Cadaveric Study
A total of 11 fresh-frozen below-knee cadaveric specimens were included. All specimens preserved the distal tibia and ankle joint structures intact, with no evident fractures, advanced osteoarthritis, or prior surgical interventions. Prior to experimentation, specimens were thoroughly thawed at room temperature to ensure that the biomechanical properties of bone and soft tissues approximated in vivo conditions.
All specimens underwent implantation of a total ankle prosthesis following a standardized surgical protocol. After implantation, six 2-mm diameter titanium beads were inserted into the cortical bone surrounding the distal tibia to serve as spatial fiducial markers. The bead placement was as follows: one bead each on the medial and lateral sides at 2 cm proximal to the implant; one bead anteriorly at 7 cm proximal to the implant; and three beads at 12 cm proximal to the implant distributed medially, anteriorly, and laterally. The placement strategy aimed to ensure spatial dispersion across the tibia, forming a three-dimensional configuration while avoiding collinearity or coplanarity.
Double CT acquisitions were performed under identical conditions after bead implantation. The relative motion of the implant between scans was calculated using bead-based rigid registration. Precision was defined as the standard deviation of the measured differences. The transformation derived from bone-based registration was compared with that derived from bead-based registration by computing the relative transformation between them. This relative transformation was subsequently decomposed into translational and rotational components to quantify accuracy. Rotations were expressed in a consistent global coordinate system, and plane-specific results were derived accordingly.

Table 1. Precision 
	[bookmark: _Hlk221456172]Measurements
	Mean
	SD
	LoA

	Mediolateral, X-axis, mm
	0.03
	0.08
	0.03±0.16

	Anteroposterior, Y-axis, mm
	-0.02
	0.07
	-0.02±0.14

	Proximodistal, Z-axis, mm
	0.01
	0.04
	0.01±0.08

	3D displacement, mm
	0.11
	0.03
	0.11±0.06

	X-axis, degree
	0.28
	0.22
	0.28±0.43

	Y-axis, degree
	0.31
	0.27
	0.31±0.52

	Z-axis, degree
	0.24
	0.19
	0.24±0.37

	3D rotation, degree
	0.36
	0.25
	0.36±0.50

	Axial (XY) plane
	
	
	

	X-axis, degree
	0.04
	0.33
	0.04±0.64

	Y-axis, degree
	0.04
	0.33
	0.04±0.64

	Coronal (XZ) plane
	
	
	

	X-axis, degree
	0.05
	0.16
	0.05±0.32

	Z-axis, degree
	0.05
	0.16
	0.05±0.32

	Sagittal (YZ) plane
	
	
	

	Y-axis, degree
	-0.09
	0.25
	-0.09±0.49

	Z-axis, degree
	-0.09
	0.25
	-0.09±0.49


SD: Standard Deviation
LoA: 95% limits of agreement. LoA=mean±1.96×SD

The precision of bead-based registration demonstrated standard deviations of 0.04–0.08 mm for translational components and 0.19–0.27° for rotational components. The overall 3D translational precision was 0.03 mm, indicating sub-millimeter repeatability. The 3D displacement represents the translational differences and is therefore always positive.
The near-zero mean differences in individual axes indicate minimal systematic drift, while the small standard deviations confirm excellent repeatability of the method.



Table 2. Accuracy 
	Measurements
	Mean
	SD

	Mediolateral, X-axis, mm
	-0.03
	0.15

	Anteroposterior, Y-axis, mm
	0.06
	0.13

	Proximodistal, Z-axis, mm
	-0.14
	0.11

	3D displacement, mm
	0.24
	0.11

	X-axis, degree
	0.34
	0.29

	Y-axis, degree
	0.35
	0.29

	Z-axis, degree
	0.05
	0.04

	3D rotation, degree
	0.35
	0.29

	Axial (XY) plane
	
	

	X-axis, degree
	-0.10
	0.45

	Y-axis, degree
	-0.10
	0.45

	Coronal (XZ) plane
	
	

	X-axis, degree
	-0.01
	0.05

	Z-axis, degree
	-0.01
	0.05

	Sagittal (YZ) plane
	
	

	Y-axis, degree
	-0.01
	0.05

	Z-axis, degree
	-0.01
	0.05


SD: Standard Deviation

Compared with the bead-based reference, the proposed method demonstrated a mean 3D translational error of 0.24 mm (SD 0.11 mm). The largest systematic deviation was observed along the proximodistal axis (−0.14 mm). Rotational errors showed a mean of 0.35° (SD 0.29°), with minimal deviation around the axial rotation (Z-axis).

The discrepancy between high precision and lower accuracy suggests that the measurement error is predominantly systematic rather than random. The predominant error along the proximodistal axis may be attributed to CT slice thickness and segmentation uncertainty in the axial direction. Despite the observed bias, the magnitude of error remains within the sub-millimeter range and is comparable to previously reported CT-based measurement techniques.


Table. 3 Intra- and Inter-Observer Reliability of Tibial Component Measurements
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	Inter-Observer ICC (95% CI)
	Intra-Observer ICC (95% CI)-Observer1
	Intra-Observer ICC (95% CI)-Observer2

	Mediolateral, X-axis
	0.97 (0.94–0.98)
	0.97 (0.95–0.99)
	0.98 (0.95–0.99)

	Anteroposterior, Y-axis
	0.98 (0.96–0.99)
	0.99 (0.99–0.99)
	0.99 (0.98–0.99)

	Proximodistal, Z-axis
	0.96 (0.93–0.98)
	0.97 (0.93–0.98)
	0.97 (0.93–0.98)

	Displacement
	0.95 (0.89–0.97)
	0.95 (0.90–0.98)
	0.98 (0.96–0.99)

	Axial (XY) plane
	
	
	

	X-axis
	0.99 (0.99–0.99)
	0.99 (0.98–0.99)
	0.99 (0.99–0.99)

	Y-axis
	0.99 (0.99–0.99)
	0.99 (0.98–0.99)
	0.99 (0.99–0.99)

	Coronal (XZ) plane
	
	
	

	X-axis
	0.99 (0.97–0.99)
	0.99 (0.97–0.99)
	0.99 (0.97–0.99)

	Z-axis
	0.99 (0.97–0.99)
	0.99 (0.97–0.99)
	0.99 (0.97–0.99)

	Sagittal (YZ) plane
	
	
	

	Y-axis
	0.99 (0.98–0.99)
	0.99 (0.99–0.99)
	0.99 (0.99–0.99)

	Z-axis
	0.99 (0.99–0.99)
	0.99 (0.99–0.99)
	0.99 (0.99–0.99)



Table. 4 Intra- and Inter-Observer Reliability of Talar Component Measurements
	Measurements 
	Inter-Observer ICC (95% CI)
	Intra-Observer ICC (95% CI)-Observer1
	Intra-Observer ICC (95% CI)-Observer2

	Coronal (XZ) plane
	
	
	

	X-axis
	0.59 (0.30–0.78)
	0.71 (0.48–0.85)
	0.53 (0.21–0.74)

	Z-axis
	0.61 (0.33–0.79)
	0.74 (0.52–0.87)
	0.75 (0.53–0.87)

	Sagittal (YZ) plane
	
	
	

	Y-axis
	0.73 (0.50–0.86)
	0.87 (0.74–0.93)
	0.54 (0.23–0.75)

	Z-axis
	0.70 (0.46–0.85)
	0.86 (0.73–0.93)
	0.68 (0.42–0.83)



