Appendix
Data Preprocessing
  The purpose of data preprocessing is to obtain volume VLM0_Tibia and volume VLMX_Tibia(X=10,20...100) for later use.

1.1. Method of obtaining VLM0_Tibia
For VLMtemp3, the built-in function of imresize3 in the Matlab software was utilized to change its resolution so that its cubic voxel side length was decreased to 0.5mm, with a (3mm/0.5mm)^3=216 fold of increase in the voxel number, but the volume of single voxel was decreased to 1/216. The processed volume data was labeled as VLMtemp0.5. The goal was to render the VLMtemp0.5 and VLM0 equivalent voxel size to facilitate the following procedures.

For VLMtemp0.5, the software Matlab was used to display all the slices to identify the largest slice of the femoral head. According to the ordinal number of this slice and the two-dimensional coordinates of the femoral head circle center, the three-dimensional coordinates of the femoral head spherical center was obtained, which was subsequently assigned to the variable of FEMURcenter. Similarly, the three-dimensional coordinates of the ankle joint center was found, and it was assigned to the variable of ANKLEcenter. Then the direction vector of the connecting line between FEMURcenter and ANKLEcenter was calculated, and the method was figured out as how to rotate VLMtemp0.5 to render the lower limb force line in parallel to the Z axis in the 3-D coordinate system. The volume data generated after rotation was labeled as VLMtemp_FORCEline (Figure 6).
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For VLM0, the Matlab software was used to display all the slices, which were compared against the corresponding slices of VLMtemp_FORCEline; then the correct rotation angle was determined, so that the force line of VLM0 was parallel to the Z axis. The volume data generated after rotation was labeled as VLM0temp. Then, all the horizontal slices of VLM0temp were displayed to identify the slices where the medial and lateral condyles of the femur were located as well as their two-dimensional coordinates. And their three-dimensional coordinates in VLM0temp were obtained. Finally, the proper degree of rotation of VLM0temp around the Z-axis was calculated to make TEA parallel to the YZ plane. The volume data generated after rotation was labeled as VLM0forcelineALLaxis.
The point of intersection between the force line and the cartilage surface of the tibia plateau was identified among all the horizontal slices of VLMtemp_FORCEline, and then a point with the same feature was found in VLM0forcelineALLaxis, and this point on the tibia was labeled as FPtibia. Based on the dimension of VLM0forcelineALLaxis and the coordinate of FPtibia in VLM0forcelineALLaxis, the boundaries of VLM0forcelineALLaxis was appropriately expanded to obtain a new volume, which had FPtibia as the volume center and was just large enough to fully accommodate all the voxels of VLM0forcelineALLaxis. This newly obtained volume was labeled as VLM0_Tibia.

VLM0_Tibia has the following features: 1) the lower limb force line is parallel to the Z-axis; 2)TEA is parallel to the YZ plane; 3).no matter how many times of three-dimensional rotations are made to VLM0_Tibia using the imrotate3 function, FPtibia will always remain the center of the volume after rotation, although its volume will be expanded after rotation.
1.2. Method of obtaining VLMX_Tibia(X=10,20,...100) using VLM90_Tibia as an example
VLM90 was rotated at an appropriate angle to obtain VLM90_ROT, so that the tibia of VLM90_ROT and that of VLM0_Tibia were in exactly the same direction (Figure 7). Then a slice with a distinct feature of the tibia was identified among all the X-axis slices of VLM0_Tibia, and based on this feature, a corresponding point was detected in VLM90_ROT, thus the X-axis coordinates of FPtibia in VLM90_ROT was determined. The Y-axis and Z-axis coordinates of FPtibia in VLM90_ROT were obtained using the same method. The boundaries of VLM90_ROT was appropriately expanded to obtain a new volume, which has FPtibia as the volume center and was just large enough to fully accommodate all the voxels of VLM90_ROT. This newly obtained volume was labeled as VLM90_Tibia.

VLMX_Tibia (X=10,20,...100) has the following features: 1) the tibia is centrally aligned in VLMX_Tibia and VLM0_Tibia; 2) no matter how many times of three-dimensional rotations are made to VLMX_Tibia using the imrotate3 function, FPtibia will always remain the center of the volume after rotation, although its volume will be expanded after rotation.
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2. Measurement of the motion trajectory and rotation angle of tibia relative to femur
To measure the position of any point on the tibia relative to the femur during knee flexion, a point (FPtibia was selected in this study) shall be first selected and its motion trajectory relative to the femur shall be accurately measured manually. After the motion trajectories of FPtibia was measured, those of other points on the tibia can be calculated using the computer software, which can eliminate the need for the cumbersome work of manual alignment.

Although the aim is to measure the position of FPtibia relative to the femur, but as the femur represents an area, it is not easy to accurately describe the position of the femur. In order to solve this problem, the coordinates of FPtibia in VLM0_Tibia was employed to represent the position of the femur in VLM0_Tibia. When we say that the femoral position of a certain volume of VLM is indicated by coordinate (X,Y,Z), it means that the coordinate (X,Y,Z) relative to the femur in VLM is equal to the position of FPtibia relative to the femur in VLM0_Tibia. Obviously, to describe the position of the femur in such a concise manner, the femur in the VLM and that in VLM0_Tibia should be in the same direction. In addition, it can be easily extrapolated that in VLM, if the position of the femur is indicated by the coordinate (X,Y,Z), and the coordinate of FPtibia (X',Y',Z') is known, then in VLM0_Tibia, the coordinates of (X' -X,Y '-Y,Z' -Z)+FPtibia (the volume center) relative to the femur is the same as the coordinates of FPtibia relative to the femur in VLM.

2.1. Method of locating FPtibia
Here we will use the MRI data of knee joint scanned at 90 degree of flexion as an example to explain the method.

The femur is used as the reference, and the translation vector (V) of FPtibia at 90 degree of flexion relative to that at 0 degree was used to represent the position of FPtibia relative to the femur when the knee flex at 90 degrees.

For VLM90, after it was rotated and translated and its volume boundary expanded properly, VLM90_Tibia was obtained, so that the tibia was aligned at the centers of VLM0_Tibia and VLM90_Tibia (Figure 8).

For VLM90_Tibia, after it was rotated properly to have the femur and the femur of VLM0_Tibia in the same direction, the parameters of rotation direction and the angle as well as the sequence were recorded in variable VLM90_Tibia_transfer_Femur, and the volume after rotation was labeled as VLM90_Tibia_ROT.

VLM90_Tibia_ROT was translated and its boundary was appropriately expanded to obtain VLM90_Femur. The femur was centrally aligned in VLM90_Femur and VLM0_Tibia, and the parameters of translation and boundary expansion were recorded in variable VLM90_Tibia_transfer_Femur.

By comparing the femoral images at each slice in VLM90_Tibia_ROT and VLM0_Tibia, the vector of position difference between these two volumes was obtained and was expressed as Vfemur. V=Vfemur + volume center coordinate of VLM0_Tibia - volume center coordinate of VLM90_Tibia_ROT (Figure 8).
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2.2. Method of locating other feature points on tibia
Here we will still use the MRI data of knee joint scanned at 90 degree of flexion as an example to explain the method.

The coordinates of FPtibia2 in VLM0_Tibia was determined to calculate the position of FPtibia2 relative to FPtibia. Since the rotation operations in VLM90_Tibia_transfer_Femur is known, the position of FPtibia2 relative to FPtibia in VLM90_Tibia_ROT can be calculated, which is identical to the position of FPtibia2 relative to FPtibia in VLM0_Tibia, since the femurs of VLM90_Tibia_ROT and VLM0_Tibia are in the same direction.

2.3. Measurement of tibial rotation angle on the X,Y, and Z axes
VLM90_Tibia is also used as the example to illustrate the method. As a series of rotation operations on VLM90_Tibia (recorded in VLM90_Tibia_transfer_Femur) yields VLM90_Tibia_ROT, and the femurs of VLM90_Tibia_ROT and VLM0_Tibia are in the same direction, thus, when the same rotation operations are applied to VLM0_Tibia, its tibial direction will be the same as that of VLM90_Tibia. By simplifying the rotation process in VLM90_Tibia_transfer_Femur, the rotation direction and angle of the tibia of VLM90_Tibia relative to the tibia of VLM0_Tibia can be obtained.

Figure 6


Use the full-length MRI of lower limbs to determine the direction of the force line


A) VLMtemp0.5


B) VLMtemp_FORCEline, the two circles indicate that the line connecting the femoral head and the ankle joint is parallel to the vertical axis


Each grid represents 100 x 100 pixels, or the area of 5 x 5cm





Figure 7


The tibia are centrally aligned in VLM90_Tibia and VLM0_Tibia


A) Image of tibia on coronal plane in VLM0_Tibia


B) Image of tibia on coronal plane in VLM90_Tibia


C) Image of tibia on sagittal plane in VLM0_Tibia


D) Image of tibia on sagittal plane in VLM90_Tibia


E) Image of tibia on horizontal plane in VLM0_Tibia


F) Image of tibia on horizontal plane in VLM90_Tibia





Figure 8


A) VLM0_Tibia, the 191st slice perpendicular to the X-axis


B) VLM90_Tibia_ROT, the 214st slice perpendicular to the X-axis


C) VLM0_Tibia, the 144st slice perpendicular to the Y-axis


D) VLM90_Tibia_ROT, the 170st slice perpendicular to the Z-axis


E) VLM0_Tibia, the 245st slice perpendicular to the Z-axis


F) VLM90_Tibia_ROT, the 209th slice perpendicular to the Z-axis


Vfemur=[214,170,209]-[191,144,245]=[23,26,-36]


The volume center coordinate of VLM0_Tibia =the volume number of slice in the X,Y, and Z-axis directions of VLM0_Tibia /2=[207, 249, 408]/2=[103.5, 124.5, 204]


The volume center coordinate of VLM90_Tibia_ROT =the volume number of slice in the X,Y, and Z-axis directions of VLM90_Tibia/2=[428, 323, 449]/2=[214, 161.5, 228.5]


V=[23,26,-36]+[103.5,124.5,204]-[214,161.5,228.5]=[-87.5000,-11.0000,-56.5000]








