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Estimation of Lung Respiratory Motion Based on 4D CT
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Abstract: Four-dimensional computed tomography (4D-CT) has been developed as a new ima-
ging technology recently. By scanning the multi-breath cycle of the patient continuously, it can
provide full range of lung dynamic information and plays an important role in the diagnosis,
tracking and radiotherapy of lung cancer. A B-spline deformable model based registration algo-
rithm is proposed for the accurate estimation of lung respiratory motion using 4D CT data. A
new image similarity measure is defined to take advantage of temporal coherence information of
4D CT and guarantee the stability of registration. Meanwhile, the deformation field between
end-inhale phase CT and other respiratory phase CT is refined by an iterative way. The regis-
tration algorithm is evaluated by comparing with pairwise 3D B-spline based registration algo-
rithm according to simulated ground-truth deformation field. The results demonstrate that the
proposed algorithm is more accurate and stable, and it can yield a registration error of 1. 22+
0.74 mm. Finally, the algorithm is applied to 4D CT data of seven patients to estimate the
lung respiratory motion between end-inhale and end-exhale phases.

Key words: deformable image registration; respiratory motion; temporal coherence; 3D ren-

dering; 4D CT

BAELA 118 T ASEF M- . HAl. R 5135
538 97 (Image-guided radiation therapy, 1G-
RT) RMFEET I EETF Bz —. UGS
MR AR 5 AT 05— T S ey 152 OF W B0 I 3 4 A 39S ) 1

T

51

K B H:2013-07-12;181T H #3 :2013-08-13



%5 S YL GFAD CT BB A i i 152 30 it 7 609

M) i geE S DX 2 i 2B % Bl RS B o AT 3 R i 9 HE
DA B A8 A ™ T PR 0 O RO RIOCR o A
WP 32 2 1Y) 56 W B o 3 . DR S R I I 5 Bl TR
il X il 98 B DX PR A T ) T R AR ) A 9 A T
BT IR AR A E EEE X,

SRR SeerilNE iy R ARl R SN L7 I
B PR R R IR R AR IC A 132 B
SN iz gl B R e ARG Tz g .
R S5 R TR AL AR bR 10 4 % WF I 32 3
SEAT T W0 04> AT . Tsunashima 2857 7 Y B W 4%
SRS I B K RARIC W 9 32 Bl 15 T HE 5 1 e 98 7 P 0
W =4z gl . BEARF AR RAR IS T LASR IR 78
W32 3 A5 R (IR X S Ty 1 e B RN
FAEIRZER BB, 9% ) S . Lujan 5 R A &
W 4% 52 R RS 50 5 B R Al 3R I 10 8 8 B
LT W iz Bl ) g KL el TR Bl HA A
P RS N Z 8] Y 0z Bl BAT B Y 22 S T f) —
BEHAAL A [ A A W0 J Bl 25 77 A= FE R iR
%, HEERMES CT.MR X 5285 0145 B 14
BT R GE B, XS R EOR AN RE TR
b ARSI I 5 R 1 A (R R BOE N BEAR 41
J52 W o A v R 0 F A 2 2 2% R T R ] R
PRI 23 77 AR U R I iR 22

AD CTN 3 645 B — BT 0 R HEA
EAEHAL E0s gh SR At 7 AR 4R A AL . 4D
CT MIXF AL 5e iy 3D CT hnA 1 i [l 4 & 3 25 1
RS N IEI IS g CT BR A8 5 i 5 18145 i o
RS 15 2 AN TEAS [F] AR A7 7 3D CT [
%o AD CT n] RLEE A (AL 48 A~ W W o 7 A 4 98
BEE R R A 4D CT Rl LUKS 5 Al 3 i 35
Wz 3 AT 3 1 B A 1 SE A 1A 1 RS A T o
Xl

AR T —Fh T B ARSI AR BIAL i 4 &
BB HER L SEBLXE 4D CT Al i A2 CT
BEEER CT BR(H R EBO RS HBCHE. o T
a5y A 4D CT 28 & iy i 23 15 8 38 e i i AR e
PE A SCE ST —4 8 0 G AR AU 00 2 [] Bsf >R 1]
AR 7 AR g HA PR W AR 32 CT &8 3] H b5
PG 22 [] 1) A8 T8 375 » AT Al 3 i 930 1 00 iz 5l

1 BBESHERE
1.1 ETBHEEN=4EBEGETERE
H TR0 52 B0 Al 8 1, 4 R A T v A

TS 72 e L P A 4 45 A B8 S A () W I AH A7 1Y)
CT EMR 04 1 e e . B 78 T o A1) A2 08 3 4 i
7 B G & A~ s L RS o BRI AT DA S A ) P
AL CT MG o

X Bl AR A8 e o B 2 ok 0, H a2 54K
— NI h o) XIS EIMR T 3E4T 25 8] 22 46
A8 40 5 19 1% Ty (x+h(Go) R EAREIG I 53
25 ()57 B I RE 55 . T i IR B A8 B o R DA =X
(D AT HEAR

h=argmin, (E,(I+,Iy.h) +o%h)) (1)

KrpaIe A Tu 230500 2 B b BRI s B R .
(D HFAEE 1 34y B A BRAE S IE S b T A
JE LB 2 Tk & T AR Y b 1) 1 W I 5l R AR Y
(14735 18] 3% &8 P RSP ¥ 1 09 29 3. Rueckert™ $2
AT BHESKN A BB ERERE 2R
A =W B RESD 1 AR T S il A A 3 5 R
fife B FE 5% A& 42 ] 3 0903 3l AR A5 (A 15 20 T B
BG4 S A, Bk

3 03 3
h = 2 2 EB/(L‘)BM(U)Bn(w)ciﬂ,ﬁm.kﬁ 2)
[=0 m=0 n=0

AP B, 8 =0 B AR 2R 2R B 47 (E A R £X
B, (r)=1—r?°/6
B (r)=@Gr—6r+4)/6
B,(r) =(—=3"+3*4+3r+1)/6
B;(r) =7*/6
x=(x.y.2) FEGE R — MR R e R
SRR P R S A TE R A ) |
mE 1 R, i= | o/n, | —1.5=1| y/n, | —
1, k= L 2/n. J —1, u=x/n, — L x/n, J y U=
y/n,— | y/n, | sw=z/n.— | 2/n. |, | |
RN TR, nonyon. P ROREER BRAE 2.y, 2
=TS AR . /0N TR B 23 7 AR A SO A L 2
AT S B RLA E el R {EL [ I 2 B B A2 2
JIE o 5 R 22 8] i) i R /0N 1 3 36 0 o 4R LA 1Y
O 3 ek S 3 O U
g T ARAIE I SR A B A2 T2 35 06 | 1% 2% » Rueck-
ert'™ 2 X A(h) K
B A
(51;;)_F(31;;>4_(515;>}dxdyd2 “
KV R EBR ARG XL Y. Z G = A J7 i
KN, BT = BRESRA S RG22 AUE
FRE o WE A RAR T2, AT DU 4l L (A o7 36 47 32




610 Hoo# R 5 o m %28 %
LS EBE S B EL B =i
. - R A SR S0 B 4 AR 4 0 T
: .h m BT B RS [ 5O, 0T 2 gL (5)
: it % 2 0 OB N0 | 7R i IR A
" o RS 1 B EARE G 1, 972565 b, 2R SR A
. .. BRI 7B A AL SR . 56 R Rueckert™
MY g gepeogrg e SN 7 3 S0 A I 0 A 0 09 R 1, o ) H 4

1 =0 BB AR i i 2 A 7 J P CRE T DD

Yo B3] 0024 195 0 PS5 1) B 28 T L BRI AT DA 2 I
DUI35E BT e B 7= 2 R AR TE 3
1.2 ETFBHEFHWNLEEGRETEE

A SCAG T A 25 N 1) I 0 2 B, — 7 9 A
[ 4D CT KA 6~12 MIFRAHNALAY 3D CT, 7£
N AT DR SR ARAL CT & S0 B br EHE . 88
J5i R Rueckert™™ i Jy 2 0 HoA A0 A2 19 CT 1%
P i 2] B AR B L TR RF G2 S ATl . X
Fof g oF e 119 O 2B A R PR W AH A2 7 CT BIR 5
E A GO0 37 b 308 A7 T o V2 A R AT AT Bsf 1) £
B8 T AD CT FEB (8] b 3% 2, B R X
Tl 20 i 32 S AT A TE B, 2377 A AR E 1Ak
it

SR T 1 T A P R A e AROR W L AR S R
AREH L5 AD CT W ELEEME R . AR
RURTERCHE L B Y FTAR AL ) R A B Fr
1 HH 26, T B 5% A0 CT AHAB B W A~ A2 CT #H
Ko B ILE SR G RR ARL I L I 5 (D) ek
ER Ui . Bk ik 4D CT BB
N I={1o Iy Iy b o N R R AR A 5K, T,
EHPREMR C AR CT) . Hr iy DY 4 Bie i 3 55 T8
W
{fli}:argminh’_ (E. (I, 51;51,01 h;— 1 h;,

b)) +wi(h)) (5)
b R 5 0 WAL B R 2 H AR R AR TR
Yo 550 PRURAE A7 R 5 B bR B OAH LE  E
SCHy
E=3,
D e () e (x b ()]

(6)
] i) — SRR 2
) B x Ab i EHME

| e;(x +h;(2)) —e(x) |+

A0 WEMRZS ] . x Ry K G
e () FIRES ¢ WEW AR 5 25

BRI, F. 380G M2 b . R H 4=
(5.6 FIHFETF B 5% = 4 ERIE 28 Bl it 14X 1
KR AD CT 55 ¢ FEMAHAL 1 B S B b B Z )
AT k(" 2 e O GE AR S C || hi Y —
b || <<e)o X F BRG] ARG 200, 0. 1
VeI, H R L R n, =n, =n.=6 0] LIIRAS HLEL
B 10 T 25 O
P 2 25— A~ A SO oE B39k X — Bk A 4D
T AT ER G T, B 2 2 HIREBG, %
AR KM AL CT. B 2(b) %m0 745
KAOL CT, tHFIENGE 8, IEASK CT ORKED M
AR CTE ) A R A 22000, W 2(o),
WIS ECHE, A TE G PSR CT R B FI i & K
CT(Lta) k3] TICHL. 4nlE 2(d) iR,

2 FilbER R R 3B B30 il i

XF 25 A W W A AL B B R R 3D X3 A K
TS B0 il O AR . AR XA
K Z i B SR MR AT 25 ) ST O
X P A 2 A S B X BG4 O 45 A 1Y [
MAe RS I S . T kX 8 L BR 54T
BOETEA F B AE 0L 0 Hh $2 B T A il X
B, HEAR I 0 B X IR AE S — A R 7E T
HE T4 2 19 AR B Y _E ik v] LA AS: 3 il 35 %) 0T W 32 B
3 Ry A AR SCAY A T A 7 9 T S
A B R 285 A 14 s 358 IO W% 32 sy 114 s {1 ] X i 8 e i
& Z)MEAE #E 4T colormap. M K €8 5] 21 {4 3 /R 0T Wi
32 By 1 (LR R B T R 3 R A 9 i S A AT =
Ao A1 3 = 4R i 0T W s g i A R dn R 4
i, N 3.4 ] RLE A — YOV B e i
Hh iz 8l 32 B4 T AR W i b ER L i R s Bl Y B
KIGEA/NT 18 mm,

3 BREHH

TESZ 5G4 . 38 3 A1 R = 4k B RE AL C HE A
R IEAT X SR R IEAS SCA R MR I E A U A



%5 I WL 5 AD CT EMG iliFE 0 iz s Ak 11 611

£ad

(a) WASRCTGER )

Y

(b) MEARCT

(c) BCHERT, LM RCT(LL )
HH B RCTOREL)

(d) FeHE )G, WRAKRCT(AB)ESR
AT JE PSR CTOR )

K2 PoEgs R

£

(@) WAH

Ty

WAL
B3 ASCRE LA T 0 W0 AL 05 Al & 0915 iz 2l i {1 ]

PR 7 A AR 4D CT %54 b %k A&
) St Bl R [ WA e AR K 2 R

IR B RE B 5 A5 B3 5 e W W s 2 i
MHERRYE . D 7 PR R R AR O L T SN TE H
PR B ME s EAR Z ' IEWN” N AZE Y
(Ground truth) , 8K J5 38 i bb 8% C o 83k 7™ 2k 1 A8
JEH 1 Ground truth SR X B #E 5k A7 Ry, R
Wi, x FKoR Hin BB Q B —MEBR R,
h, (x)#~ Ground truth,h, (x) 7R i i 58 0k 15
AR . E OB B RHER2E N h, () F h, (x)F-
4 ) B K

EaCh ) =) 0o —hGo . (D

Kb Ny HAREBIRRRIEH .

Y 18

(@) AR
— .

(b)) HAZ

P4 VAL N 0 I R s 5 (L ) = v g [

FH 10 A9 A 4D CT O 5 3IE AS SCIE e 55 2%
KBS, BN AR 4D CT #& A 7 W0 AH A7 1Y
SDCT I={I, I, I+ I}, ®HHp5E 1 MPHRER
CT.HPEREBR L5 7 N AFEKRCT I, i
CT WM # KN 0. 98 mm X 0. 98 mm X
3.0 mm, W THIH 4D CT HAthAH Az K4 2 H
P MR Z 181 42 T2 5 B Ground truth h, (x) J2& Al
i A, Al g 45 B 4R 4D CT &% Ml Ground
truth R Y HEA SO, AR AT

1 56 R Al Rueckert™ ) J5 3 48 L Ath I W AH 437
B L1, I FEHES HAREIMR L 1382 TE
H={h, hy= hs}. #EXELY H 17K,
BEW B H=(h, h,- hy} @355 H
Xt HAREG T, 4728 e, 3 8 A G g 1. 1. s
o I N E HAREAR Lo A SCHT BL™ 4 T i 4D
CTHI={I1 L 1.}, ZWEERKIREHN
BUG BR AR 22 0T LAACE AD CT /9 I={1, I,
Lo I A A DR A A2 1611 1, 1, - 1, 3 HARIE
1% 1, Z 82 Ground truth iy H={h, h,---
h o ARG G5 AR SCERLE RO B 2 T B AR 45 110
= R RO R B 4D CT At I % AH
PR Iy Lo s I FOUHER) H bR ER 1o, 15 8045 9



612 B

%

S

5 4 M %28 &

Y H'"={h" hi"--- h"} F1 H® = {(h{" h}" - k"),
FA D AF UM W — A A 'Y, R
Ground truth H 2 [8] /)37 24 BR [ R 2 . X 10 437 9%
Y45 5 4T G T kA5 21 0 R0k B0 T R 25
5 4y AR S 4D CT e o5 12 R o i o 5
P R 25 1 X LI . A SCRE I B R 25k 1. 22
0. 74 mm, I B e 5 I R 2200 1.
43+1.06 mm, M 5 W] DU A< SOk G ofE i
ZEH /N

30r
E 2.5F
< 2.0t
W
15}
g l77777)
= 10t
—’.F_{'
£ 0sf

FIHE B
5 M2 T

B A JIE 2 HE % TC o B 325 1) 97 P & A SCOX i 35 DA
M A5 AR 3] P 25 R 32 A P 1 ] 30 14 WP I 38 8l 8 AT
fhiit. HASSC 4D CT BB 2% 7 A0 Ay 4D
CT HEATHECE 153 B R RE I AH AL CT BIREAAR CT
A . ASCHEUE AR CT #IEA AR CT
M7 TE 5y 38 12 %A TE Gt 5 AR S oK B I 25K
it F WP 52 Bl g A O 25 e i g A . B
6 R 7 L5 A MR A5 A B I 25 A 2 A P W JE] 9 il
FRIE I s S E A sk E . EERE L& LT
Uity 45 F 7 W W G2 SIS AR 3/4 1 1/4 (8. &b i
28 F R MR A I vh L85, & b Y 05 R R IRGE 3 e
(359108 S R (058 28 36 R I W 3 e {8119 e K
ER 5 /ANMEL . T LAE 0 25 A B 0P 25 A% it 348
75 %0 1 X IGE B (g AN T 1 em, il 5B I IR G2 B
g fe ROEE T LA ) 2 em 2247 .

20+

|
15F |
I
I

T

T |
I |
I |
| |
I |

—_———

&8 / mm

T

B 6 7 A AR T iz Sl i ek K

4 HRIE

AR SCHEH —Fp I T B RE AR AR B R (1 Y 4 &
GE SR 3 3 T o oA, 4D CT WS KA. CT
AL AR AH 2 CT G R A il 3558 14 B 10 32 2
AT . AR FEIE TR T 4D CT 28 1)
W 32 Bl B 25 05 5 S iR T % 46 TN 5t Jili 35 P 12 5z 3
TR 2R ) R 25 KA BT . SE 0 IR B AR SO G o
B INfA A (B 2% 1. 22420, 74 mm), A L)
YA 2 A 0 I 8 1 B W 3 2y o PRL I R L S il 68
I N ARG i 0T SR AR R 5 1)

5% ik
[1]

Pirozynsky M. 100 years of lung cancer[J]. Respire
Med, 2006,100:2073-2084.
INSCEE R B2, 55 R 515 T U IR T oo
A /I 41 A i 935 e T o 3 IR T o O 2 B I A Y
WEEE LT vh R K2 2= R (R 2% D 5 2013,38(2) 1 132-
137.

(2]

Sun Wenze, Song Liping, Ma Jun, et al. Scope and
method of image registration and clinical target vol-
ume margin for central-type non-small cell lung canc-
er in image-guided radiotherapy[J]. J Cent South
Univ: Med Sci, 2013,38(2):132-137.

A E WS IR IZ Sl 43 BT 7E T RO R T PR
B BARLT 1. AR o By 36 2% 75 . 2006, 13 (10)
790-792.

(3]

Li Baosheng, Wang Liying. Research development of
respiration motion analysis in radiotherapy of lung
cancer| J]. Chinese Journal of Cancer Prevention and

Treatment, 2006,13(10):790-792.

(4] VORI, £ RIRT, &, = 4 MR i2 g F IR R A
WY B S BT S [T, b [ B 2 ) B 24 2% 0K, 2006, 23

(1):1-4.
Shen Junshu, Wang Jianqi. Zhai Zhenyu, et al. Re-
search on motion of 3D tumor and skin marker[]].
Chinese Journal of Medical Physics, 2006, 23(1):1-
4.
[5] Tsunashima Y, Sakae T, Shioyama Y, et al. Corre-
lation between the respiratory waveform measured u-
sing a respiratory sensor and 3D tumor motion in ga-
ted radiotherapy[ J]. Int J Radiat Oncol Biol Phys,
2004,60(3):951-958.
[6] Lujan A E, Larsen E W, Balter ] M, et al. A meth-
breathing

od for incorporating organ motion due to

into 3D dose calculations[J]. Med Phys, 1999, 26



%5 I WL 5 AD CT EMG iliFE 0 iz s Ak 11 613

7]

(8]

(9]

[10]

(5):715-720.

Li G, Citrin D, Camphausen K, et al. Advances in
4D medical imaging and 4D radiation therapy[]].
Technology in Cancer Research &. Treatment,2008,7
(1):67-81.

Rueckert D, Sonoda L. I, Hayes C, et al. Nonrigid
registration using free-form deformations: Applica-
tion to breast MR images[J]. IEEE Trans Med Ima-
ging,1999,18(8) :712-721.

X&), B, IhE B AR T B AR SR IR /D Z e AR
LA Z N REAL A E T EA kL) ], B R 4 5 b
H,2013,28(3):294-300.

Liu Jian, Wei Guo, Sun Jinwei. Signal reconstruction
of nonlinear multifunctional sensor based on B-spline
total least squares method[ J]. Journal of Data Acqui-
sition and Processing, 2013,28(3) :294-300.
BIFFET BHAFHENEGLGaMIT] /M
A 2 iR 2 2 41, 2007,39(2) £ 198-203.

Li Kaiyu. Image edge detection based on B-spline in-

terpolation [ J ]. Journal of Nanjing University of
Aeronautics and Astronautics, 2007,39(2) :198-203.

[11] Justice R K, Stokely E M, Strobel J S, et al. Medi-
cal image segmentation using 3-D seeded region
growing[ C|//Proc SPIE Symposium on Medical Im-
aging. Newport Beach, USA: [s.n. ],1997:900-910.

[12] Goyal A, Bijalwan A, Chowdhury M K. A comprehen-
sive review of image smoothing techniques[ J]. Interna-
tional Journal of Advanced Research in Computer Engi-
neering and Technology »2012,1(4) :315-319,

[13] Chen M, Lu W, Chen Q, et al. A simple fixed-point
approach to invert a deformation field [J]. Medical

Physics,2008,35(1) :81-88.

PEZ B IR (1985-) . 5B I L ST A BF 52 5 1) < BB 2 [
1540 38, A5 X 3R 51, E-mail : super030049 @ 126. com; B i
(1971-) , 5 ,Research Scientist, #l} 3% J5 If] : 5 2 14 70 ¥ 5
B Ae (1967-) 4%, WF 98 77 1)« 4R O AR A o B 45
AbEE



