Chinese Physical Society
Mﬂﬁﬂ Acta Physica Sinica -

Institute of Physics, CAS

E TR HENB SRR R &SN RS % BRI EE

iFE IR FR KR FHH

Optimization of magnetic resonance imaging high-order axial shim coils using boundary element method
Hu Yang Wang Qiu-Liang LiYi Zhu Xu-Chen Niu Chao-Qun

5| {5 & Citation: Acta Physica Sinica, 65, 218301 (2016) DOI: 10.7498/aps.65.218301

TE 25 7 32 View online:  http://dx.doi.org/10.7498/aps.65.218301
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/121

A RERR AR A S &
Articles you may be interested in

E AR P LT A ) B 2R B8 H AR it T ik
A target field method for designing cylindrical z-gradient coil combined with vibration control
YrEi=4.2014, 63(1): 018301  http://dx.doi.org/10.7498/aps.63.018301

FEELARR 8 A T G Bl L
Design of gradient coils on super-elliptical cylindrical surfaces
PP 22 H%.2014, 63(23): 238301 http://dx.doi.org/10.7498/aps.63.238301

T BERE LR BAR B HE A RUEE AR5 70 #r
The base scale entropy analysis of fMRI
YH 40,2013, 62(21): 218704  http://dx.doi.org/10.7498/aps.62.218704

RLHE AR B 5T AR % S BRI U &
Review of the ultrashort echo time magnetic resonance imaging of cortical bone
YrE&4.2013, 62(8): 088701  http://dx.doi.org/10.7498/aps.62.088701

BET A SR e R A A AT T M 2B A PR IR R B 5

A new fast magnetic resonance imaging method based on variabledensity spiral data acquisition and
Bregman iterative reconstruction

YH 24,2013, 62(4): 048702  http://dx.doi.org/10.7498/aps.62.048702


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.218301
http://dx.doi.org/10.7498/aps.65.218301
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I21
http://wulixb.iphy.ac.cn/CN/abstract/abstract57332.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract57332.shtml
http://dx.doi.org/10.7498/aps.63.018301
http://wulixb.iphy.ac.cn/CN/abstract/abstract62904.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62904.shtml
http://dx.doi.org/10.7498/aps.63.238301
http://wulixb.iphy.ac.cn/CN/abstract/abstract56713.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract56713.shtml
http://dx.doi.org/10.7498/aps.62.218704
http://wulixb.iphy.ac.cn/CN/abstract/abstract53241.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53241.shtml
http://dx.doi.org/10.7498/aps.62.088701
http://wulixb.iphy.ac.cn/CN/abstract/abstract52385.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract52385.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract52385.shtml
http://dx.doi.org/10.7498/aps.62.048702

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 21 (2016) 218301

ETaAF T REANBSFREERRIGILE
= inE S I B E R

D2 FE AR DI

FHY

AfeEVD 4Rl

1) (hEF B TH T, A E AL E, b 100190)

2) (PEEEBE RS, b5t 100049)

(2016 4F 6 A 20 HUZF; 2016 4 8 A 1 HUREMEHH )

FERLSEIR BB BEAE TR, 9 1 B H AR XA (K s i S i 7 o0 2, A% e 5 R I JCIR 213, (B 05E 513
FEREBA, B0 PER 2, G T2 R 503, A VR SI3 T LA fIe P 2 Pl 23 Afi ok 7 A2 T 5 22 1R 52 3% 70
A, AR, 5037 2 B 2 RY 1) 2 20 P S Bt o 2 Jl B Ay 8 v 36 e A AL BETH 75 22, DRI AS SR Y T —
it T REFEHR ARG T 21 2 R G0 2 AR B ARRNYE AL BT T i, 1207 i T A 07, K A3 R e T
PAE RIS BRGS0 B 224 D9 B AR R B, 2T A]BE L 2R P AR SR A N A RS, i AR AL 5T
%, 1920 2 T ER IR A B AL 0.5 T BSOS AR 15Ok 5 il ) 2137 26
Wl it 281, i B AR D 3 oA TSR e SR VR AR AL

KA WIRIKR, S92l , oo, ARSI

PACS: 83.85.Fg, 84.32.Hh, 47.11.Hj, 11.10.Lm

15 =

W 3 HR A 1% (magnetic resonance imaging,
MRI) £ A F A W s o 3 — R 0 LR v 2
K A (8] oy AT AT R, BT U ST
PN X G 2R S A% SRR BOR, HEAT = R
T B AR RIG AL, H AT 2 kN
— P RS W TR N TR 2 WG
I7 UL A AR LR A5 46 ) B LA R 4y, W
PR TTAE 45 7 10 3 8] Y RPN 7 A — A 2 20 FE
37, T2 DX I P 28 50 B2 LS ) P A
MIGFIR. PR, g RAe — 4> v 2 51 BE B b hd
HERAR BT 52— B A Be b,
PRT LI IDRE A 5 A2 96 2 R R L3, H
H T 7E S R4 T i AL o FE v AR AE R 22, [
I AN T 3t G L 2 32 21l B RO BRBEAA R T, XA
13 BB Sk 2 2 2 R, FRRIEIER 0 7

T #EVE#H. E-mail: qiuliang@mail.ice.ac.cn

© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498/aps.65.218301

L, TR € T B R X S W
BATRE, BIFTE I SI . — B s, Sl
REEQEHL: BEAHMEESY. THENY
FiAR P i & 23 A R T A R SR
PRA I INEE S, AKX BB IE R S BRI H R, T
VRS HA 1541 T 2 HE RS DX 430N Bl % 7 54 FEE
G PR O — GBI TE S R TR T 8 O bR ) 22 T
AN, BB AT 4 Pl 7 2 HL BT ol 2 i 5 ) 3
BHY. ML T R SR 2R/ T2 1L, H
VR AR s AE T 7T DUAH B S 338 75 25 B 2337
2L Vel i e AR R (R RS X5 3R] BUBE R L
HEBF A B EREA S ST i B i B

BEE TSR PR A R, BT KR T
Wk b et BUE TH Ik, Hoh, I iE R
2% H AR A AVA BR G 2 Ja R R oK i — il (6
BUETT . AL G B AR 107 20 g X 48 9 19
PR L 5 PS8 EAT 8 LI 2 B RO, DA T80 A 48

http://wulizb.iphy.ac.cn

218301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.218301
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 218301

HLRL S FE o AT SR, HH TS Ly QAR AU AR M 15 2]
HIEZRBRIER, ZHEER 2N RERE. H
BR G iE [8:9) Ul 78 3 Sk 3 1l 40 # e, e300 0
SN X, AR AR SR R AN B 2, BRI T2
UK, TR K. WL A ek Do JAE & SO,
A5 AT 2300 RS R 4, P 2 2 ) 5 FE 1)
PRIE 2T T TR A A, T LA S ek S5 IR Tk A
bb, B L I0NE0 D B A T B SR A, mT BAKE
EETERE R AT B A5, A T2 R
T 075 Bl T FE I DL R LG 3 S A
RSP — M EET i R e T AR & AL
BT 792, ST EHE T R M 5] 3 2k P oo 2 O A
T R E USRI R, R MRS S
ITEVE. TSR 4 B B AR T AT 4R AL A K
53, VRS R HL AL B O 2 B BRUR X 38N H b
Wy m QG SER RE5 E AR BE RE . AR R AN [R) 2 00 26
R B BBURAR FBE, e 190 28 P i A R o (1) DX A 4
R R B DA KT AR N IR A & )32k
B = A (g3 5 H As G 3 2 18] 0 22 % € 8 B br
BRI, R A1 T 2 DA K 2k P AR A N AR S 2 R 2%
i, g5 G AR AL SRR AR AR Wit e —
24.0.5 T BFFTBERCT- TR -5 MR 3 n) 213 25 &l

2 BFHEAET
2.1 LRFTIEL

A F TS AE 2 SRR 7 R TT 1A BR 7T
2R At b R R SR B — b SR Al Ak 20 R A A
FITH BT A% IT VR SRR DX I )3 5 1) R AL
G BT R, AR I AR A R T BRI A T,
Wi SRV TR B HONABOT IR A, AR B
{7 4k B G R R i 02

T UL B S ocEw, AT RIS B AR
LA FBLIRL 23 AT, T S K T2 1R E O 2k Bl P 7
DX 45 3 TRl 73 O — 4 eh 22 A = A T B T A B A
NI R e AN ) W N T
R B BOH EA AR A 1 s, Horh Q /2 S Bl i 48
A A LR A, J2 DSV X35k (diameter spherical
volume, DSV) P I1) H bx37 i, MR R AR,
T E 0] AR R N eR B e e 1)

J(r') =V x [p(r') x n(r')], (1)

Horr, m(r') 5248 R ANER A B L3 1)
BRI KL

o(r’) Nt

Un2

'Unl

vnb

X

DSV / Gns

1 (MR ) RS RA AR R, 5 Q 2V,
R PRBEFRSR

Fig. 1. (color online) Coordinate system is used in
this work. Node @ is a source point and node P is the

target point.
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Fig. 2. Schematic diagram of the coordinate system
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Fig. 3. Flowchart of optimization processing.
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Table 1. System parameters for shim coils design.

(i) HAR R wEM
R iR R e 0.6 m
2Z £ [l SR IR B 1.2 m

Lyidth SIS 1.8 mm
Linick SR 1.3 mm

Lgap FL I E 1 mm
€ SR 5 B W < AV i 22 5%

dmin SRS I C N i 2.8 mm

Rmin Ll /AR 0.1m

N T RENS I _E IR 7R E I, A s
IR, B TS 21, 72, Z3 1 24 LU 1354
B, HH R AR

YARSB AT

Blrset — 2, (12)

7.2 5135 2% 18|
BiEet = 2% — %(mZ +9°). (13)

7.3 513525 ]
fgwg“::z3-gz.(m24-y2y (14)

74 5)35 5 1]

Blreet — 2% 322(x? 4 y?)

2@ ) (15)

218301-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 218301

KE x, y, 20 5 FR DSV XK H AR
F14) A2 B R

K2 FNZR 343 HINIEY (Z1 F1Z2) = (Z3 Fil
74) S L E VR B it S 4 B A RIS A B
(19573 2 Pl v v 45 SR DA R vk o A, For, B 72
A Vv S8 28 0 A, 40 € 28 B 3R R I &1 7 [ v
W, WA B 2R A N I U 1 B, T P A A A
JSL PRI IAE R A3 A

TR 5135 26 18, o T FLRE o0 A BN TR
L[] IR 2 P 2 T O R T SRR 20 AT 0 BT 2 SR ) 5
WK, R B i% 28 513 2R e ), o] DL 2e 48
(eI Ut U =N .¥/ L 5 NN K = = 20 1 T T
WA 2R ELN 3 3 B E N 1.4 x 10710 1 9 x 10712,
TN LI 2 99)N 70.86 F146.96 A, fe /N Ta) ) K

05k @
0.4
0.3
0.2
g 0.1

|
o
=
T

|
<
3
T

—0.4 —0.2 0 0.2 0.4
X/m

—700 —600 —500—400 —300 —200 —100 O

4 (TR ) RO THRR 50 7 22 el 2 21 2% 0 bR 800 A

T2.8 mm, X T 4% 1.8 mm I FLIMN S, 1%
LRIRIFE A T A g A ).

*2 RSB LESH
Table 2. Specifications of Z1 and Z2 shim coils.
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(a) Z1 21352k, (b) Z2 51354

Fig. 4. (color online) Designed bi-planar low order shim coil pattern and the distribution of stream function:

(a) Z1 shim coil; (b) Z2 shim coil.
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Fig. 5. (color online) Designed bi-planar high order shim coil pattern and the distribution of stream function:

(a) Z3 shim coil; (b) Z4 shim coil.
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Fig. 6. (color online) The magnetic deviation distribution: (a) Over the DSV; (b) along the Z-axis.
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Abstract

In this paper, we present a novel nonlinear optimization algorithm for designing a shim coil system, especially a
high-order axial shim coil, for a magnetic resonance imaging (MRI) system. In an MRI equipment, in order to eliminate
higher-order harmonic components of the magnetic field within the volume of interest (VOI), passive shimming (PS)
is adopted in traditional methods. However, such a method is suitable for the global shimming with low accuracy and
poor target. Active shimming (AS) makes up for the shortcomings from PS with a set of shim coils which are designed
to generate a specific magnetic fields to improve magnetic field homogeneity within the VOI. Because the complexity
of wire pattern increases with the order of AS coil increasing, conventional optimization model cannot meet the design
requirements for producing the complicated magnetic field. In this paper, we propose a nonlinear optimization method
of designing the axial shim coils for an open-style bi-planar MRI system, based on boundary element method. The
optimization model is built in light of influence extents of the various parameters on the coil characteristics for different
shim coils. In such a new method, the field error between the magnetic field produced by designed shim coil and the
desired target value is selected to be an optimal value subjected to some constraints including line spacing and coil radius,
which makes it possible to realize the manufacture process. Meanwhile, the more design parameters, which involve not
only the stream function values at each node, but also the compensation parameters and/or the number of grid nodes,
are regarded as optimized variables to control the magnetic deviation and characteristics of designed coil. By using some
designed shim coils for a 0.5 T open style bi-planar superconducting MRI, including Z1, Z2, Z3 and Z4, the efficiency
of such a numerical design method is displayed. Especially for high-order shim coils, more optimized parameters are
involved to control the magnetic deviation of the coils, thereby providing a more flexible and straightforward method of

designing the axial shim coils.
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