 2 , H 5
B FREE T RS, 10045 1 ) PR AT AR 25 1) [F) M SO S5 ik 2 22 T) F) i 22 S (606 251
SRR .

[0013]  EI2A-CI/R tH R T AN F AU RHR) 43 B ) SEEG 25 R T A 4R 3 BoR G T %
[ei () P L P ) A DG T & 1l R VR (7)) 7 BB S2 36 25 3 SEIG 5 R A e dfr s 1 B A
) EH 2 [ () PR Rl B A B A EL A SZ R A % 1m0 1) MR 7 IR EIB ) IO i DA S B v
517 S (9 I C) B A

[0014]  WE[3AFA3BE N H FH TR AL AR o HOA b 1 (¥ o6 £ 2R G0 I 22 FKS 32 1) 52 6
R ((Monte—Carlo) ) imZE4 M, Ho FIT-HRAE BT & FF 8943 Bridi il S AOWL 45 1) S PR R
[0015] AR AR BH ) 4 BT 7 V0 1 5t

[0016] "R A —Fl T 3 1m0 [R] PR BOI BB AT BB 7%, /B AR His A 1 43 B
AR S BB R BRI AR R R Bilgs U, BAE 93 ml [F PR BOmB ) i 5
FRYE AR BH B AT 7 7 2 RN IR Tz i@ R sy vk - S22, BT T RE I SO T V8 4%
FH T8 11 R PR3 SO — AN 38 93 Ok 5 R /il 22) AR TR 45 a0 (R e S0 B 75— A
B4y 5 1K L A AT BE (4 U 5 12 TT BE I AT AR w» DR Sk A AR A A R W 1) 43 BT 5 1 () T
PAT T

[0017] B0 25 1] S5 1tk R e b 1 e 50 n] Je 3 b A 4 D vy ol R L PR e A4 0 Bl
B ED (r) KHEIR , 1 AT & —4C B (Bloch-Torrey ) 75 TR 48 L4 8k 4n i5 52 36 A [ (1) 55 2%
R (r, € BV AR o NV B A IS R0 B 5 P 2UE A TR #igm s oy &, Bl , fiknf
B 55 1 HE [ 3% (PGSE)  Jik yh sk 528 1 35t (PGSTE ) 1 At 378 #1466 2 1 g [0 % (MGSE) 75 22 o 1%
T e 350 o) 3 22w st B, a2 7 R U R A v A
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—Emé:,t) :—i}/g(t)--rm(r,z)+V-[D(r)‘Vm (r,t)} ) (1)
(00191 Hirpr, v ML » g (t) A ) AH AR A 25 30 6 P2 1) B o NMIRA 5 5 2 0L 1
WRIELL -
1
[0020] M(r)z?ﬁxm(r,t)dr ; (2)

(00211 4y AL S8 8] , A H BE K45 S IR A2 LAME — 7 HIGGK B DA RFAE A 38, 022 AL
fb M EAT AN R DI A S0P T R ) B 0 o B — > 25 R A DT (498 A2 ] AT e i A 52
HIAIRDRAETT (1 2) 432 [RIE [8) tekb iR 15 5 R B DTk 45t -

() =1, -3XP[—T q (t)-D‘-q(t)dt]
[0022] N0 : 3)

=1, e‘x;p[—.g{2 IF (t)2 q' (1)-D- (]([)dt]
[0023]  Hdr, Tose Ry E RSN E 5 ,8=0, Ha(t) &M AAKT AR &
[0024] q(t)= ng(t’)df’ =gFP(t)(t)» 4)

[0025] s SURF IO <t F A5 R(3) (4 o 1 B8 e SRR 45 HL 0 A i e AT
(9T — P 3 ) | << L e A e B8 1 160 5 G () A3 o B L 6 W ] 930
5 AR R () L4 P — 20801 80° 5431 (R ik 2 e 6 0 1 B
P (3) B0 80 2 T O P () = 0, FEZEWRF () =0 — SOk U, ZENRIK P 31
I IF] T B 7 A N

[0026] R4 BOMIBCARE «

[0018]

(00271 b=g*[F (1) 4(t)-4" (1)t , (5)
[0028] || B¢ 52 (3) A AR LR 5 9«
[0029]  I{ty)=1I,exp(-b:D)=1, exp‘[—ZZbﬁDjjj . (6)

[0030] 5% {1 e [l 8 52 36 o PR R 7 B U7 8, I IRD AR R I R RV B (0) 5 LT
AT A T 8] ta -

(00311 ¢, =[F(1)'dr. (7)

[0032]  AE7F 3, AR AR B AT 0 T 5 (=198 A1 66 B2 T il g (o) R AT A e vt D 7 AR 5 1] )
PEHBUINBL DFERE T AR &, B, (19 5 gk -5 2% 0] [3] 14~ 24 B e L ,

[0033] D=ur(D)/3=(D,+D, +D_)/3. (8)

[0034]  %5F RIRAF WA MR AR B — AR S0, &% 19 R PR BOIBUZE o 0k
EDREHIIE T AL
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[0035]  ARHEAK B , EEHRFEAR A B F(0) qle)oix Loy, Hoh
[0036] '[F(t)? q’ (¢)-D-q(t)dt=1,D 9)

[0037]  @DJEe T IIAAZ & IRy BTk BRIy H A A PE TR DI (He v, T2 B
W) 15 4% 1) S PETTIR (RO, K =D F AL AE A3 D = DL+ D, 2438 2 R B A FI 530 3% 180 [7) Pk
I

[0038] jF(quT (1):D*-q(¢)dt =0, (10)
0

[0039]  ZEERMTALFR T , A7 15 B qle) FIRIECRITT S bR 9
[0040]

q’ ()= {(jx (t).4, (t)é‘(z)} ={sin ¢ (1)cosy (¢).sin ¢ (1)siny (t).cos{ (t)} 5 (1)
(00411 FBUsk ERIXSFRED=D", 45 tH T H 5 2l
[0042]

§ D-§=§D, +§;D, +§D.+24.4,D,+24.4.D..+24,4.D,, (12)
[0043]  BRAEBRIDALARH RN
[0044]

q" ‘D-g=sin’Ccos’wD,, +sind sin W‘ZDW +eos’ &D,

. 13)
+2sing cosy sing siny D, +2sing cosycosg D, +2sing siny cos¢ D, (13)
[0045] 75 FE=(13) W] 4 BT HEZ N -
[0046]
et _ p —-D. . .
@-D-fl=D+3COSZ§ 1(1’32_~—D)j+sini_’”‘i 3 "’*"Qos(Zy/)-kDAysin(ZV)} (14)

+sin(24) ( D, cosy +D,, sin y/)f

(00471 Ty FEaC(14) ) 55— T2 P 24 B, i el 4 T de e 72 SCRS AH 1R & (4) 5 A1 Y
FCCL) A () (RIS ) AHAK o e A1, J7 R (14) R 58 W50 650, 1 (S5 L1131 i i e =X
(4) AHEE ) 55 = J50RN 55 VY 350 73 51l A& 0 AN20 (¥ V& ¢ R Ko o 17 3RAT R U 2K (9) R i) 25 il [F) Pk
PO, TR 2 (14) Hh 0 55 T 585 = TR 55 DY IR AH R R AR il A0 % o T A (14)
K58 AR I AR A B 26 A S EURCCO R — Rl RERE , BRI I TR AR “E A -

[o048] £ =acos(1/w/§) s (15)

(00491 25 f& 2 B Cu, T3 23 (14) HH K B8 = THURN 28 DU 3£ R 7 i) A2 9 ) a6 AR 0 T 47
th -
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{j-F(l)z cos[Zglﬂ/' (t):' di =0

(e sin[20 (1) ar =0 |

[oos0] (16)
j F.(t)2 cos [gz/ (t):| dt=0
tjiF(t)Z sin| y (t)J dt =0

[0051] 2 F(16) ] HHEE REM B R AR E R :

[0052] j F(t) exp|iky (1) ]de =0, (17)

[0053] W} Tk=1.2, b iakinh 2 B BIANEL Z 2 () = Fef B (LD AT HHAA Bk
RN

[0054] jexp[iky/(-f)] dr=0, (18)

(0]

[0055]  WiyEi, EAR I 5 tek® & tao AE TR BN A IOt 3 2 25 1F (18) , I e 5 7 A
I -

[0056] sf/(f)=‘¢'(0)+i—g”f (19)
00571 3RO LA S BT . 7 i £ I AR e g 4 B 44
[0058] y/(t)=1/f(0)+2fn [F(eyar. (20)

(00591 [k, 48 60 I 7 OV 3k BT U — R JEEF () B B AT B (1) WL B i
1L (15) A (+) (20) B4 52 Pl 4 00 5 2 i T 46 1 D 4 VA D 2 7 2
B, DR S () 0 K2 0 FL oS B 47 7 R P () 10 52 0 AR -9 30 5 AT 2R AT 18
IR LIS £ SR A

[0060) £ |- TR A, LA SL— 4 52 S 9, 140 0 P OBt 1A B8 AT g
(ORISR, 3 TPy B () 52 S0 FE R e 1) 66 4, GBI 60 RS A
B (OB TATT I ) MR T 2 16 9 4 S L5 45HF 1A B8 A1 B () 7ERT 70
A 1055 161 5 I 1) o b ) 52 B A B A1, BB L — S 91 8 S e 2 10 LA
(fEL B, TR B A 4 S =, =acos(1/43) «

(00617 47 BONBUT B M1 75 3t % (Cartesian) A FRe , B5 M 1 B 52 0 B AR T-A7
T FUAT 0 HE FLA g2 COBE fi ) 1) I 22 T 2 60 ) i, FLES AT 7R )0
A 052 5 B8 AT R ) Lo 55 P ARTRD 0t (0) = e, oot on 2 e (IF e
S 51 M ELR S 0 FLES A B 0 26000 0 FE o 1) 2B IRIORIRS 7] e 5% 01 K (1)
B A T DA S AT ME— [ Y 6 K2 1, 01 0 [ VSIS P 3 SR 77 Sy B
S5 L ST A S 2o A B0 SRR FE () Y il 236 T4 1 1 AL
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(1016) {25 , WIELENT 3 FOAED AL 5 B [7) [7) B 155 )R] (O 1 2 AR R

BALHES R

[0062] R HA A B, ELAT R K b 0 ik iR 2 B B 1913 (PGSE ) Fe 1) B 36 45 1 [R] PR AN AS g 56
[y ¢ fA7 5 S 7 58  FEPGSE R, ZEFEAUT Ot [F) Ak, J6 056 J52 Jk e S50 5 A 1) = (14 18 82 57 B
FEHEVTIN (] 04b SRAF I e AR T AEMT [R) te b 8 A% o 0 — AR B AE I R 100 T 7E R 18] ) B0
<t AL EHE () = 125, BN ta= te, W0 7 67 M (20) (s TSRk # 2 Hfin=1H
11?(0):0,l[3|3:

[0063] t//(t):¥ (21)

“E

[0064]  FEAHIEI E AT 45 i -

[0065] qf(t)=q{gcos[ ;EU], gsi,n(%j, %} (22)

[00s6] AR ik hak:
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[0075] M iR NS I A H, FRAE AR B ) — AR SE 451, 1% 07 V5 DL R AT, Hoh e 3
IS A5 PR e R R B MRIE
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[0087]  WIIH— L IRIBAE 5 PR hr AR e g
[ooss] E(b)= T P(D)e™dD , (30)
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A e 2 sk SIS, HH— R PUbE AT DA AT 88 1 22 1 80 55, 1 5 2% 1) [R] PRI s
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(01251 g(b)= fo* +(1- f)(1+b%2—j ™ (46)
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DRI 9 %16 1) PE ST RS 55000 22 $8 5005 5 3 99 AT B B RO 4L T8 AR AT (X 0 T H 4% 1) S HE O
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2,00 B AT B S O (0e) o B TR (44) o 1ERELE(D) =1(b) /Too BRI, AR 4R AR BH
B — AN 8 S8, 3X P AN FRAF Y 0] 5 3 s il 2 (LogBARN b, HeH S [91 i S, FLmT LA
H—4k, FF Hb 24 BUNBLIR ) FEFT AR A W36 R 22 81t 22 77 o #h AT B A, A/ 3R e A
(e 34 308 ik ] 280 () A B 28, AATEARIO0 5% 1) St PR 2 T AR E
[0132] i 5k AT LAEE Bk 25 1aa R R AP0 25 ] e A K IASCER A ) R AU R B (44) U5 1%
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(01341 %75 8 T DA A 400 2 26 6 7 1 5 ) 5 PR IORCHH , B e, o4E 4% 0 A B8R
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