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1) (BRVGIMTE R A AR 2 22BE, 1942 710062)
2) (PP ERFE GRS BES AR T AL 27 S R AT P, BRI 518055)

(2016 4E 2 A 1 HUKE]; 2016 4E 4 A 27 HYg BB )

B X BLA BESLHR (MR) BG 7 BIHK 2 B AE IR R BT A3, 3 2000 52 Wk 7 5 T 25K D ) A,
ASLGI N YA AR 2 i (BEEMD) 832, $i s BE 55 1E W4k /K48 (DRLSE) J57 5% MR B 1153 %
FEE. Sk 2 BEEMD ¥ 45 2 E) MR BUR o fift o 2 A Z 4 A 45 50 08 20 (BIMF), J@ i %) % BIMF
TR AN [E A 3 B A A 23 B S, AT 3 520 %1 B A%; S8 )5 78 DRLSE B34 74458 7 of $ob a8 s 4» BIMF
Oy, R DR e T RO 1 B AR AE BT, JF48 ) DRLSE 75 % M B k47 40 1. 38 5 6 45 20 PG A PR
MR E1G 73 FI50AE, B A SR B B R 1 2 BRS BE R B 1, BB S BN I PR MR S ) 7 1.

RUIA): WLIR R, B KPS, AR A e i i, A R AL

PACS: 87.57.N—, 87.61.—c, 87.63.1m

1 5 =

T 3 3= B 1% (magnetic resonance imaging,
MRI) B A #C2H 2R 7 2 0 4% 8] 40 9 25 1 I RE A
HIET e, vRN AT Z 2l 2548 £
7 A AR, SRAE RIS B2 B R T HAL R E AR,
LBl Sz B B 2 R B D) R — e
W PLANRE AR REA B4 H DA R ARk i A% vk (4
PR A5 772 P R InFasE T MRI 7E 225
Bz Wb AL, (H B R SR Bl AR OK,
B EMBOEAFAE IR FEASE 5] 95320 5L\ W 75 S5 v JE, of
LG R I AL BN T I R S B — SRR, T4
K MR U (1) 53 EFR 750 3288 Bk i it 7 34
R OES T EG BRI B 0.

KT AR B AR 73 B AT 36 ) 22 1988 4F, Oshers Al
Sethian () ¥ Y H T K 4E 5 1%, %07 il it
A B AR R o 2 v A A R D SR O B o T
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& (partial differential equation, PDE), A &% il fif
e 7 P i 2B I Ta) R 2R T AR T B L ART A
A fy i i, B AT kG Rt 2R A R TR AR E
3T TAT B e B AR £ 2 )5 Chan il Vese [ 3 F
BIE X 35 (5 2 2 #5E8Y Mumford-Shah (MS) 5
A3 Chan-Vese (CV) B I 2010 4, Li
2 15| N doubel-well 284 25 1F U] 10 £ R 51 68 4,
F& B8 1E 4k 7K S 4E (distance regularized level
set evolution, DRLSE) J7V%, [ I& W b2 K48
PR Y (level set function, LSF) fRFEFIERF 5 FH B pR 4L
Byi, PRIUE 7 LSF MRS E M. iRk, BN A3
7E DRLSE J5 ikl bae i 7 — Lk 772, e
fik [10] 32 tH B 3& B DRLSE [ % B8 5 5 J5 v, 1
i 2 v P 3 R AR R A 0 1 pr e R K P
by SCRR [11] 4% H %5 F DRLSE J5 ¥ 16 42 B 30 g i
W CT BRI W R 5¢, iz FIAEX A B G it J7 V5%
JEEAT W16 5E A, SR 5 8 F DRLSE 77 V5% JIg i gk

* PR BRI RS (MHES: 2014TM2-6115). BRIG A RHAEORHE TR BT (k5 2012K06-36) F1E K B AR =54 (i
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TEENHE.

R BT DRLSE 7K 1 £ 77 32 ) el gt 503k e
) #R A £, AH I 545 7 ek B 4 v T
X R L GR35 B 2R & A
REAF b E IR AL &, $5 000 2 AR R MY, 59
A FEER Iy, MR R H b KA 5%
% i) @1 25 {4 F DRLSE J7 2 R AR KR A, Ay
$2 % DRLSE 77 v % MR B (¥ 53 BIRE B2, A 4R
BUAT 0 ), A SC 5] N 4k 4R A 4 00 15 K0
(bi-dimensional ensemble empirical mode decom-
position, BEEMD) %f DRLSE # 47 2t k. 2003 4E
Nunes %5 1216 25 56 455 3053 fi# (empirical mode de-
composition, EMD) 3] AR T B AL, $2
A IO/ (bi-dimensional empirical mode
decomposition, BEMD) Jji%. 114k BEMD J7 %
7 B 25 B G A R AU 2 A 88 n, noi &
45 D3 W 5L T BEMD 43 il 1 B5 2 B 5 R & 1%,
Zi& BEMD BEAT AR il & UG SR [15] 32 H —
i3k T BEMD 70 B & 0 KRBT B Rl & 5%,
G5 G XUE TE K PRl G 2 I 2 X o [ A RS R
3 (bi-dimensional intrinsic mode function, BIMF)
ik, HiE R A B8 BEMD J7vEfE BRI AL 3
B BERs R 20 W 9 A7 TR AN 3% 98 () BIMF
Sy, S b HE BIME S23 & 5 5 a0 0,
EAAFAE R R B | 73 B IR 45 1 R AP 48 ) R

BEXT IR 27 MR R B R 0 A7 B R, AR S
W4 SCHR [16] 958 IR EMD Y8 B vl 85 FIT £ H F 1t 75 4l
BV 73 7 10 —— R S AR I3 i (ensemble
empirical mode decomposition, EEMD), 7 —4E7s
[A] # Ji£ 13 2 BEEMD, fi# #k BEMD ) 15 28 2 1]
. i@ BEEMD J7 2% 15 40 E MR UG EAT TR
ARFH, SR JE R 0 il 45 2 (1 2% BIMF IRF A [FIBCE 2
HORFN, A4 T DRLSE j14 R 5 45 40 B EUE
B J5 )32 548 7 Bk B b I 23 BIMF 73 &, £
1t DRLSE J5 V2 B A6 bR BORI 4 Fi 45 1 R 3, 32
DRLSE J57%:%f MR & 1) 53 EI4 L.

2 DRLSE 5 BEEMD #f

2.1 DRLSE 753%

KA EET7VE T T 2 A, Gl IR o 4 T AL
it ZAE N TP ERIRA B n + 14EKT SRR AL, 18
HI PDE % il 7 FE AT B 2R AR, FEAL IR T

1) WIaR A RE B B H N B B S T 2L 2) AL
BREACTH SR AR B B B B, 8 ST A&
itk C, i N s — 4E7KF 52 s B0t 2w 4 B 2
WRIRN ¢(x, y, t) IS TA] ¢ b BATHE [R] o 20 1 55
L, ¢ = 0FRAFTIKFIE. & AT 50 s 4
(signed distance function, SDF):

o(x,t =0) = +d, (1)

Horp, dFoR s 2 BIRIKPEE ¢ = 0 EE RS, 7EMZR
AN ELIE, EMZR N RS B sk (1) N
/NEEBS ALK U R PDEF:
op
ot
Hoh, kRS R, TRRFEB (2, y) BKE
fH, V?SI&kﬁa‘%E‘JﬁEIﬁ, V Rth s,
- [%’a@]
Li %5 1 5t B B8 1 16 K 7 88 07 v R BV o
L/

E(6) =u/9pz(V¢>I)dx+A/Qgéa (6) 9] dz

V(k, 1) [Vl (2)

~—

+v /QgH6 (—¢) dz. (3

FI| I PDE K fif DRLSE i€ &= vz oR B /Mb fE =
Al AL A 2

1o}
20 = div (dy, (1V6]) V)
(Ve
+ - (¢) div <g|v¢|> +vgde (¢), (4)

A, p, N, v NEEL HA >0, 2 € RZERFE)
EIEME I € 33K, 6 A Dirac B %L, H N Heaviside pA
5, g NIL TR AL, g SO
_ 1
1+ |VG, x I 5)
K, G, RoRbrEZ RN o WE iz s 2. =Pl
216 B H AREC BRI, S il FE A, S8 IR
FE R R

AR ZE 52, (4) R HOE il R
RN

9

k+1 ok
L(4F;) = s~ % (6)

=
b, OB K, kBRI, ¢F NLSF
TE55 kA W BRI R 1(i, 5) W{E. SZPIDRLSE
i At ).
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THESAKUER T RIFESIM
2.2.1 BEMD #ik

BEMD 5322 % EMD 5k R 3 — 455
5y 7772 5 EMD 6L, 8 i 0 4 i 2 R 52 K
Gy RO, U 43 56 S 15 2] — AN X5 R BIMF.
I3 R 56 G 159 B8R A BR 1) L4 BIMF fl— A 4R
B, (z,y). M4 ri(zy) IRESNEDTSER
B E B0A B EUE o f 2 5, W B 4y, IR as B
I(z,y) &1t BEMD 540 fig 121 o LIS 3] — R 5]
BIMF 7r &Ml —N i, HeATZ B2

2.2

I(z,y) =Y BIMF(z,y) + ru(z,y).  (7)
i=1

BEMD %532 [ F A7 ££ & — 4k EMD B #5485 ]
B v, B ERAS BIME A 35 A 3] (0 Bk ) U B 4
7] — RUZ LR [/ 1 BIMF . B TR S A H B
S FEUT AT EE RIS AT, B AE BIMF k%
Y 3L
2.2.2 BEEMD ¥k 5%

H 2009 4F Wu 1 Huang (16 4 H 1 7 4 B 2
WTIELR, V2 58 G N T 4
Heim AL H, B SCHER [17, 18] 32 H 2D-EEMD (two-
dimensional ensemble empirical mode decomposi-
tion), 1% 7% 2 — 4 EEMD J79% 4> 5 8+ —
LB AT AN B, H SR (19, 20] 48 H X & — Fb
P RESLW MR, A RERE B R
REIARIERAE B SCHR (19, 20] @i PY 48 3k A1\ 4R
$o TR A BN A R, {8 PR BEMD B AR A%
4t BEMD = {FF 5% 6 {5 SR IO AE 10, 2% 1K 07 1%, IF

T A3 AR L AR BB AT IR, HE R
BEEMD J5i%, {H i TP BEMD @ 48 ik 5 £ Ik
RN, A 1AV B R, HLVS 0 BEHLAS I
10 1 e P R 22 90 T 7S AN R d i B T 2 A
HEIH.

ZE R MR B4 (5 B &K, A3 BEEMD J7
R I DY AR HRARAE, AR A8 = KR S A 3R
HAug ) EOOH S 0 Mg 75 i R A v 22 AT BR ], A4
TE— & IR R B 2 5 R s 159 2R Bl B S TR
K BEEMD &Hik, HEH DB T.

1) 1A R GRS 5 rpolm N Wi 75 R A 1 22 PR 1] 1)
e 75 7 41

2) AN T F R 45 5@ BEMD HiE Sy
fig N— ZF ) BIMF;

3) BRXELZLE LR, HEERIMAAH
1) 1 M 7 T 1

4) KB R4S B 6 N BIMF 4 BT S48 48
NI TREE R

BEEMD 53238 i3 45 15 5 IR /I B2 1 g
7 R e P S 254 4 AT R R AL, 5 BEMD B
TEREAT OO, BB R R TSRS, Bk
T A EE RS HC BTSN ) A A AR
BT 2708, Wu A1 Huang 6] 38 5o SZ56 4 4545 1
LR T g ne e 2 sk A R 4R ) i L BT 2 TR B
JENE R, TR M 75 W R R 4 T 2 VB 34 i J L -F
A A R A R, IR 2 HUE O N A N
gt 75 (R L B 12395 2 LR 2008 0.2 AN BUE (5 5 (AR

& 180 & 2 43 51 BEMD #3% # BEEMD &
10} Lena B ANIE R LR MR EUZ 15> figxf L&

(a)

(b) (c)

1 BEMD I BEEMD 4} f#% Lena &4 45 3L % Lt
(e) BIMF4; (f) BIMF5; (g) residue

(d)
(a)

(e) ®)
Lena E1%; (b) BIMF1; (c) BIMF2; (d) BIMF3;

(g)

Fig. 1. Contrast of BEMD and BEEMD dicompose lena image: (a) Lena image; (b) BIMF1; (c) BIMF2;

(d) BIMF3; (e) BIMF4; (f) BIMF5; (g) residue.

168701-3


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

¥ 38 % 3k Acta Phys. Sin.

Vol. 65, No. 16 (2016) 168701

(a) (b) (c)

K2 BEMD fl BEEMD 4 i #L A% MR, B4 45 54t
(f) BIMF5; (g) residue

(d)

(8)
(a) MR E1&; (b) BIMF1; (c) BIMF2; (d) BIMF3; (e) BIMF4;

Fig. 2. Contrast of BEMD and BEEMD dicompose breast MR image: (a) MR image; (b) BIMF1; (c) BIMF2;

(d) BIMF3; (e) BIMF4; (f) BIMF5; (g) residue.

BB E T L NBEMD K RS TN
BEEMD (1) 73 fiff 4 K. S 596 b 3 B0 7 26 1k 5%
fF SD = 0.2 (SD N0 o0 i F2 v i 22 7= AR 1
it 1% B B hy_1 (2, y) 5 hy(z,y) B AR #E 2 (stan-
dard deviation, SD)), %} 14 7 fi# 5 )2 13 354
BIMF (K1 (b)—Kl1(f) B K B2 (b)—KEl 2 (f)) #
R (K1 (g) ME 2 (g).

] LA 2 A UE H, AN 82X Lena B4
& 7L MR EUE, PR SVE I 7 fil 25 S0 e 6 1
I H 22 B0 A 203 A S A NS 5 1 e B
5 AR R DE B R, {2 BEEMD 50354 il 21 1 55 —
A BIMF tE BEMD i/ i i) a5 RE& 1 45
FIAN 5 8, YW 7 EEMD JREIE 4P R IA
Rk

3 #F BEEMD ¥ DRLSE & % 42|

BIMF1 % BIMFn $5i % 5 36 & %, I A] 78
53 FIFH X £ 5y 50 BUE AT b B2, % BIMF 7 A
F AL R BCE MR BIEHE. AT BB sR, %
W A 5] IR FE, KRS8 B Y BIMF I KT 110 &
£, AKHIS5 8 BIME B3/ T 189 23, HAh BIMF
M T 25T 1 R 5 P B2 B H FRERIE, AL
SGE T A MR EUE R 1) 2 B AR I A5
R MR AR 1 2) A B AR VIR FEAN YR )3
SRARAT 7 B2, )59 w040 B M 5 v AT ) 55 AN
3) 45 HAR M, U OREF S 5 A 4y &, 39 5 o ]
oy I 55 mAR S A &, IREE R Ay i 4) A
H b AR A IR, U720 A 75 B0 5 10030 40 i
A B MR EME, B58 RECH AR 2.0, HI55

AHARET 0.2, BT RES FEIEGR KA. £59)
E R EA

n—1
I (z,y) = Y _ ki -bimfi (z,y) + kn - 70 (2,9) .

) (8)

N TR SR e BT AR H AR AR R, AR S
%787 A BIMF 43 8, % (5) 20 01 2 J5 1
BGRB8 20 745 B BT R [-0.5,
0.5] i BIMF 73 &, TR HCJER. € XU FH 4875 ek E b
K g:

1

b= .

n—1
1+ V<GU+ lzblmfz—i—lnrn)xl
=1
(9)
A E BRI R R RAE A R R
E(¢)=pu / p2 (IV9)) dz
[0
A bo. d
+ /Q b0 (9) 0] v
+ ’U/ bH. (—¢) dux, (10)
(91

99

57 = 1div (dys (196)) V)

+Ab. (¢) div (b%) +obd. (¢), (11)

X, 25 € R2ZBREEUR Ig 8 SO, b4 (9) K.

X T 4y ER R SRk R MR B R, R
BEEMD ) 73 & %F B AR i3k 47 & A 2 3 F T
DRLSE J7iE#AT 70 #). AR SCHE SR AR B W 3 B
TN, ARSCEVERARD BRI
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1) BEEMD 454+ I (%, 5] N 4

)
2) i€ I T & BN RS, EREE;

3) Hi%E b H T IR BIMF 458 5 H R 5
4) WEIERIREL, 7, u, v ESE

5) f# il DRLSE J7 %3 | 4.

JENE

v

| Wi S U N |

v

E A Sy

v

e EHIE Ip 4 BIMF
RE, ERREEIEIG

v

iE b P BIMF4y 5 K 2%

v

BEAMRSH

v

’—}{ DRLSE Jiki% i b |
N

>

Y
| LR S |

3 HRER
Fig. 3. Algorithm flow chart.

4 EREREXIL

AP & N Windows7 B AR R B 1FE R 4,
fifi£F >y Intel i5-2400 3.10 GHz CPU, 4 GB RAM,

£ Matlab(R2013 b) i ¥ 858 T, 4375 5 EIME
A MR B AT 5258, S8 7 i DRLSE 4L, @
WREZ IR © BRI T Hirz
P EkZ b, DRAS I 2 5\ R e Xof il 28 38 A0 B2 i
/N, FTCAARSCET A SRR BER A = 5 fle = 1.5, 5K
50240 v N IE ) 2 9 Ak, v Dk A7 i 2R )
WAL, A2 fE 1 BEEMD 23 il 2 J5 4531 34
BIMF M1 4%, Sl 4 IRES B A F 3,
f}—45E 4N BEMDIEH 41K,

4.1 HEEGSE

NS UE A SCRVE RO R, B e N LA B
M P §9IL F L K EE AN K DU R4y R AR AT
S, SIS HANR 1A, SRR 4 P,
Bl A TR REAT X R 1 AR R AT SR 25 R, &4
IR R IR 06 BRI IR 6 B A ULy I &
F\ DRLSE 77 1A 35 AR UCEUR HeAth 22 20M [R] 45 190
TR RIGE R, b8 AT IO FE A i R
M5 85 R AT, A SCHR R B BIROR B
U RS B e DUMR L RE SE O, R0 T 5534 F
REAE K 1110 38 7 1 H K

N T BV ARSI > BIRERE, A58 FH AR
J& (dice similarity coefficient, DSC) ¥4 8 b [,
Xof AT SIS 45 B0 73 BIRS FE HEAT VRS, DSC E X
i

2N (AN B)

N (A)+ N (B)’
K, ARTRESRCE, BRAREIESEIG R, N2
BG4 5 K/, DSC < 1, Ranm R4 R 7Lk
R R L, BT T 1, W o B . DY A
BRI EWEER2 Bral. NEK2HaLLE H, 5T
VO A A R R B B B, AR BOE A B 1 30 T
ARSI 73 Bk B ey

DSC = (12)

®1 iREBERSH

Table 1. Experimental parameter of synthetic image.

. HAE Ig h &0 E R WHHRRR b P ERS Hihz4
EGER B BRI
bimf; bimfs bimfs 7, bimf; bimfz bimfs Tn T W v
ANTH 360x360 1.32 1.00 1.00 0.80 0.10 028 0.00 0.15 130 4 005 —2
R L 152 x 152 1.00 1.30  1.15  1.00 0.00 0.35 0.00 0.00 85 4 0.05 —2.5
PiA% 200%x 200 1.15  1.09  1.00 1.00 0.20 0.00 0.00 0.00 210 2 010 5
IREEAY) 320240 1.50 1.40  0.75 0.45 0.09 0.10 0.00 -—0.15 385 2 010 3
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(a)

(c)

K4 (MTIEO) HREGSEEER  (a) HERVIGBIRE; (b) ACHZELENR; (c) DRLSE 4524

Fig. 4. (color online) Experimental result of synthetic image: (a) Original image and initial contour; (b) result

of proposed algorithm; (c) result of DRLSE.

£2 AHKEE

Table 2. Accuracy of segmentation of different method.

FRAAE HABLE

LSt SIS

DRLSE A5 DRLSE ACH %

ANLAR  0.790 0.841 A 0.856 0.910

BT 0.527 0.874  KEAY) 0811 0.931

4.2 BEEMD Bt

R 5 UE BEEMD Xt T 2t DRLSE 194 2% %,
A5 FH SCHR [23] 3 H 570N 0 A 28 P i 5 v A o vk

FVPEUE 48 4 10 B G R B R, X Rr 4 B MR
JeHEAT AP 2 )5 FEAE I DRLSE J79%:43 ). B 5 (a)
MR EG R ta R, B 5 (b)—B 5 (e) kIR N
AILT7 % DRLSE 77k 456 /N 2 #: 1) DRLSE
ARG A B IE N E IEP ¥ DRLSE J5i4 4y #1145
RN R AT UG, £ X 5 (a) FATESH 1L
Fh\ B R EANS A, TR 5> B ROR EASCRE
B, R AR R TR 4 B EH AR K AN 3535 55 4
BE 1% 3 ok 398 5 B 4 Hh oy B H R, S SN R S
SEA EE N A JES ) DRLSE J7 7 RUR B EE
DRLSE J7 72 A HUA5 B 2 o5 3.
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w

(a) (b) () (d) (e)

K5 (MTIRE) 45 Batt  (a) B RWILGHE; (b) ACHEIELSR; (c) DRLSE 4558 (d) 45 & /MR #e)
DRLSE % %; (c) %4 F1& R 15 7% ) DRLSE %58
Fig. 5. (color online) Two-dimensional signal processing contrast: (a) Original image and initial contour; (b) result

of proposed algorithm; (c) result of DRLSE; (d) result of wavelet-DRLSE; (e) result of adaptive median filtering-

DRLSE.

YN

(a) JEE K HIUEHEER; (b) ALHILELR; (c) DRLSE 452 (d) 46 /MR HI

DRLSE % 5; (¢) %4 F1& R 15 7% ) DRLSE %58
Fig. 6. (color online) Experimental result of MR image: (a) Original image and initial contour; (b) result of proposed
algorithm; (c) result of DRLSE; (d) result of wavelet-DRLSE; (e) result of adaptive median filtering-DRLSE.
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Fig. 7. (color online) Experimental result of local magnification: (a) Result of proposed algorithm;
(b) result of wavelet-DRLSE; (c) result of adaptive median filtering-DRLSE.
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Abstract

Original image is directly processed by the existing image segmentation algorithms, which is easily affected by noise.
A bi-dimensional ensemble empirical mode decomposition (BEEMD) method is introduced to improve the accuracy of
MR image segmentation by distance regularized level set (DRLSE) method. The BEEMD method is the extension of
one-dimensional noise assisted data analysis from ensemble empirical mode decomposition (EEMD). The key points of
BEEMD are as follows. four-neighborhood optimization is used to find extermum; three-spline interpolation is used to
obtain the envelope; amplitude standard of added white noise is restricted; a certain time of integration is used to avoid
modality aliasing problem. The main steps of the proposed method are as follows. Firstly, the MR image is decomposed
into a number of two-dimensional intrinsic mode functions (BIMF) by BEEMD method; different weighting coefficients
are endued to BIMF for image reconstruction to enhance the segmentation target. Secondly, part of BIMF components
are added into edge indicator function of DRLSE to recover the blurring boundary caused by Gauss smooth operation.
Then DRLSE is used to segment the reconstructed MR image. High accuracy and robustness of proposed algorithm
are obtained in both simulations and clinical MR images. However, compared with DRLSE, the proposed method is

complex and time consuming because using BEEMD for preprocessing the segmentation image.

Keywords: magnetic resonance image, distance regularized level set evolution, bi-dimensional ensemble

empirical mode decomposition, intrinsic mode functions
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