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Markerless Prediction of Diaphragm Displacement Based on Two-step Subspace Mapping
YU Hang' LI Chen-Yang' YU Shao-De’ FENG Dong-Zhu' XU Lu-Ping'

Abstract Respiratory induced organ and tumor motion has great influence in radiation therapy. Two highly correl-
ated structures with respiratory are comprehensively investigated including internal diaphragm and external thora-
coabdominal surface in this paper. A novel two-step subspace mapping (TSSM) algorithm is proposed to predict the
diaphragm displacement by markerless thoracoabdominal surface measurement. TSSM first incorporates 3D image
segmentation to accurately measure the displacement of the diaphragm and the thoracoabdominal surface without
markers on 4D CT images. To solve the cross-domain estimation problem, TSSM first constructs eigenspaces and
projects the two organs’ displacement data into their corresponding subspaces to reduce the redundancy and irrel-
evance. Then, TSSM makes a mapping between the subspaces by a Ridge regression optimization to effectively
characterize their correlation. Based on the trained correlation model, the diaphragm domain can be adapted to the
abdominal surface domain, and then the diaphragm displacement can be estimated by the abdominal surface
without markers. In order to investigate the non-linear correlation, TSSM is further extended to kernel TSSM
(kTSSM). Experiments show the proposed method can accurately predict the displacement of the internal dia-
phragm by the external thoracoabdominal surface, and outperform the classical linear model and ANN model. The
simple closed form for the optimization algorithm leads to an extremely fast algorithm, which has potential for im-
proving the timing accuracy of surface-guided gating and tracking in radiotherapy.
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Fig.1 3D segmentation images shown on the axial
plane, where the background voxels is set to 0, the voxels
of body area to 1, and the voxels of lungs to 3
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(c) 3D segmentation
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(b) 3D segmentation
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Fig.2 A 3D segmentation result and the corresponding
separated 3D lungs and body
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Fig.3  The curve of lung area along the
left /right direction
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Fig.6  The displacement of diaphragm and thoracoabdominal surface, where each color corresponds to

a specific patient’s data
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Table 1  Prediction results in three directions
OLS ##Y ANN TSSM (k1) kTSSM (£ 7i=) kKTSSM (i)
MSE 0.45 (0.23) 0.30 (0.16) 0.20 (0.09) 0.18 (0.08) 0.20 (0.10)
A R 0.70 (0.14) 0.81 (0.07) 0.87 (0.05) 0.88 (0.04) 0.88 (0.04)
MAPE 232.11 (156.44) 159.60 (112.37) 150.82 (83.98) 116.57 (71.28) 130.69 (87.26)
MSE 0.46 (0.22) 0.29 (0.15) 0.22 (0.10) 0.19 (0.09) 0.22 (0.09)
W (0 =0.1) R 0.70 (0.15) 0.82 (0.07) 0.86 (0.05) 0.88 (0.04) 0.86 (0.05)
MAPE 276.86 (551.10) 214.82 (257.92) 157.28 (117.30) 137.25 (92.36) 170.47 (204.00)
MSE 0.54 (0.24) 0.39 (0.18) 0.25 (0.11) 0.23 (0.10) 0.24 (0.10)
W (0 =02) R 0.69 (0.13) 0.76 (0.10) 0.84 (0.05) 0.86 (0.04) 0.85 (0.06)
MAPE 277.42 (348.60) 211.14 (196.70) 172.08 (171.03) 131.98 (78.23) 166.12 (156.08)
MSE 0.65 (0.25) 0.42 (0.21) 0.30 (0.11) 0.28 (0.11) 0.29 (0.12)
B (0 =03) R 0.59 (0.20) 0.75 (0.11) 0.82 (0.05) 0.82 (0.06) 0.82 (0.06)
MAPE 426.45 (1371.37) 211.37 (228.00) 242.75 (274.21) 157.12 (94.87) 179.81 (115.10)
MSE 0.80 (0.28) 0.52 (0.33) 0.37 (0.13) 0.33 (0.13) 0.38 (0.13)
M (o= 0.4) R 0.53 (0.21) 0.69 (0.19) 0.79 (0.07) 0.80 (0.06) 0.78 (0.07)
MAPE 592.47 (1687.33) 262.36 (405.00) 198.89 (112.67) 174.14 (116.58) 185.34 (133.87)
MSE 0.98 (0.33) 0.65 (0.29) 0.46 (0.16) 0.41 (0.15) 0.45 (0.17)
R (o =0.5) R 047 (0.22) 0.64 (0.15) 0.75 (0.08) 0.76 (0.08) 0.76 (0.09)

MAPE 365.33 (399.98) 254.35 (291.97) 234.93 (185.28) 194.18 (150.11) 214.82 (260.37)
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OLS #RAE R / L7 L rl LTI iRV 30, {52
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TR R R A, VIRAFAE R 2. RN LR PR Y
TSSM Sk HA BN AUR. 5 OLS B
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kTSSM (2 i) fE R ZHIHO T, BT 7 HRAER
o 28 5.

K9 B T 100 RAMSLIiZAT Gt R, R
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SEBRE 2 [ R daxt iR 2. B 9 7B A T HERR
L5 100 IRMALIZAT I EE 3, R THE B, Hd
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100 RBSTIZAT JE TS 3. B 10 Sow 5 Fhor ik
XFR. MSE A [BE T 5 5. B 11 AR AEAL I
TR Z A XE R S FE R AR 2 iTLLE
TSSM HEIPEREIE T OLS #i%. ANN HiE45 R
i F OLS #AL. fEWA A2 /4 FIRT / J5 77 1) () £ s
SRS, TSSM Bkt ERER 2 T 1R K2
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Table 2  Prediction results in principal direction
OLS 17! ANN TSSM (Zktk) kTSSM (£ i) KTSSM (i)
MSE 0.47 (0.28) 0.27 (0.18) 0.14 (0.07) 0.13 (0.06) 0.15 (0.06)
P R 0.73 (0.20) 0.86 (0.08) 0.93 (0.03) 0.93 (0.03) 0.92 (0.03)
MAPE 91.07 (38.34) 63.62 (23.72) 47.85 (15.31) 45.17 (14.94) 46.47 (14.39)
MSE 0.40 (0.26) 0.25 (0.18) 0.15 (0.07) 0.14 (0.06) 0.15 (0.07)
Wi (o= 0.1) yin 0.78 (0.16) 0.86 (0.08) 0.92 (0.04) 0.92 (0.03) 0.91 (0.03)
MAPE 143.90 (173.93) 100.38 (136.34) 116.46 (198.17) 68.29 (66.63) 107.08 (145.85)
MSE 0.43 (0.23) 0.29 (0.12) 0.18 (0.07) 0.17 (0.06) 0.18 (0.07)
B (o =0.2) R 0.76 (0.14) 0.84 (0.07) 0.90 (0.04) 0.91 (0.04) 0.90 (0.04)
MAPE 188.52 (476.86) 138.61 (386.48) 133.32 (129.00) 79.96 (53.09) 82.96 (79.07)
MSE 0.61 (0.33) 0.38 (0.18) 0.23 (0.10) 0.20 (0.08) 0.24 (0.09)
B (0 =0.3) R 0.64 (0.20) 0.79 (0.11) 0.87 (0.06) 0.87 (0.06) 0.88 (0.05)
MAPE 192.18 (223.53) 136.84 (116.74) 134.21 (151.02) 86.07 (64.90) 101.09 (88.78)
MSE 0.70 (0.31) 0.45 (0.36) 0.30 (0.12) 0.26 (0.09) 0.29 (0.11)
Wi (0 =0.4) R 0.65 (0.17) 0.77 (0.21) 0.83 (0.07) 0.87 (0.06) 0.85 (0.07)
MAPE 221.12 (417.10) 175.31 (342.96) 142.09 (168.43) 94.42 (64.70) 109.11 (116.15)
MSE 1.01 (0.50) 0.52 (0.28) 0.39 (0.13) 0.32 (0.13) 0.36 (0.14)
B (o0 =0.5) R 0.47 (0.35) 0.75 (0.15) 0.80 (0.09) 0.84 (0.07) 0.81 (0.09)
MAPE 173.44 (98.15) 193.44 (455.90) 146.14 (212.00) 102.30 (130.34) 116.74 (94.49)
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