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ABSTRACT
The determination of in vivo motion of multiple-bones using dynamic fluoroscopic images and computed tomography
(CT) is useful for post-operative assessment of orthopaedic surgeries such as medial patellofemoral ligament reconstruction. We propose a robust method to measure the 3D motion of multiple rigid objects with high accuracy using a series of
bi-plane fluoroscopic images and a multi-resolution, intensity-based, 2D-3D registration. A Covariance Matrix Adaptation
Evolution Strategy (CMA-ES) optimizer was used with a gradient correlation similarity metric. Four approaches to register
three rigid objects (femur, tibia-fibula and patella) were implemented: 1) an individual bone approach registering one bone
at a time, each with optimization of a six degrees of freedom (6DOF) parameter, 2) a sequential approach registering one
bone at a time but using the previous bone results as the background in DRR generation, 3) a simultaneous approach
registering all the bones together (18DOF) and 4) a combination of the sequential and the simultaneous approaches. These
approaches were compared in experiments using simulated images generated from the CT of a healthy volunteer and
measured fluoroscopic images. Over the 120 simulated frames of motion, the simultaneous approach showed improved
registration accuracy compared to the individual approach: with less than 0.68mm root-mean-square error (RMSE) for
translation and less than 1.12° RMSE for rotation. A robustness evaluation was conducted with 45 trials of a randomly
perturbed initialization showed that the sequential approach improved robustness significantly (74% success rate) compared to the individual bone approach (34% success) for patella registration (femur and tibia-fibula registration had a 100%
success rate with each approach).
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1. INTRODUCTION
An in vivo measurement of knee kinematics is important to better understand the motion of the patella, as rupture of
the medial patellofemoral ligament (MPFL), may cause recurrent patellar dislocation. MPFL reconstruction with an autologous tendon graft has often been performed clinically to repair patellar dislocation[1]. However, it has been difficult to
evaluate the joint congruency during knee motion after reduction of the patella with MPFL reconstruction[1]. This study
aims to provide a robust 2D-3D intensity-based registration method to extract the motion of the patella, femur, tibia and
fibula using bi-plane fluoroscopic images and CT images by comparing several methods for multiple bone registration.
Prior work has focused on low-resolution MRI[2], which does not provide a sufficient framerate to capture fluid motion of
the knee, and computer assisted manual registration[3], which is limited by human inability to detect sub-millimeter alignments of complex anatomy reliably. Recent work has focused on GPU accelerated registration with a novel optimization
hierarchy[4], however the coupling of two local optimization algorithms may not provide as much resistance to local optima
as a search strategy designed for global optima[5]. We therefore propose to extend an existing 2D-3D registration framework which uses a robust, global, optimization component with various strategies for registering multiple bones.

2. METHODS
2.1 Proposed method
Bi-plane fluoroscopic images of a healthy knee were acquired using two C-arms forming a 90° angle. Ground truth
patient pose was not available. Using Fujifilm Synapse Vincent, each bone was manually segmented in the CT image.
Separate volumes for each bone were created and used, along with the fluoroscopic images, as input to the 2D-3D registration process.
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For each bi-plane fluoroscopic frame pair, the 2D-3D registration process was used to determine the transformation
which best aligned the fluoroscopic images and the CT bone volumes. The approach described by Otake et al.[6][7] is used
as the foundation of the 2D-3D registration in this work. Fig. 1 illustrates an overview of the registration method. The
method was modified to improve robustness and accuracy when tracking multiple rigid objects. The rotation of each bone
is represented by three Euler angles about the standard image axes of each bone volume. The translation of each bone is
represented by translation along the standard axes of each bone volume. The tibia and fibula were restricted to have identical rigid-body motions for this study, yielding three bone volumes and objects to register: femur, tibia-fibula, and patella.
For the first frame, the 2D-3D registration was initialized with a rough, manual, estimate of the transformation of each
bone. (The error in this manual initialization was simulated with random perturbation in the simulation study as described
below.) Subsequent frames used the previous frame’s registration result as an initial guess and also used a smaller search
range than the first frame’s search range.
The Covariance Matrix Adaptation Evolution Strategy (CMA-ES) optimization algorithm[5] was utilized. The objective
function computes Digitally Reconstructed Radiographs (DRRs) of the bone volumes previously extracted from CT. Gradient correlation (GC) was computed between each DRR and the true fluoroscopic frames and the sum of GC for the two
views defined the output of the objective function. The GPU implementation of the objective function allowed for a large
population size and enhanced the robust, global search, properties of CMA-ES. Two resolution levels were used; a coarse
resolution and the full resolution.
Four registration strategies were compared: Individual bone registration, sequential bone registration, simultaneous
bone registration, and the combination of sequential and simultaneous registrations. Individual bone registration consisted
of three separate registrations, one for each bone. Sequential registration also consisted of three separate registrations,
however the final registration of each bone was retained, kept fixed, and used in each DRR when registering subsequent
bones. The following order was used: femur, tibia-fibula, and patella. The simultaneous registration performs a registration
of the three bones simultaneously. The combination of sequential and simultaneous registrations first performed the sequential registration, and used the result as an initial guess for a final simultaneous registration. Table 1 outlines the approaches.
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Figure 1. Overview of the proposed method
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Table 1. Outline of the multi-object registration approaches that were evaluated in this paper
(𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓 : fixed image, 𝑃𝑃(∙): projection operator, 𝑇𝑇𝑘𝑘 : transformation of the kth bone, 𝑉𝑉𝑘𝑘 : volume of the kth bone,
𝐺𝐺𝐺𝐺(𝑎𝑎, 𝑏𝑏): gradient correlation between image a and b)

――――――――――――――――――――――――――――――――――――――――
(a) Individual bone method
for each bone k=1:N
compute 𝑇𝑇�𝑘𝑘 = argmax 𝐺𝐺𝐺𝐺 �𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑃𝑃(𝑉𝑉𝑘𝑘 , 𝑇𝑇𝑘𝑘 )�
𝑇𝑇𝑘𝑘 ∈ℝ6

end
(b) Sequential method
for each bone k=1:N
𝐼𝐼𝑏𝑏𝑏𝑏 ←projection of 1 to k-1th bone
compute 𝑇𝑇�𝑘𝑘 = argmax 𝐺𝐺𝐺𝐺 �𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓 , 𝐼𝐼𝑏𝑏𝑏𝑏 + 𝑃𝑃(𝑉𝑉𝑘𝑘 , 𝑇𝑇𝑘𝑘 )�
𝑇𝑇𝑘𝑘 ∈ℝ6

end
(c) Simultaneous method

�𝑇𝑇�1 , 𝑇𝑇�2 , … , 𝑇𝑇�𝑁𝑁 � = argmax 𝐺𝐺𝐺𝐺 �𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑃𝑃(𝑉𝑉1 , … , 𝑉𝑉𝑁𝑁 , 𝑇𝑇1 , … , 𝑇𝑇𝑁𝑁 )�
𝑇𝑇1 ,𝑇𝑇2 ,…,𝑇𝑇𝑁𝑁 ∈ℝ6

(d) Sequential + Simultaneous method
Perform simultaneous method with initialization by sequential method
――――――――――――――――――――――――――――――――――――――――
2.2. Experiments with Simulated Images
To evaluate each registration method, fluoroscopic images were simulated using DRRs from a CT of a healthy knee. Fig
2. shows a synthetic frame. A registration was performed on a subset of the healthy knee fluoroscopic dataset. An idealized
fluid knee motion was generated by smoothly interpolating the measured motion, resulting in one flexion-extension cycle
of 120 frames.

Patella

LIT

Figure 2. An example simulated image used in the experiment

These transformations served as ground truth data for evaluating the individual bone and simultaneous methods. For each
trial, the initial guess was perturbed from ground truth to simulate error in the manual initialization as mentioned above.
In our current method, the first frame registration error depends on the quality of the initial guess; with registration errors
typically propagating to subsequent frames. Thus, robustness was evaluated on only the first frame. To take into account
variation of the first frame, three frames from the simulated motion were tested: the minimum of flexion (frame 1 in the
simulated data), the maximum of flexion (frame 60 in the simulated data) and an intermediate frame (frame 30 in the
simulated data). Fifteen randomized perturbations along each axis in the range of -20 mm to +20 mm for translation and 8° to +8° for rotation were added to the ground truth transformation to create the initial guess, resulting in 45 registrations
for each method. Each registration method was executed with the same optimization parameters (i.e., search range, convergence criteria and other parameters used in CMA-ES optimization).
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2.3. Experiments with Measured Fluoroscopic Images
Feasibility of the proposed approach was tested using measured fluoroscopy images (shown in Figure 1). A “ground
truth” registration for each bone was estimated using the simultaneous approach starting from an initial transformation
carefully set to the visually interpreted solution (i.e., the “best guess” that we could achieve with our current tools). Fifty
registration trials for all four registration approaches were conducted with an initialization randomly perturbed from the
ground truth (±30 mm translation, ±10 degrees rotation); error from ground truth was computed.
Since we did not perform calibration to obtain relative pose between the two fluoroscopic views, separate single view
registrations of the femur using each view were performed to estimate the relative poses of each C-Arm prior to the registration evaluation..
2.4. Visualization tool
To allow for analysis of knee motion trajectories obtained from each 2D-3D registration, a module for 3D Slicer
(Brigham and Women’s Hospital, Boston, MA) was implemented. The module visualizes a series of transformations applied to the CT bone models. Fig.3 shows a screenshot with knee kinematics loaded. The module provides a user-friendly
interface to load and visualize kinematic data in a 3D scene. An anatomical coordinate system may be defined for each
bone. The relative motion of bones may also be analyzed quantitatively with 2D plots as shown in Fig.3.
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Figure 3. The 3D Slicer module implemented for the visualization of multi-bone kinematics

3. RESULTS
3.1. Experiments with Simulated Images
We describe the results of the experiments with simulated images in this section. For the femur and tibia-fibula, registration error did not show a significant difference for all approaches, however, for the patella which is smaller than the
other bones and contrast of its edges often reduced by overlapped other bones, the simultaneous approach demonstrated
higher accuracy than the individual bone approach, as seen in Fig 4. The simultaneous approach reduced the maximum
translation RMSE from 1.37mm to 0.68mm and the maximum rotation RMSE from 2.44° to 1.12°. In terms of robustness,
the sequential approach was more robust than the other approaches, as seen in Fig 5. The simultaneous method generally
performed better than the single bone registration for small perturbations but became less robust for larger perturbations.
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The combination of the sequential and the simultaneous approach ranked between the simultaneous and the sequential
approach.
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Figure 4. RMSE for each frame in the simulation study. Individual and simultaneous registration methods are shown.
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Figure 5. First frame registration method comparison with 5 perturbations for each of the 3 selected frames. Failed registrations do not appear due to the suppression of outliers in this plot.
A threshold of 2 mm for translation error and 2° for rotation error was used to define a successful registration. The
success rate of the femur and the tibia-fibula was 100% in all methods. However, the individual bone method for the patella
was 87%, compared to 100% with the other three methods.
Execution speed and the number of objective function evaluations for registration of the first fluoroscopic frame were
recorded for each registration method. The tests were conducted using a workstation with an Intel Xeon X5690 (3.47GHz)
CPU and 4 GPUs (Tesla C2075). The mean execution times of the sequential, individual, combined sequential and simultaneous, and simultaneous methods to register all three bones were 133.7 seconds, 143.7 seconds, 162.5 seconds, and 305.4
seconds, respectively. The mean number of objective function evaluations of the sequential, individual, combined sequential and simultaneous, and simultaneous methods to register all three bones were ~1.1 million, ~1.1 million, ~1.1 million,
and ~1.7 million function evaluations, respectively. An analysis was not performed for registration of frames after the first,
as the registration was much faster due to the reduced search range.
3.2. Experiments with Measured Fluoroscopic Images
With measured fluoroscopic images, all femur and tibia-fibula registrations were successful. For patella registration, the
individual bone, sequential, simultaneous, and combined sequential and simultaneous methods exhibited 38%, 74%, 70%,
and 68% success rates, respectively. The individual method demonstrated significantly poorer performance compared to
the other three methods, which showed similar success rates

4. DISCUSSION
A robust, intensity-based, 2D-3D registration for tracking of multiple rigid bodies was proposed and demonstrated in an
application of tracking of the knee kinematics. Four approaches to register a group of bones were proposed and compared
using a simulation study and an experiment with measured images. According to these results, the sequential registration
method showed the best performance in the case of the patella tracking. One limitation in the study with measured images
was a lack of “true” ground truth. As is always the case with research of registration on real data, we used the best possible
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guess as our ground truth in this study. A visualization tool for kinematics was developed as a 3D-Slicer module, and was
used to simulate realistic movements of the knee joint.
In order to further improve the robustness and accuracy of the registration, several improvements could be developed.
The definition of an anatomical coordinate system would allow for a more realistic search space [8] for the pose of each
bone, and additionally serve as an implicit constraint to help avoid local maxima and accelerate convergence to the global
optimum. Additionally, knowledge of the relative position between the two C-arms should improve two-view registration
results for measured data. Registration of several consecutive frames simultaneously and also optimizing for the relative
camera position could improve the registration when it is not possible to track the C-arm poses.
An additional simulation study to analyze the effect of the fluoroscopic field of view and C-arm pose on registration
performance could assist a clinician to determine the appropriate bi-plane fluoroscopic acquisition parameters in order to
maximize the likelihood of a successful registration.
Advancement of this technology has the potential to provide a reliable solution for clinicians to perform more accurate and
consistent post-operative assessments of various MPFL reconstruction outcomes. Furthermore, it is feasible that the proposed methods be used for a computer-assisted MPFL reconstruction system providing real-time tracking of the patella
with respect to the femur and tibia, and bio-mechanical quality indicators of a fixation. Intraoperative tracking of the patella
via fluoroscopy is particularly lucrative as it does not require the surgeon to apply screws to affix an optical tracking
fiducial onto the small patellar structure.
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