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URAURSOAHRR 2R SRR R

FL&®IC

AR O MRI & O Je & Bfg O Ed AL
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SETRNITHEEPE 2 TE/2. flz
(¥ DKI % neurite orientation dispersion and
density imaging (NODDI) %, #A b i 2000
~3000 s/mm?, MPG 30 BhfEE O#E (LIF
DKI #{% & 9#5) THIRER7-8, ERIKFZAT
IRKHVWHBNTWS. LaL, FRCHERBELD
TWHITE - T, BoNERMOERIT)
OGS WERDbNS. T, @wXeF
A%ﬁfi%ﬁﬁ P IR R o AT A 1 <
CENEL, EHTIND & 2 XM
EPRBICFT R T LEPD STV
F—=Ya VIO BB LS b B 5. KR
C{2 DTI/DKI & NODDI #+H (M2, Hik &4
BOFRE R T 5. AR TEEC A2 O
W AIRD I D P EVOFEZHEL TP
KRR A T 525, K DBEL A0 oW
COFEAE Y — F T 5H5EE I L AR
N 5HDTRIESHE I NI,

1. BRORREERPEET I

§E# MRI 70 5 78 S fiE 2 15 % 5k 13 A 1IC ik
BIROH, KREL 2HEBICHT 5 LML 2
TV —HIRBE SN b E-E 5Ok E—
ey 7 BAEKH TE ST L0 (DTI % DKI 255%
249), BG5S U O MRS O B

LEFOMOBMGRK (EF)V) #E2TEE

BT — 2T 4 v T 0 VT UCRFREE (T
FIWING A—2) L HeE+ 5 b (NODDI %)
Ths (Fig. 1). BigIlE, HEDETIVIC
RAF L 7\ o O R Sl A SIS 7, BN R
FTH5YTEFED 72 BRI BEOFEMEL S 2
%, L\ EFAH 5. #l2i1E DTI/DKI
3, F1A5 7 FERED RO
HMATESERBT 59 (K1) LR,
DKI# {8 75 — 2 ~OY4Tid £ 0 iIZIEFHITE W
ZEBHbBNTWA

lnS—*b Z 9i9;j 1]+ (bD>2

i,j=1

% i GiqiqrgiWiipiF -eeeveeeeeeeeeen 1)
ikl=1

CCTSEES (b=01cxL TEH#EY), D
i1 diffusion tensor, W {3 kurtosis tensor, D
7 mean diffusivity, H{ZX2 F )b g3 MPG
OISR, bW OETHSH. B5% bDK
KRGEUAL, 2HEHOHNPELE GKRDOE—
AV ) EREL TW5. EEME & AR
ORI 13 1IR3 ez, EETEL
RO E L THMMPEL ORI TH
50, THhIZH L TETVERAWSHER, M
MRS S (R R O E RO A BT
DERAIZDS, HiHR & 70 A€ TV H RO 41
TV AT B, b E-E SIS R
T, BRICE IR EARTETIVTL RS TR
% % (“remarkably unremarkable’” %) 72

*—rJ)— K diffusion, microstructure, biophysical model, diffusion tensor imaging, diffusion kurtosis imaging
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Model Signal
Vi Da R S .
v, Df S = f(2)
ﬁ
e
Parameter estimation
Ve, De||7 D,
3 b

Fig. 1. Illustration of model analysis. A model defines a tuple of parameters that characterize tissue microstruc-

ture (£) and its relationship with the diffusion MRI signal.
electron microscopic image of the mouse corpus callosum® (available in White Matter Microscopy Database

*

(http://doi.org/10.17605/0SF.I0/YP4QG) )

MTREDDO LSRRI TRIZEYHORIAEIT D
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HEEHTH7-0D0ETIVRESHETICS
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OFBEIC OV TR 1~3 &R S iz,
BELDL, YARTTIVARED, HEST
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i, W<2auN—=F AV EFRTHDP, %
NODOBIOIRHIIE DT 5. HH L, R
HROREH & > “cylinder” &4 57, Th
E BT IEAHE (L) 7z “stick” & 9% .
R T IVITIRIR S R L > THE
75 % . AxCaliber? % ActiveAx!0 [FHRE %
EETSHD, b MK TITRE iR & Tl
CEETO L, WEREE L CHEME TOBIZE X
D 3~10 fFERE KRS WHEPER - TK
51010 EARREARICIEE M TR v
WEOMIIC L > TFRAB Y, BRTIEED
o ThIumBHVBEALEEZ BN
B e b TIERER ORI T E A 2 um
FC, 3um % 2 5 Dl &k 1% LT T
%%13)_

EFIEROFECE, KES2BDDOT
TH—FHBEZLNSHY ;1) FihEREIELE
NS AEFREREEL W TTF — 2 BB RE
CHHTHETNEES, 2) FHIOFHEIZEMN
LCEMTFT—X%IEL L FHEITESLET L3
S BHElFT—2IIRTH T4 v T4 VITDORS
P TREARTST, vIab—v s VER,
77V F AER, MR R EO% A T E

ICREAERALERD A 1L, LOWMRED
A B G505, FHTRIEETOET IVOZEE)IC
OWTh, MATEETLHUNENDS.

2. AEETLATLECAVCLATLBREICD
W\WT

KEETHS AEETIVIE, IhBx#> MRI
ehEOP TR —-HOH KL r — A%k
SVA8 bt IKEREHE A HEE O A
F=IVIZH L THFICRL (o), tORE
BEBEICT S5 F—ICEL TV AW LD DA
BTHhH%. LUFTiE, NODDI #4L:B470E
FIVTIESHWHLNTWAIBOREIZ OV
T, fBICRNS. INHOREICITEHBAA
HHBREORIITD 55, ELITEH ST
LTl <, FRCRITIREE TR D L/c /e
WITREME R’ D B . VT RE N EITBERE L T
TBEICEL HRELEZ T LEDIH 5.

TROEIREa)~DH%EE2, LTOR
TREESEEBRTHEODON, BITDO% L DE
TIVICHEBTH 5.

S, §) =S ARPAIKb, §-7),

M
’C(b, cos 9) :we—bD, |cos? 6
+ Z)eefbDﬁfb(Dm —D,,)cos? 6

+ Z)fefbD/

ZCT, IRFD I, e, £t FNF N intra-neurite,

201841 H 21 HH 20184F 2 H 26 HAGE]
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BEHKDEIV/N—F AV %
KT, v a8 —F A F O volume frac-
tion (#F1E 1), Diy (& intra-neurite OHLEHR
¥, De|, De T extra-neurite DR Hi 3 k4
7 1R OB R, Drid B KD ILBREL,
BN 7 bV 4 1d neurite D Fj 1A, P(A) |
orientation distribution function (ODF), 6%
MPG ¥ neurite D73 (cosf=g-n) TH
. TEBEOHMATE 1HEEE 2HIKAEMIC
BRUEEL, TTTiEDL=0LLTW5
(g d).
a) BHICHET LK TIE 200 3DV
IN—=TF AV MZHTb6NA

% < O 5 )V, intra-neurite, extra-
neurite ® 2 A V/N—F AV FEERTH. B
SOEBKDAVNN—F AV EEDLT ED
»%5. T CTneurite &, EICHIERAIET
(VTR S C CICEENSFRERDS D
%) FEAWNICENUNDFT R TH extra-
neurite [C & E N (MfAsHEE, 797, &M
ML), N OOMOZEHENPIEFITHE DT
—ERTEDERETSH. LrLBIZE, 7Y
T AQP4 F % VT & o THIEAMEE & D
MNCER DB 5 LI NTEILD, &
DTREVWALLNEWTD. BEHWITEIC,
AR & A L Teimicsm < iR s /- o
VISP AV I RERTHAETINVOD D, J7
LIEOWF I L hniE, ZOXk>kav

extra-neurite,

N—TF AV b FHEE CIIRBEELT &
SNTWA. T, ITYVHOKSFIE T

EA NS W7z b iE MR Tl s n 5 &
BEVD, BEENOFFIINSWEB6H5
MRS N QW 52020,
b) I VN—=F AV MEORHRITHEH TE S
IV LTF VARSIV, sRd 5IE
W EE TN - SO #IE MRI O L #F
BICHANERTE ST LBV LS ORE
OV VT ATHS.
c) £av =1 AV NOILEITEA DO ILE
BE " & DN T AGAATHLTE S
W2 5L, BEEHA TS RVWOTZD
WEBIRIC /S P —ICEL VAW E AL
TR UEEICE, BRI CHEASIN St
OFETH, HMHEHOFEIVY D CHEk
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d) intra-neurite =T/ /8— T AV R R D 75 <
Ml (BaEno) “stick” TSNS
Wiz % &, Radial FlaOh#Hnv o L
Az 5, D% Axial FRIDOARD—RILDH
T AGMTRETE L L ETSH. HETIHS
b TORESPHb-12 L HLBIBAGRICH 5 Z &
HINTEY, Ihid “stick” av/8—F AV
F A FEFE T SRR 7 518925 FEMIE STk 18
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(bDi>1) ZiE, MPGICcxt L THITEEL S
M) % & O stick 20 HOF 5 LUAHIIH S TiE
EEZTLED. TOEEIZEADIL, |cos b
< (bDiy) 12 (K (2) 9 5) #%i/z¢ pancake
ROEIC D 5 neurite T, ZDEZL b-1/2
Bl 5, EWOBETHAS.
e) extra-neurite I3 /8—F AV Fid, Xfind
% “stick” k[ﬁJEﬁFﬂ%rﬂb\t%Fﬁﬁi (diffu-
sion tensor) THEEHIN5
f) Tifli, TofiZZznzhn, TV X=F A/}
TEWT W
FEEITIEECD D AR D
TE #Z & I & T DT T VN & L 723
TN L - C, ETNW/RT A—23 TE ITKFF
FTHIEPFBNTWD

\126)~28)

3. NODDI

NODDI {Z 2012 4£1C Zhang 5301 X » T2
Z&h, DKIMHMOM®RE TAIEE, Matlab 71—
F AR & - TRBICIANE » /2. #&IC
Daducci 53VIC & D FHHEOE#ES S, FIC
ZH 513 python IZ 7% - 7272 & Matlab O #E A
TAF LB\, MRRERER O 5 vie, H
HK D53 B viso, FTRID/NT D E 54 ODI 287
7 x )V THIIEN % (Fig. 2). NODDI &
v X extra-neurite @ diffusion tensor ¢ E 3% D
HHER(2) ST LD 5le 5D TIRE T
MERR S N7\ R/ 239, SRt
FEBN35) | S ) VL R308D  IE % FE K
SiESS S EMEIA  FRIRPFRICHERA SN TV 5
M= B s OB A B-#E b HED
53349040 - NODDI € 5V, Bz TN
TAREICE S E, FICUT a)~c) Dl ae
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mL72bDTH 5.
a) Da=De| =1.7 um?/ms

COZONRFELVWENDS T E, BXUZOH
fEIC, RE&aD OHEELBRIT RS TV
V. TRTOMEA, IXRTORTZ VT, ERE
ORI I 5O F R UMEICEE L TRV s
BB bH. BRED, COFREMEEZDL L
NODDI OiERIZEH 4 542 (Fig. 2).

b) Dei = (1—vi)*D.

Tortuosity model*> & L THIbHh, X < f#
DNARERATHA. LrL, TORKRNITE
CEEE S JMECIRBOLL Ze W S &R ENT
BOW, FEBRICE PIMCIERICEET T —X
D HIRHT L 7R b S OBIRA Az L Tidv
7’;1(\15)_
¢) ODF (3 Watson 74 ICHE D

Watson 5 4ii & 13, —ODO(E CHEEATHEL
%} #7x ODF O—>TH 5. 2D IDETF
VTR EMMEOFAEITER I NZ V. Wat-
son AL L K HWHENA5H T OREIT—
B @EERIICThD) L2551 B255,
FEZNTEH LR D ODF B EHF T 5%
BONFG A= TS D EYDETT
W5, b FIMEE T, 63~90%REDR Y
IV ERHEDGEND LV ORED DD
5.
a)~C)IFWVIFNLEOERT, LFLDELW
EIFE 20D, BENRIRG TR 1T D 72
DOLBLFHTLH 5. RAKAZHEL L&
HET 49T 4 VTRBRLZWL, F5ND
HERBEMBHE TERVWE>ERTEET

ICEDHERTE . I R & RS
HHT ML, NODDIiZ—2DOR Wk &L &
CAHRSIEEZED. LErLBURICE 21T,
B4 5721 Tl \Wwind Ty, Tfi° ADC, FA
fETH5 T, ZOHPETIVICE Db HEEE S
D ThWE W BIFLH 5.

NODDI iZ 513 % EFED & 5 75 % 7 eI

DLl i 2 T\ 51946047 Fig, 2 C
%Etib*,mﬁkt%%?w%ﬁﬁbtﬁ
A=A PGS T A, TOREITHET
fHICRATA. KR, KDY U THAHIETD
AR S N O R AN S. 25 L
7oy P xR TICHERLT R RS

b, BREEL DB 5. RREOMFEHO
BT &\ o oA IR & T E HIR D IS
ST AULERD L. WIZE 2L, BRI
EEBTLEERTTERL, FHELTWLEE
IZd, ZOMBOMGE - E54 1T C & Cffifll
BLEMEI D EEZONS.

4. )NT A — 45 HESE, degeneracy, orthogonal

measurement

TFINVBEEOZ LI ERNUT KRB Tld 7z
WR, NG A=A EBRT—AhBEROB &
DBHEICAENE P EVD DI K ELETD
%. Jelescu 54, NODDI Ofl#a), b) %
LG, WmE O DKI BT — % Tl
T4 T A VTRER LW b RRLI. O
DR E %1 Novikov 519, Reisert 516
X o T—%f)7 ODF O FCTHRRXOLN TV 5
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WIZERWC STz, Z2OBMEDHFENRD
5H. TOODfE (branches) X & 412 DKI
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EDONEDE CAHHEREITIN TR, Hfre
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ST RE A BAMIC X, T “degenera-
oy’ ML TWA. oF 0 Efic, X))o
0? £ TOHHE (DKD) »oELN LN iR
RO, RABOBITH L THRELTWS
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i AP bThs. B OEEMEZITHERD
BIRD BD, B rgdd L HOREDBRE
T 5 (EHER LEREDBEEL TR
7)948)

COME A fFIE T 5121, DKI GO
HhN7 7% B OBLHAN (“‘orthogonal measurement’))
TS 5. #HlziE, double/multiple-diffusion
encoding (DDE/MDE)4"49), TE % Z8) X 4
52, FOEWb ERHWEY, FThbH. O
NIk ->7T, Diy=>Dey »> Dij = 1.9~2.2
um?/ms & ¢ AMEDRAEE 2 >OH HVY.
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Fig. 2. Outcomes of NODDI. In the middle (red) represents the default setting of NODDI Matlab toolbox (D.=
D, =1.7 um?/ms). NODDI imposes fixed values of compartmental diffusivities, but use of such restrictive con-
straints has been put into question. As seen in the figure, the values of assumed parameters obviously affect the

outcome.

ql\

Q -
<%6

b’o b’o "b

'o.o ‘o L‘

Fig. 3. Schematic drawing of g¢-t
imaging, based on Reference 1&4.
The data sampling space of diffu-
sion MRI is at least 2-dimensional
(¢ and ¢). The white matter models

t mentioned in this article are for the
rightmost region (#— oo limit, red).

Mgk, BRI Z 8 N AU R R R R L
KBS COETHAREEC RS, LrL, To5L
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ING A= 2 HEE e T HERITFIH T & B HHICHE
Wa5 2 5z, IHEHIETS. binAI, &
(2)IZODF P A > TWAHZ b5k
21, COMEXAEET VEFIRTS 24
D—I D tractography 7 )L T AL & B
B2 d 51916 il 213 MRTrix3 OF 7 + )b
FOTIOL T Y X LSD G, A RRAE S )
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B> TW5b (LRSI D) R7Z2VEID
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%. global tractography & E5 )L/ X — & #
Ex—ETITWVD, T4 9T 0 VT DOREENR
BRAHT TO—F LB 5.

5. ILEEERRIME A, g-t imaging
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IS IRERIRETE] ¢ 3RS O A — et L T4
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Fig. 4. DWI signal intensity and ADC dependent on the diffusion time. A. acute infarction, B. epidermoid cyst.

Reproduced from Reference 61&62 with permission.
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Diffusion MR Models of White Matter : A Better Understanding of
NODDI and Beyond
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Diffusion MRI is a unique imaging modality that enables us to probe the microstructural properties
of tissues at orders of magnitude below nominal image resolution. Especially, biophysical modeling
approaches are now attracting a lot of attention, as they provide quantities that are seemingly specific
to microstructural properties, such as axon density. Among several models, neurite orientation dis-
persion and density imaging (NODDI) has become very popular and is extensively used in clinical
research. However, to date, no definite consensus has been reached on a method to parameterize the
complex microstructure of the brain white matter. Because diffusion biophysical modeling in clinical
studies often lacks means of direct validation, we need to interpret the results from a critical view-
point, with understanding of the behavior of the model when its constraints/assumptions are violated.
This article aims to provide a brief overview of the models in current use, with focus on the model
constraints/assumptions and their backgrounds.
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