[bookmark: _GoBack]Rolling-ball-based motion extraction (RBME) algorithm
We propose a novel algorithm termed rolling-ball-based motion extraction (RBME), which is specifically designed to extract the external boundary accurately and quantify irregular, noncyclical motion from the created boundary polygons in each plane of cine-MRI.
Notation
	Symbol
	Definition

	P
	Set of 2D contour points for a single cine frame in a given imaging plane.

	p_i
	i-th point in P, represented by Cartesian coordinates (x_i, y_i).

	N
	Number of points in P.

	c
	Centroid of P, used as the reference origin after alignment.

	s
	Scale factor used for normalisation after centroid alignment.

	(p, q)
	Euclidean distance between two points p and q.

	K
	Spatial dimension of the point coordinates; K = 2 for 2D cine contours.

	D(p)
	Local point density at p, computed as the count of neighbours within radius r.

	r
	Radius parameter for local density estimation and outlier suppression.

	I(·)
	Indicator function that equals 1 when the condition is satisfied and 0 otherwise.

	D
	Density percentile threshold; points with rho above the D percentile are retained.

	
	Filtered point set after local density-based outlier suppression.

	R
	Rolling-circle radius used for boundary tracing.


Preprocessing
All files in the dataset undergo a preprocessing step. We denote all the points in the dataset as [image: ]. The centroid c is computed as follows:
[image: ]
All the points are then aligned to a coordinate system with c as the origin, followed by scale transformation and normalization. The normalized point set is defined as [image: ]:
[image: ]
where s is the scale factor; this step eliminates the differences in translation, rotation, and scaling of the image.
[bookmark: OLE_LINK1]K-nearest neighbors (KNN)-inspired local-local point density filtering (outlier suppression)
Next, a high-local point density point filtering method inspired by the KNN algorithm is employed to calculate the Euclidean distance between points.13
[image: ]
where p and q are any two points and where K represents the dimension of the space in which the points exist.
Boundary detection and intersection identification
This study defines the local point density of each point as follows:
[image: ]
where r is the preset radius and is the indicator function. We then sort according to the following:
[image: ]
High-local point density sites retain points above the 95th percentile of local density rankings are retained:
[image: ]
With this local point density filtering method, the influence of isolated points is considerably reduced, resulting in a filtered high-local point density point set [image: ]. Boundary extraction is performed via a modified rolling-ball boundary tracing. A virtual circle with a radius R is gradually created around the point set to trace the external and interior boundaries. For the current point and the previously visited point [image: ], the algorithm selects the next boundary point [image: ] with the smallest angular displacement.
[image: ]
[image: ] is the set of candidate points that satisfy the distance condition [image: ]. The computation procedure is detailed in [image: ]. The algorithm terminates when the boundary is closed ([image: ] when the closure threshold is reached.
A similar strategy is employed for interior boundary detection; however, the starting point is selected as the nearest interior point [image: ] to the left of the center of the GTV contour, which satisfies the following conditions:
[image: ]
Accurate extraction of internal boundaries is crucial for effectively capturing anatomical or structural changes.
Motion analysis
Finally, by computing the axis-specific boundary intercepts through the GTV centroid (i.e., the intercepts of the detected boundary curves along the centroid-crossing horizontal and vertical axes), the following equation can be derived:
For any adjacent boundary points that satisfy [image: ], there exists a horizontal intersection, computed as follows:
[image: ]
If the condition is satisfied, then a perpendicular intersection can be determined as follows:
[image: ]
Eventually, the set of intersection points can be defined as follows:
[image: ]
where ([image: ], [image: ]) and ([image: ], [image: ]) are neighboring points.
In the aforementioned method, the external boundary and the interior boundary of the set of points are obtained.
[image: ]
[image: ]
 On the basis of the aforementioned method for identifying the intersection points, the upper, lower, left, and right boundary points of the initial tumor position are determined.
[image: ]
Consequently, displacement can be expressed as follows:
[image: ]
RBME algorithm validation in a dynamic phantom
To assess robustness to algorithm settings during phantom validation, we conducted a sensitivity analysis of centroid-aligned, one-sided boundary excursions with respect to three RBME hyperparameters, namely the density percentile threshold D, the spatial parameter r, and the search radius R. Nominal hyperparameters were set a priori to D of 0.95, r of 0.5 cm, and R of 10 pixels. These nominal values were selected as mid-range and commonly used defaults within the explored parameter sets rather than being tuned to minimise phantom-specific error, thereby reducing the risk of overfitting to a single phantom motion scenario. Each hyperparameter was varied one at a time while the remaining parameters were held at their nominal values, and the resulting boundary excursion estimates are summarised in Supplementary Table S1.
	Table S1. Sensitivity of centroid-aligned, one-sided boundary excursions estimated by RBME to key hyperparameters

		
	Coronal plane
	Sagittal plane
	Axial plane

	D (density percentile)
	Cranial
	Caudal
	Left
	Right
	Cranial
	Caudal
	Anterior
	Posterior
	Anterior
	Posterior
	Left
	Right

	0.93
	0.49
	0.36
	0.24
	0.32
	0.31
	0.31
	0.28
	0.26
	0.40
	0.45
	0.47
	0.51

	0.95
	0.49
	0.36
	0.24
	0.32
	0.31
	0.30
	0.28
	0.31
	0.40
	0.57
	0.47
	0.54

	0.99
	0.64
	0.44
	0.24
	0.32
	0.34
	0.32
	0.33
	0.33
	0.60
	0.57
	0.53
	0.64

	r (cm)
	

	0.3
	0.38
	0.33
	0.24
	0.29
	0.29
	0.30
	0.26
	0.30
	0.51
	0.47
	0.46
	0.55

	0.5
	0.49
	0.36
	0.24
	0.32
	0.31
	0.30
	0.28
	0.31
	0.40
	0.57
	0.47
	0.54

	0.7
	0.54
	0.32
	0.24
	0.33
	0.32
	0.35
	0.27
	0.50
	0.40
	0.62
	0.48
	0.56

	R (pixel)
	

	7
	0.53
	0.36
	0.24
	0.32
	0.26
	0.27
	0.29
	0.28
	0.45
	0.45
	0.48
	0.63

	10
	0.49
	0.36
	0.24
	0.32
	0.31
	0.30
	0.28
	0.31
	0.40
	0.57
	0.47
	0.54

	13
	0.53
	0.36
	0.24
	0.32
	0.34
	0.31
	0.29
	0.30
	0.40
	0.61
	0.50
	0.52




	Notes: Values represent one-sided excursions (peak-to-peak boundary range divided by 2) after centroid alignment. Coronal and sagittal 'up/low' map to cranial/caudal. Sagittal left/right correspond to anterior/posterior based on the image orientation used. Axial 'up/low' map to anterior/posterior.


Table S2. Prespecified pairwise contrasts with Holm-adjusted significance and standardised effect sizes.
	Estimate_mm
	SE_mm
	Z
	p
	p_holm_family
	Effect_size
	Effect_type
	Sig (Holm, family)

	-0.272
	0.266
	-1.02
	0.3074
	0.9222
	-0.186
	Cohen's dz
	FALSE

	0.156
	0.266
	0.59
	0.5584
	1.0000
	0.098
	Cohen's dz
	FALSE

	-0.116
	0.266
	-0.44
	0.6632
	1.0000
	-0.082
	Cohen's dz
	FALSE

	1.652
	0.595
	2.78
	0.0055
	0.0826
	1.399
	Cohen's dz
	FALSE

	-1.275
	0.595
	-2.14
	0.0321
	0.4500
	-1.009
	Cohen's dz
	FALSE

	-1.177
	0.595
	-1.98
	0.0479
	0.6227
	-1.004
	Cohen's dz
	FALSE

	-1.093
	0.595
	-1.84
	0.0663
	0.7956
	-0.535
	Cohen's dz
	FALSE

	1.057
	0.595
	1.78
	0.0759
	0.8347
	0.598
	Cohen's dz
	FALSE

	-0.981
	0.595
	-1.65
	0.0992
	0.9924
	-0.681
	Cohen's dz
	FALSE

	0.876
	0.595
	1.47
	0.1411
	1.0000
	0.499
	Cohen's dz
	FALSE

	-0.829
	0.595
	-1.39
	0.1639
	1.0000
	-3.338
	Cohen's dz
	FALSE

	0.596
	0.595
	1.00
	0.3169
	1.0000
	0.545
	Cohen's dz
	FALSE

	0.447
	0.595
	0.75
	0.4529
	1.0000
	0.355
	Cohen's dz
	FALSE

	-0.302
	0.595
	-0.51
	0.6124
	1.0000
	-0.438
	Cohen's dz
	FALSE

	-0.120
	0.595
	-0.20
	0.8397
	1.0000
	-0.075
	Cohen's dz
	FALSE

	0.112
	0.595
	0.19
	0.8510
	1.0000
	0.122
	Cohen's dz
	FALSE

	-0.074
	0.595
	-0.12
	0.9011
	1.0000
	-0.070
	Cohen's dz
	FALSE

	-0.046
	0.595
	-0.08
	0.9378
	1.0000
	-0.032
	Cohen's dz
	FALSE

	1.303
	0.409
	3.18
	0.0014
	0.0043
	1.119
	Hedges' g
	TRUE

	0.555
	0.409
	1.36
	0.1753
	0.3506
	0.550
	Hedges' g
	FALSE

	-0.288
	0.409
	-0.70
	0.4818
	0.4818
	-0.243
	Hedges' g
	FALSE

	2.625
	0.633
	4.15
	0.0000
	0.0010
	1.938
	Hedges' g
	TRUE

	2.079
	0.627
	3.32
	0.0009
	0.0265
	1.552
	Hedges' g
	TRUE

	1.914
	0.633
	3.02
	0.0025
	0.0699
	1.349
	Hedges' g
	FALSE

	1.805
	0.632
	2.86
	0.0043
	0.1152
	2.960
	Hedges' g
	FALSE

	1.445
	0.615
	2.35
	0.0187
	0.4864
	1.356
	Hedges' g
	FALSE

	-1.454
	0.627
	-2.32
	0.0204
	0.5097
	-1.218
	Hedges' g
	FALSE

	1.259
	0.615
	2.05
	0.0405
	0.9712
	2.127
	Hedges' g
	FALSE

	1.134
	0.627
	1.81
	0.0704
	1.0000
	0.994
	Hedges' g
	FALSE

	1.097
	0.632
	1.74
	0.0825
	1.0000
	1.036
	Hedges' g
	FALSE

	1.094
	0.632
	1.73
	0.0832
	1.0000
	1.477
	Hedges' g
	FALSE

	-0.953
	0.632
	-1.51
	0.1315
	1.0000
	-0.857
	Hedges' g
	FALSE

	0.913
	0.632
	1.45
	0.1483
	1.0000
	0.704
	Hedges' g
	FALSE

	-0.841
	0.627
	-1.34
	0.1798
	1.0000
	-0.550
	Hedges' g
	FALSE

	0.820
	0.632
	1.30
	0.1943
	1.0000
	0.597
	Hedges' g
	FALSE

	-0.711
	0.633
	-1.12
	0.2615
	1.0000
	-0.997
	Hedges' g
	FALSE

	0.699
	0.627
	1.11
	0.2652
	1.0000
	0.675
	Hedges' g
	FALSE

	-0.613
	0.633
	-0.97
	0.3329
	1.0000
	-0.422
	Hedges' g
	FALSE

	0.604
	0.632
	0.96
	0.3391
	1.0000
	0.449
	Hedges' g
	FALSE

	-0.554
	0.627
	-0.88
	0.3766
	1.0000
	-0.505
	Hedges' g
	FALSE

	0.546
	0.627
	0.87
	0.3839
	1.0000
	0.939
	Hedges' g
	FALSE

	0.515
	0.627
	0.82
	0.4117
	1.0000
	0.396
	Hedges' g
	FALSE

	0.398
	0.615
	0.65
	0.5168
	1.0000
	0.299
	Hedges' g
	FALSE

	-0.320
	0.633
	-0.51
	0.6134
	1.0000
	-0.316
	Hedges' g
	FALSE

	-0.311
	0.632
	-0.49
	0.6229
	1.0000
	-0.365
	Hedges' g
	FALSE

	0.293
	0.633
	0.46
	0.6433
	1.0000
	0.208
	Hedges' g
	FALSE

	-0.184
	0.633
	-0.29
	0.7715
	1.0000
	-0.209
	Hedges' g
	FALSE

	-0.165
	0.627
	-0.26
	0.7926
	1.0000
	-0.257
	Hedges' g
	FALSE

	0.144
	0.633
	0.23
	0.8198
	1.0000
	0.253
	Hedges' g
	FALSE

	-0.040
	0.633
	-0.06
	0.9501
	1.0000
	-0.042
	Hedges' g
	FALSE

	-0.009
	0.632
	-0.01
	0.9885
	1.0000
	-0.008
	Hedges' g
	FALSE

	-0.481
	0.451
	-1.07
	0.2865
	0.8595
	-0.192
	Cohen's dz
	FALSE

	-0.272
	0.451
	-0.60
	0.5475
	1.0000
	-0.116
	Cohen's dz
	FALSE

	0.210
	0.451
	0.46
	0.6425
	1.0000
	0.076
	Cohen's dz
	FALSE

	2.424
	1.010
	2.40
	0.0163
	0.2452
	1.218
	Cohen's dz
	FALSE

	-2.256
	1.010
	-2.24
	0.0254
	0.3558
	-1.058
	Cohen's dz
	FALSE

	-2.193
	1.010
	-2.17
	0.0298
	0.3878
	-0.999
	Cohen's dz
	FALSE

	-1.959
	1.010
	-1.94
	0.0523
	0.6275
	-0.525
	Cohen's dz
	FALSE

	1.817
	1.010
	1.80
	0.0718
	0.7900
	0.604
	Cohen's dz
	FALSE

	-1.785
	1.010
	-1.77
	0.0771
	0.7900
	-0.678
	Cohen's dz
	FALSE

	1.772
	1.010
	1.76
	0.0793
	0.7900
	0.636
	Cohen's dz
	FALSE

	-1.679
	1.010
	-1.66
	0.0962
	0.7900
	-2.299
	Cohen's dz
	FALSE

	0.652
	1.010
	0.65
	0.5183
	1.0000
	0.320
	Cohen's dz
	FALSE

	0.514
	1.010
	0.51
	0.6108
	1.0000
	0.237
	Cohen's dz
	FALSE

	-0.439
	1.010
	-0.43
	0.6637
	1.0000
	-0.387
	Cohen's dz
	FALSE

	0.175
	1.010
	0.17
	0.8627
	1.0000
	0.103
	Cohen's dz
	FALSE

	0.121
	1.010
	0.12
	0.9047
	1.0000
	0.052
	Cohen's dz
	FALSE

	0.097
	1.010
	0.10
	0.9234
	1.0000
	0.058
	Cohen's dz
	FALSE

	0.024
	1.010
	0.02
	0.9812
	1.0000
	0.011
	Cohen's dz
	FALSE

	2.274
	0.698
	3.26
	0.0011
	0.0034
	1.153
	Hedges' g
	TRUE

	0.962
	0.698
	1.38
	0.1684
	0.3368
	0.557
	Hedges' g
	FALSE

	-0.631
	0.698
	-0.90
	0.3659
	0.3659
	-0.310
	Hedges' g
	FALSE

	4.377
	1.082
	4.04
	0.0001
	0.0016
	1.997
	Hedges' g
	TRUE

	3.384
	1.062
	3.19
	0.0014
	0.0417
	1.542
	Hedges' g
	TRUE

	3.436
	1.080
	3.18
	0.0015
	0.0417
	3.443
	Hedges' g
	TRUE

	3.055
	1.082
	2.82
	0.0048
	0.1285
	1.288
	Hedges' g
	FALSE

	-2.760
	1.062
	-2.60
	0.0093
	0.2430
	-1.301
	Hedges' g
	FALSE

	2.520
	1.038
	2.43
	0.0152
	0.3788
	1.367
	Hedges' g
	FALSE

	2.443
	1.038
	2.35
	0.0186
	0.4457
	2.341
	Hedges' g
	FALSE

	2.114
	1.080
	1.96
	0.0503
	1.0000
	1.565
	Hedges' g
	FALSE

	1.787
	1.062
	1.68
	0.0924
	1.0000
	0.920
	Hedges' g
	FALSE

	1.636
	1.080
	1.51
	0.1299
	1.0000
	1.009
	Hedges' g
	FALSE

	1.554
	1.080
	1.44
	0.1501
	1.0000
	0.756
	Hedges' g
	FALSE

	-1.375
	1.062
	-1.29
	0.1955
	1.0000
	-0.536
	Hedges' g
	FALSE

	-1.385
	1.082
	-1.28
	0.2006
	1.0000
	-0.558
	Hedges' g
	FALSE

	-1.362
	1.080
	-1.26
	0.2073
	1.0000
	-0.761
	Hedges' g
	FALSE

	-1.322
	1.082
	-1.22
	0.2219
	1.0000
	-1.009
	Hedges' g
	FALSE

	1.146
	1.080
	1.06
	0.2887
	1.0000
	0.509
	Hedges' g
	FALSE

	1.098
	1.062
	1.03
	0.3009
	1.0000
	0.550
	Hedges' g
	FALSE

	1.017
	1.062
	0.96
	0.3383
	1.0000
	0.425
	Hedges' g
	FALSE

	0.993
	1.062
	0.94
	0.3497
	1.0000
	0.941
	Hedges' g
	FALSE

	-0.973
	1.082
	-0.90
	0.3687
	1.0000
	-0.549
	Hedges' g
	FALSE

	0.941
	1.080
	0.87
	0.3834
	1.0000
	0.427
	Hedges' g
	FALSE

	-0.824
	1.062
	-0.78
	0.4375
	1.0000
	-0.379
	Hedges' g
	FALSE

	-0.733
	1.080
	-0.68
	0.4971
	1.0000
	-0.515
	Hedges' g
	FALSE

	0.537
	1.038
	0.52
	0.6046
	1.0000
	0.242
	Hedges' g
	FALSE

	0.412
	1.082
	0.38
	0.7032
	1.0000
	0.176
	Hedges' g
	FALSE

	-0.329
	1.062
	-0.31
	0.7567
	1.0000
	-0.273
	Hedges' g
	FALSE

	0.274
	1.082
	0.25
	0.8002
	1.0000
	0.246
	Hedges' g
	FALSE

	-0.240
	1.080
	-0.22
	0.8244
	1.0000
	-0.148
	Hedges' g
	FALSE

	0.192
	1.082
	0.18
	0.8590
	1.0000
	0.114
	Hedges' g
	FALSE

	-0.082
	1.082
	-0.08
	0.9399
	1.0000
	-0.054
	Hedges' g
	FALSE


Notes: The table reports prespecified pairwise contrasts. Estimate denotes the estimated difference in the endpoint and is expressed in millimetres. SE denotes the standard error of the estimate. Z denotes the Wald Z statistic. P denotes the nominal two-sided P value. Holm-adjusted P value denotes the P value adjusted for multiple testing within the prespecified family of contrasts using the Holm procedure. Significant after Holm adjustment indicates whether the Holm-adjusted P value meets the predefined significance threshold. Standardised effect sizes are reported as shown in the Effect size metric column. Cohen’s dz denotes the standardised mean difference for paired or within-subject comparisons, whereas Hedges’ g denotes the bias-corrected standardised mean difference.
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