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Fig. 1. CCMR images based on SSFP sequence .
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Fig. 2. Squeeze-and-excitation residual U-shaped network.
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Fig. 3. Results of left myocardium segmentation by SERU-net.
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Fig. 4. The motion tracking architecture of DispFlow UNet VAE.
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W& 5 ff 7, DispFlow  UNet f& U-net {178
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DVF), Z56 73 HIHE I, A% 3 h 2 G0 Nz 3l
FHE.

- T
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I
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i

== Conv 1X1

= S, FIKk

= FRlfL2 x 2

= LFF2x2

= [RFE2 %2 BEYAM
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Fig. 5. The network architecture of DispFlow _UNet.
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Fig. 6. The network architecture of VAE.

228701-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 22 (2021) 228701

VAE #i7k Ryap $efi— A~ i Efebr, H
T eI EAEY 12 LR E . iR
(1) VAE VTE I R RS 7 A 5K Ryae , TTE 25
TIE R 25 T A R Y Ry ak -
223 BMRHEK

BB EEMN 4% DispFlow  UNet  VAE 1) HAx
P4 K PR SR B 25 57 Live (Fy) Il VAE S A4
2K Ryae (VO © M) ER 741l

L(F) = Livg (Ft) +vRvae (VO O M),  (3)

o MRS EIFERRER —AE K, (SUH T3 B3
Xk, ofRFHEIDBF (Hadamard product). v /&
SR, AT T UG AR RO AR T (R ) B R

3.1 SCIRHIE

ZOTFAE Automated Cardiac Diagnosis Chall-
enge (ACDC) £di 4 B9 _EdE T Z5 | 50 uE AT ;
T e RS B b AT R B2 AL RE 13 Al ; ZEAS AL
MRI FHiE 4 OO A7 b 5200, S g 40 i 2K
LI 1 sl

Table 1. The experimental data.
et BulE MM JEE AR AL
1.5 T Siemens Area

ACDC 100 12—35 9—10 3.0 T Siemens
Trio Tim
I AR 75 20—28 6—10 1.5 T GE
ARMRIEHE 15 30 9—14 ¥

ACDC BUE 5045 100 445218 % (fi R ik
o ) B CCMR &ME, f R R AP [A] S
Y 09w L PR 54X (1.5T Siemens Area Fl 3.0T
Siemens Trio Tim) 7E754F T SSFP 751 i 4
3. A Bl R AR S TRy, LA R AE A
g R g g 2.tz 8. B2 E & 9—10
G, FIOIECE 12—35 Z A28 4k, Bk, 1%
Bl A 951 4, A FHI4 AL ED Al ES AHAZHY
SAniE, WK 7 FR. 1Ah, 100 25205 9811
YR 52, B 20 4R, 4 IE K )
(normal subjects, NOR) ., £ 3 Z€ Ui 4 M0 )
ik (myocardial infarction, MINF) ., 3 5k 4.0 L
% (dilated cardiomyopathy, DCM) . AEJERLL L

J% (hypertrophic cardiomyopathy, HCM) Fl45 />
ZE 5 (right ventricle abnormality, ARV).

Bl 7 ED (%) 5 ES (f7) 051k R B 4 b
Fig. 7. Original image and its ground truth of ED (left) and
ES (right).

75 Gl REAEEAE GE 1.5T REILIRI1GE
it SSFP FFoik1S, BT A B fF S8 FEOK. K
ESHOE: FUER/NA 256 x 256, BLEF R/ (field
of vision, FOV) 24 360 mm x 360 mm, =% K
6—8 mm, Z[E K 2—4 mm, F & KA (repeti-
tion time, TR) & 3.5 ms, [FJ B} 8] (echo time,
TE) 24 1.4 ms. JZ2%R 610 J2 . FHAL R 20—
28 1~

3.2 LIGRE

SR B Z I L B AL B | YIS BAE
= IEIAT
3.2.1 HKIEHB

TERR R B AL 2 v, BRI ZRFE AN
MRREASK A [/]—A> A (W), SR
Th R SN 0T 23 4 RS RN AL, AR S
TREA N —FPER 9 5 /e ACDC $idla 4 Ll AT T
FLHERE XIGUE, MR T 0 BB 5 43 A A
GYATATTE. BT AN RN 2 (B A7 0 5 o U A )
MZh o 2e 5, S HAD 4 Fhpcig A L, —Fg
I 25 A AT B AR SN A A

D % TS SN O v 2 L 8 2 s S 7% S
(80*80% = 72 £4). HWruF4E (80%10% = 8 #4) Fil il
MAE (80%10% = 8 ), MR vh i T A3 32 ik
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F 2  ACDC B meis it
Table 2.  ACDC data set allocation.

55 e 28 LYIE (Foldn) Fold1l Fold2 Fold3 Fold4 Fold5
W Edata  int HCM MINFNOR  DCM MINFNOR  DCM HCMNOR  DCM HCMMINF DCM HCMMINF
- RVA RVA RVA RVA NOR
ANEREH data_ ext DCM HCM MINF NOR RVA
PR S data_intx0.8
UaTReS data_intx0.1
iR data_intx0.1 + data_extx1

(20 £4) BHAEDR. ZE IR 72 v, HERR T8 55
LV BT R R TIEE 20% FIEHS 20%, THEEE
T RIS E 60%, 2T R AEE— 2 Ak
BRI, 2 2 45T RN BE Sy B O
3.2.2 HKIFEMAE

R T sk SR R R R A2 U LR S, R A
TR UG 1 e B GERIX I, (region of interest, ROI),
FIr A RSB R BT 96 x 96 K/, [RIBRE 3
H—Ak 2 [0, 1) FE R, I8 i RELIER: | 7R Fi
ARAFRAEY A, 1S AR S B R

3.2.3 & 53E

W45 P45 R Pytorch HESE, #E RS Win-
dows 10. L (3) A4 2% pRBCK I 25 M 2% 2
5, PEHL Adam 1EAILILAR, 21 % = 0.0001, 4t
R/ 16, IZRIKEL epoch = 300, %L ~ =
0.001, E SIS UFAEFEREAS . R FHUNZRAF BT X}
T AT TN, AR T 45 SR TITAL

3.3 EMAE

N ZAS T TP A SCRE B 07 3 RS i P Rz
ke .
1) A JUAAT e b A A A AR i 36 BRoRS BE.
— kUL, TR OIS SIS B bR 2 AT g
(1, R T AT 8 T oA, 38 R o B AR S
S SRR AE. NI 2R 10 25 48 38 B W 4 25 7
"2 Frs, iH] Fg KA ES Wi 70 S ARME Mg,
15 3] Mps°Wr,, 5 8] H Dice % %( . Hausdroff i
& (HD) FLO W EREE S (myocardial contour dis-
tance, MCD) | & H: 5 ED it JE 4 A5 K] 22 8] 1)
HEMEL, Dice Fl HD AL (4) 20 (5) =

214N 0

Dice (A, G) = A£G 4)

HD (A4, G) = max(max,ec 4 (mingecD (a,9))

maxgec(minge 4 D(a, g))), (5)
Hrp o A RBEARE ED Wi, G2 ED
MR, D(., ) MERJLEAF . Dice R BURH
. MCD #1 Hausdroff FF 25 BUE AR 2258 Bk
JE .
2) I AU EE 5 % 5 35 e AR SO W] 47
PE. TN 3 5 B O 7 Z ] B2
FHIE1RZE (average angle error, AAE) FIPFIZLE
MR 2 (average endpoint error, AEPE), il &
MR Z M AR
WENGHAR R A P AR ZE AE(P) & T
iR A uo (P) = (20, yo) N B EAH R vy (P) =
(1, y1) TERL P Z4E2s A A B2, J0):
AE (P) = arccos(ug, u1). (6)
AAE A X AR(P) B3 {H, HHUE#
JINE B B Y SR R E AR
R P AR R A P WA 1L %22 EPE(P) FR
P21k s uo (P) = (20, 0) « w1 (P) = (21,41)
Z ] )RR EG
BPE(P) = \/(2 — 21" + (o — ). (7)

AEPE i3 X EPE(P) B3{H, HHUE
/NI IB B R .

3) A RAAE AR (RIAMTEEE ) B As SR
BRIz ACRE ST I St R 4 M s PR K
Pk, X AR R A A RS AN s s £ Y
PEREVFEAE AL 2 fL RE

4 H#REH#®
4.1 EFHINEETERE

F4E SERU-net 7730 #1 220 L, A THE AR
Ek (W 5—EHOEn RS EE (& ENH

228701-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 22 (2021)

228701

®3 LOEIRAESE (WELMER)

Table 3.  Left ventricular function parameters (Mean + standard deviation).
EDV/mL ESV/mL SV/mL EF/% ED_LVM/L-min ! ES_LVM/g
97.944-34.73 38.133+21.30 61.39+24.43 62.90+15.3 88.23+35.23 84.134+33.22

FE) B RO EARF (EDV, ESV) ., &5 5 i
R (SV) . SHfS3% (EF) 20 Fi (ED_LVM,
ES_LVM) Z&468%5, ¥dabnfH S E R ERMEHTIE
B, AT LA B G R B DAl IERE AR D RE. 18 4432
A DI REFR PRSI I E AR 22 ANk 3 g

4.2 BERERITME

T HERE sR B ((3) 2X) o 25 B3 1 X 4%
PEAF YNGR, M25I1Zk 300 4~ epoch J& 15 2] A Y1 2k
5 UFE BRI A E 8 Fiw, Al LA,
P& A 28 0T DA AU G, RS b 2k ] LA
R3] 0.02 £ 4.

MBS (K9 H DVF) ¥4 ES M
HORMEIE Y ED Wi brifE e IR AT iR, 455
K9 Fow, FTLAE S, HEREE (519 h Warped
label ES) 5445 (1 9 H'label ED) B LVC Al
LVM & E G, R T A0 NS S8 BRI

AN, A %37 T LU Bl PR S A= 2 WA [
KA CVDs, EAFIF2 BRI B 1. 18 10
BT I, AHMERBL, P48 ES2IA 0 F2
Yt S R i, J LA B e B f51] 1

Mid-ventricle Apical

Basal

Source

iz A iE® A (NOR) MM 1A LVM
A REGE R AR TR, R MOR %% LVM AUk
4 RN 3G R 2 [R5 15 X MINF i 6], 7] DL 3|
LVM B A IAA], &850 WLY Bl 4 A 5
/N T A BE, 32 MINT 955 491 () S 25058 R
Xt HCM i i, LVM _E B9 467 B fiad K, X sk
#H LVM Y 46 A 3% 5 5 B A1 &, DCM ¥ il
LVM B HAR/N, X2 F S8 DCM /.0 Ik 38
HOA RS AR RN TR

1.0
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Fig. 8. Loss curves of training set (blue) and verification set

(orange).
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Warped label ES

K9 FRBUNALE 70 ES it 2 ED #7414

Fig. 9. Example diagram of warping ES to ED using the predicted displacement field.
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Fig. 10. Predicted displacement fields of different case types.

4.3 IFLEEER

AR SCIE 3 PN T R TE X HE S, B S AN S
D5 5 HAbE R R AR I 25 A X b, ok
TOA 2N 0 %3 SRR G T T L.

1) 2 1 SR AR SCIE B s A HERR T, R AR S
JrkS 24k BB Y (free-form deform-
ation, FFD) Mt Jrik B, Qin 45 19 12 1 (43 TR
JE2 2] 1 L2 JuB0E B HE R 2% (DL+L2) . K5l
A VAE IE WA &% 38 B2 J7 % (DispFlow_ UNet)
BN LE R IEATX . AE 5 A8 U UF A &5 5
LVC il LVM #£75 i Dice £ %% . MCD #1 HD Y

SERME (FRUfEZE) Qe 4, MIVHL 74 22 R 235 SR o -
#E L 7R DispFlow  UNet fiF DL+L2, FFD ¥,
1M DispFlow UNet_ VAE #fltT DispFlow UNet
E— AR AP R bR e RIS, 2% ik e 3
LVM 1) Dice #l MCD ¥ 40 &l 11 fros, 50
B AR SO VR B 5 1Y Dice (B ATRAR Y
MCD fH, & HHIB RS R k.

2) K 045 B 0 22 O UL FS R B wo = (w0, Yo)
AL RS HAB K A8 ur = (zr,y1) BEATXT EE, 25 5% 0
& 12 Bz, WTUAEDWE th, P76 1) R (e 4R
ARG, AT I b LA P AR R, 6] 13 %
AR R Y (L06) S EAREY (4E)

4 AFEBEE % Dice &%, MCD #1 HD By} 1

0.80 | x

0.75 1

0.7

Table 4.  Comparison of Dice coefficients, MCD and HD of different tracking methods.
. Dice MCD HD
Jrik:
LvC LVM LvC LVM LVC LVM
FFD 0.920 (0.029)  0.797 (0.034) 1.256 (0.387)  1.192 (0.392) 3.431 (0.688)  3.439 (1.181)
DL+L2 0.912 (0.037)  0.800 (0.057) 1.340 (0.428)  1.171 (0.286) 3.699 (1.099)  3.285 (0.717)
DispFlow UNet 0.925 (0.024)  0.818 (0.054) 1.203 (0.329)  0.971 (0.120) 3.347 (0.785)  2.906 (0.358)
DispFlow UNet VAE  0.946 (0.016)  0.843 (0.031)  0.924 (0.279)  0.931 (0.239)  2.991 (0.960)  3.178 (0.744)
1.00 @ ®)
a 17t
0.95 3 T
2 15¢+
B
¢ 090} _ 5
I T 2 1.3t
: x
= 0s5f S 11l T
o =t
= Z 09} 1
]
s
ES
=

0.70

0.5

OFFD O DL+L2 [ DispFlow UNet [J DispFlow UNet VAE

B 11 ARCHESHA T %0 DM (a) #1 MCD (b) 38 b4 E &
Fig. 11. Box chart of DM (a) and MCD (b) indicators of the method presented in this paper and other methods.
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338 B MG B I AY 45 5 AEE Ml AEPE. Hrr,
AEE = 9.79 4+ 7.43, AEPE = 228 4+ 1.19 (¥
(E 022 ) H07 5 58 BEFRUR 2R, Ul BTN B8 K
AN RS R SRR

filivaE 257

(DZEANI)

B 12 0 ALRS St 5 RS ELAE R A ) L
Fig. 12. Comparison between the predicted displacement
field (left) and the true displacement field (right).

13 S AR ot (20 68) S OLRS BAE R o (B () X 1L
Fig. 13. Predicted displacement field (left) and the true dis-
placement field (right).

4.4 EBGZUBE ST

TEXT BRI ATz AR HEF 5T, R ACDC %k
PRI 2R B BRI XT 15 1 PR H50 40 42 4 A7 7t
W, MK ZE R 5 Fr g, Hof AT Dice Fl
MCD, Z55RFRA ST 8 i) 7 2 7F ACDC %8s
£ (NFRTINAE) FlmIREHRAE (SR IEE) F#E
HUAS TRl A 25 R, RIZT B AE AR X S8 B
¥ HA R, AR E EC RS, X
AJREE T A S 2 B Ak, s i A i A
TESHAELE Y 12 A TR, I EL AR 1R A
k.

5 IR B e rERE

Table 5. Model generalization performance on clinical datasets.

N Dice MCD
YIS
LVC LVM RVC LVC LVM RVC
ACDC 0.946 (0.016) 0.843 (0.031) 0.876 (0.078) 0.924 (0.279) 0.931 (0.239) 1.348 (0.858)
[HZRAE 0.882 (0.022) 0.836 (0.059) 0.850 (0.093) 1.874 (0.383) 1.079 (0.262) 1.427 (0.579)
5 % b RE 1. BB 37 B8 4l B 15 T2 Wiy AN (] 26 U 1Y

A SR — R T U-Net FILEY) J12%
150 VAE 720z g7 DisFlow_ UNet
VAE. 5 4t % CCMR EIMG#ET T 8Hl wiAb #
ALFE B U — Ak . B 3 s R SR DI 1 H
FLWk, ¥ R 45 B 5% 25 U-Net X245 45 1 53 1
ED # ES #1220 L, A5 B2 e st IS5
4% 12 M DisFlow UNet VAE 18 &0 iz 3h 45
B RN, RGBS ES AR IR
W2 ED AL, FFiHE S ED AAHEIEY S
P DAVTAl 3B B30 B e 2% T 4 L2 lim PR 4
SEPEATTRIN, 455 %W, DisFlow UNet VAE fi
UEHG  Hh3B B A0 O Wiz 3, B B s Az Ak

CVDs, I J5 S0 A8 3 B d i T AR 47 (9 52 R, A
SIS U WLZH LB 35 1 LA % SR o JUE D B FR S PA
TR — 8 2D MZHET 3] =4 (3D) M
2%, X 3D BHEHEATIB R, B AT MR I R TR K

S 30k
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Motion tracking of left myocardium in cardiac cine magnetic
resonance image based on displacement flow U-Net and
variational autoencoder”

Wang Tian-Tian?  Wang Hui  Zhu Yan-Chun?  Wang Li-Jia Uf
1) (School of Medical Instrument and Food Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)

2) (Guanzhou Life Science Innovation Center, China Unicom Medical Base, Guangzhou 510000, China)

( Received 11 May 2021; revised manuscript received 7 July 2021 )

Abstract

The high morbidity and mortality of cardiovascular diseases (CVDs) seriously affects the quality of human
life. How to asses cardiac function, assist in the diagnosis and treatment of clinical CVDs and evaluate
prognosis is a problem to be solved urgently. In response to this issue, based on previous work of Cardiac Cine
Magnetic Resonance (CCMR) image segmentation of the left myocardium (LVM), a robust and accurate LVM
motion tracking method (DispFlow UNet Flow) with using the displacement flow UNet (DispFlow UNet)
and biomechanics-informed variational autoencoder (VAE) is proposed in this paper. The following are the main
research contents: (1) building a compressed excitation residual U-net network to accurately segment LVM,
calculating the ventricular volume and myocardial mass according to the segmentation results, and then
evaluating the overall cardiac function; (2) reconstructing the dense displacement field (DDF) based on the
proposed motion tracking method, and obtaining the LVM dense displacement field by combining the LVM
segmentation mask; (3) contrasting and evaluating the motion tracking results by using the true displacement
vector field of simulated data and clinical data sets. All the results show that the tracking algorithm proposed

in this paper has high precision and generalization capability.

Keywords: left myocardium tracking, deep learning, displacement flow U-Net network, variational

autoencoder

PACS: 87.19.1s, 87.57.N—, 87.61.—, 87.85.dq DOI: 10.7498 /aps.70.20210885

* Project supported by the Key-Area Research and Development Program of Guangdong Province (Grant Nos. 2019B20230004,
2020B010113015).

1 Corresponding author. E-mail: lijlawangmri@163.com

228701-11


http://doi.org/10.7498/aps.70.20210885
http://doi.org/10.7498/aps.70.20210885
mailto:lijiawangmri@163.com
mailto:lijiawangmri@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

