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Fig. 1. A simple gradient echo pulse sequence
with MPG. The slice selection gradient field is
not applied for a two-dimensional simulation.
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Fig. 2. Relationship between the gap interval
of the spin and the computational errors (b=
1,001 s/mm?). The computational errors in-
creased as the gap interval of the spin and the
diffusion coefficients increased.
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Unit area

Fig. 3. An example of a numerical model. Each
square represents unit area. The characteristic
values of each spin are the same for all spins in-
side this area (assumption (a)). It is possible to
combine some adjacent units which have the
same characteristic values. This area is called
the uniform area.
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Fig. 4. (a) A part of a pulse sequence and the
calculated areas. Border spins are calculated
during all periods of the sequence and inner
spins are only calculated during the signal ac-
quisition period. (b)~ (d) Flow of acceleration
technique (I). I (x") indicates the intensity of
the spin at position x". (b) One-dimensional dis-
tribution of the initial border spins in the x’
direction. The interval between the dashed line
is the uniform area. (c) Only border spins are
calculated, and non-border spins are not calcu-
lated at this time. Border spin distributions are
changed as the pulse sequence progresses. Er-
rors are generated at both ends of the border
spin (error area ¢). (d) Error areas are elimi-
nated and the inner spins are calculated with a
simplified calculation method by using the bor-
der spins with no error area.

H33% 1% (2013)

= XIZM L, Fig. 4(Q)ICRTHMIC 5.
Z T, BAHALOMmmOFIR T, Wbkt
DOEDPHE SN TR\ OINETEZ T 5
DIZHBI BB N TEIR L Ixh. ZDi:
O, BEREALOW R CIIEETIK e HRET S
B, ZTOEBEBRL S IEMREARESL 2 LI
5.

—7, WIRALICBIL T, SEICl~7BE R
Wit aFH+ % C & C, FHEZERILTE 5.
%9, Fig. 4(D)ITRd & D ICERBALOFH
TR PEIRIC B HWEAEE M(t)o & L, ZOMHEEA
1B 500 & - AL RO HZE Adp % RO
L. I, Mo iR EL, MMHZT %
Ap [l S # THEONETRAL M (1)1 &2 RD 5.
COBRFEIRIAAL) TR ERTES.

M@ ks1=Roe(A@) M (£)1 wvvevrerrrvmnneees (14)

C O R BRBAL O 2555 5 B TR
ICIAN TR 2 &R0 R$ 2 & T, Witk a
BT A ENTESL. /220, ZOFEIC
BWTRRESIK e THE K LELXDAH. Tlfitkat
IR NUE, BEN 3% UL & DA ¢ O
£X% Lum) 4%, #EEGRE D (mm?/s)
ORI SR8 Ic kDA TE
5.

L=7e700D ..cooiiiiiiiiiiii (15)

B 2L, JEEERE D 23 3.0x 103 mm?/s O &
X, Lid¥y56um 7%, L7ch->7T, 2L
ORI R WAL & BB 9 U B R R ITP
WG HAEL B720, GRIOY I 2 V—V s
VTR A B T AHIFE Y 120 ym & T
5. ek, AR, TR A SR E S
BLERC, W BEFE T A5 & 2O RO
LRMETLZHEREZONS. ZOHRAIC L -
TREFEELZT 5P, EROFME#iL
TP AL A FLE U, WFhIcL T
LEEF TIPS 5.

PR~ @dfEOORNE L TICE &
5.



hriE MRT Hlmdtil gy X o L — X OFfiZE

(1) RO, H—HEBOBE R T 25 BT
5.
(2) IRHERPREFNC & » THEARBIEPREL, 55
FBAL DO EREFIRBEL 5.
3) FEMEMM O & &, BRENOFHEE
O b HFERE L, PR SRS
5.
COBEEEHNL LT, AVEIHEETE
ROWAL A TG TE 5.
(I A B R D HI

SN X0, MPG EIhnJ i LAt o fkEiC
IHOEERRIERTESL LT 5. IKECHD
HPDLER WO THNE, BALOREREZIA
FAH T EMATEE LS. I b, Fig. 2105
FTRALDOBLIE HfR & 22 & OBAfRIE, MPG 2
IS N2 F7 MR L CHAZ 9 ABRTh 5.
b L b MPG OHIINTG [ LAS OIEERIC &k B 1E %5
BEMERCTE 50 THNE, BLOEEHE
13 S ORI EZTFICEL. BT AT
B, 17470 1 EL EORAL % Bl
LILBEND LD, K#ETIT1IE LY
7D 1O EREST A EETH. L
BT, RAOEEMRIZ1IEZ CILVOIR &
5. D EOBEEN2G, Fig. 5 IRT LD ICH;
(L DBLE G Z MPG O N i & il i &
TIERMICHECTE, MEREEEL < B
TE 5. TERE S ZUTIEIT A L ChEfE <
x5, 72720, AEHC oL EOER T ABEA
W a L TR 5 MPG O%& 12138 H
TEx\.
M 32—y a3 v/oXFitk

OpenMP # i\, v I 2L —v 3 V&S
WIRF 5 Z LIC & - CRIHAERE A T E 5.
COREEIMRIV I o V—F RS2 DT
F72 0, WHEHED S NET IV TIEERHICIE
M4 5. APFETIE, 4 a7 28H L TIEFL
BB LT, WARSOEHELPTTETH -
7-.
DEomEErE b/ -T70—F v —F %
Fig. 6 IR, W/ IVAY —4 2 A L il

MPG

=  Spin
a b

Fig. 5. (a) Spin distribution without accelera-

tion technique (II). (b) Spin distribution with

acceleration technique (II). It is possible to in-

crease the gap interval of the spin perpendicu-
lar to the direction of the MPG.
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[ Pulse sequence ] [ Numerical model ]

Change the gap interval of the spin
!
Calculate the border spins
(RF pulses, gradient fields,
relaxation times)

!

Calculate the inner spins
(simplified calculation)

:
Calculate MR signals

[ MR image ]

Fig. 6. Flowchart for the simulation with ac-
celeration techniques. The input parameters
are pulse sequence and numerical model. Ap-
plying the acceleration technique (II), the gap
interval of the spin in the numerical model is
changed, depending on the pulse sequence. Ap-
plying the acceleration technique (I), the bor-
der spins are calculated from RF pulses, gradi-
ent fields and relaxation times. Then the inner
spins are calculated from simplified calculation
method by using the value of border spins. MR
signals are calculated from the distribution of
spins and are used to reconstruct MR images.
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Fig. 7. The small size numerical mod-
el. The intensity of all initial spins is e-
qual to 1. Relaxation time and diffu-
sion coefficient are given for each re-
gion. This small size is chosen to make
it possible to simulate within reason-
able times when acceleration tech-
niques are not applied. Each of the di-
vision elements is 0.24 mm X 0.24 mm.

Table 1. Characteristic Values for the Small Size
Model

A B
T [ms] 787 787
T2 [ms] 92 92
D [mm?/s] 0.44x10-3 0.64x10-3

Table 2. Sequence Parameters for the Small Size
Model

FOV 1.0cmx 1.0 cm
Matrix size 128 x 128

TR 5s

TE 0.0575 s

b value 1,001 s/mm?
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Fig. 8. (a) Simulated image without accelera-
tion techniques(128 x128 pixels). (b) Simu-
lated image with all acceleration techniques
(128 x 128 pixels). (c) Error image generated
from the subtraction of (a) and (b). (d) Inten-
sity profiles of AB and CD in (c). The errors
are less than 3% in all areas.
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Fig. 9. The human brain size numerical model.
The intensity of all initial spins is equal to 1.
Relaxation time and diffusion coefficient are
given for each region. Each parameter refers to
the parameters of the normal white matter,
gray matter and the white matter infarction.
This model is composed of a division element of
1.6 mm x 1.6 mm.
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Table 3. Characteristic Values for the Human Brain
Size Model

White White Gray

matter matter matter

(infarction) (normal) (normal)
T [ms] 787 787 921
T2 [ms] 92 92 101

D [mm?/s] 0.44x10-% 0.64x10-3 0.83x10-3

Table 4. Sequence Parameters for the Human Brain
Size Model

FOV 20 cm x 20 cm
Matrix size 128 x 128

TR 5s

TE 0.0575 s

b value 1,001 s/mm?2
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Fig. 10. (a) Simulated image of a human brain
size model (128x128 pixels). (b) Intensity
profile of EF. When compared with the theoret-
ical values calculated from equation (2), the
computational errors in the flat portions were
less than 0.2%.

Table 5. Simulation Results

. Image Computational
Tissue intensity errors [ %]

White matter

(infarction) 0.350 0.116
White matter

(normal) 0.283 0.177
Gray matter

(normal) 0.247 0.122

Image intensity is the average value of the flat por-
tion. Computational errors are calculated by compar-
ing the image intensity and the theoretical value cal-
culated from equation (2).
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Development of a High-Speed Diffusion-weighted MRI Simulator Based
on the Bloch-Torrey Equation

Shogo Fujit!, Etsuji YAMAMOTO!, Yo TANIGUCHIZ,
Yoshitaka Biro!-2

LGraduate School of Engineering, Chiba University
1-33 Yayoi-cho, Inage-ku, Chiba 263-8522
2Central Research Laboratory, Hitachi, Ltd.

A recently developed diffusion-weighted magnetic resonance (MR) imaging simulator has been
applied to very small models, such as cells. However, its application to models the size of the human
brain has been difficult because of the large computational power required. We aimed to develop a
diffusion-weighted MR imaging high-speed simulator for application to such larger models. To short-
en computational time, we propose 3 techniques to increase speed. The first technique involves exact
calculation throughout the sequence of the spins located around the border of the regions where at
least one of spin density, diffusion coefficient, and relaxation times (T1, T2) is different in the numeri-
cal model and calculation of spins in the center during signal acquisition only. The second technique
requires setting various gap intervals of the spins according to the direction in which the motion-prob-
ing gradient (MPG) is applied. Computational time is reduced when the MPG is not applied in a cer-
tain direction and gap intervals of the spins in this direction become larger than an equivalent MPG-
applied direction. The third technique involves a simulation performed in parallel using a 4-core mul-
tiprocessor. Use of these techniques permits generation of a diffusion-weighted image for a model the
size of the human brain in a reasonable time. For example, the simulation time for a model sized 134
mm X 162 mm was about 52 min, which is 147,000 times shorter than that of conventional methods.
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