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procedures. However, the incorporation of a simulation of the ablation result as an additional criterion is still work in 
progress. It poses a challenge since projection is not an option due to the complex nature of the simulation.  
Computational times are already low, but there is still room for improvement. Besides optimization of the implementa-
tion, adjustment of the parameters seems promising. Reduction of the horizontal angular range of the projections to 
180° for example results in a considerable speed up.  
Due to the large number of paths displayed in the parallel coordinates plot, distinction of the paths is not optimal yet and 
range modification using the sliders is inevitable. We investigated coloring of the lines based on clustering. This could 
either be done based on the criteria values or based on principal insertion regions (like intercostal spaces). However, in 
both cases, clustering results in too many clusters and colorization cannot be applied easily. Hence, this remains an area 
of ongoing research. 
The mentioned study is only a first step towards evaluation of our method. Besides demonstrating the fundamental suit-
ability of the method for the problem at hand, it also showed certain areas with potential for further improvements. The 
testees proposed to use sensible default settings for the restrictors in order to reduce the visual complexity from the be-
ginning. Furthermore a path could be preselected based on weighting factors (see [4]) to serve as a starting point for the 
exploration. It was also proposed to display the criteria values of the selected path in the plot and to update the display 
as soon as the path is manipulated manually in 3D space.  

5 Conclusion 

We presented a method to explore the properties of all valid linear paths for target regions during the planning of mini-
mal invasive procedures in the liver. After a preprocessing time in the range of a few minutes, the user can interactively 
investigate the paths using a parallel coordinates plot. A key concept for scoping with the immense amount of paths is 
the restriction of allowed criteria values using restrictor sliders. Identification of a suited path is carried out interactively 
by moving the mouse over the parallel coordinates plot. The line under the mouse is highlighted and the according path 
is visualized in a 3D rendering in real-time. Ongoing research focuses on better differentiability of the lines in the paral-
lel coordinates plot and on the integration of ablation simulation methods for ablation procedures. Furthermore, exten-
sive evaluation of the proposed method is future work. Especially the comparison with the typical clinical workflow by 
interventional radiologists is crucial to assess the benefit of our approach.  
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Abstract: 
 
This paper presents a phantom-based study for validating a newly developed 2D-3D reconstruction-based method for 
measuring implant migration after total hip arthroplasty (THA). Based on a mock-up setup, three different methods 
were used to determine the cup orientation with respect to the anterior pelvic plane (APP) of a plastic pelvis: (a) the 
optical tracking method; (b) the fiducial-based method; and (c) the 2D-3D reconstruction-based method. It was found 
that the incremental anteversion and inclination angles measured by the newly developed 2D-3D reconstruction-based 
method are comparable with those measured by the other two methods.  
 
Keywords: implant migration, 2D-3D reconstruction, optical tracking 

1 Background 

The initial and the secondary implant positions after the cementless total hip arthroplasty (THA) documents the stability 
of the implanted components. Postoperative migration of implants is therefore one important parameter for initial and 
follow-up quality documentation. Due to the concerns on cost and radiation, postoperative migration is typically meas-
ured on two-dimensional (2D) postoperative anteroposterior (AP) pelvic X-ray radiographs. The existing methods either 
determine only a 2D migration in the AP pelvic X-ray radiograph plane [2] or require invasive implantation of metal 
fiducials to determine precise three-dimensional (3D) migration [1]. Recently, a precise X-ray image calibration method 
as well as a 2D-3D reconstruction method has been reported for a robust and accurate reconstruction of a 3D patient-
specific model of acetabular surface from 2D X-ray radiographs [3]. However, there is little known work reported to use 
2D-3D reconstruction for implant migration measurement. The aim of this work is to determine the incremental orienta-
tion variation of a cup implant using 2D-3D reconstruction techniques and to validate the methodology using optical 
tracking and implanted metal fiducials. 

2  Materials and Methods 

Mockup setup: First a mockup was built that allowed simulating cup migration with respect to a fixed pelvis. The 
mockup was composed of a cadaver pelvis that was not part of the statistical shape model (SSM) population but repre-
sented by it (male, caucasian), a plastic cup and a fixation frame made from X-ray translucent Plexiglas. The construc-
tion allowed the cup to move on a spherical joint by hand and to hold the position during acquisition, while the pelvis 
was fixed permanently to the frame (see figure 1).  

Four metal markers where placed coplanar with the cup opening plane. The placement was designed to provide reliable 
landmarks in the X-ray images. Furthermore ten metal nails with indents that allowed pointer tool picking were placed 
on the pelvis to mark the anterior pelvic Plane (APP) and six other prominent landmarks. During acquisition the orienta-
tion of the cup with respect to the APP was determined using an infrared passive optical tracking camera from Northern 
Digital Inc. Ontario, Canada (see fig. 1).  
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X-ray image acquisition: The acquisition started with the fixation of a calibration phantom to the pelvis. A pointer digit-
ization based registration of the optical tracking space and the fiducails as well as the cup opening plane was performed. 
Next, 15 datasets were acquired. Each dataset was composed of three images (AP, outlet, 30° oblique). For each dataset 
the cup was oriented by hand with the help of the optical tracking software. All images were acquired with a standard 
clinical Philips X-ray machine. During acquisition, the orientation of the cup was tracked by the camera giving absolute 
readings for the anteversion and inclination angles at a rate of approx. 20 Hz. All positions recorded by the camera 
where stored to allow detailed analysis during evaluation. The images were stored in DICOM format for further pro-
cessing. 
 

Evaluation: The experimental setup provided three sources of measurements for the anteversion and inclination angles. 
(a) The optical tracking system provided a real time estimation of the angles using the optical tracking markers placed 
on the cup and the base frame. These values were stored onto hard disk. Measurements obtained by this method are la-
beled as ‘optical’. (b) Through a semi-automatic algorithm using Hough transform the X-rays where calibrated and a 
custom software was used to pick the markers on the X-ray’s and determine the 3D position of the markers. Next, these 
3D points where used to determine the APP orientation. Since the plastic cup also contained a metal ring parallel to the 

Figure 1: (a) Drawing of the mockup, (b) experimental setup  showing the cadaver bone, the phantom (fixed to the sa-
crum), the base construction with the joint allowing the cup to rotate and the optical markers.

Figure 2: (a) Fiducial based APP with AP radiograph, (b) reconstructed pelvis model with APP (blue) and fiducial
based APP overlayed (green) for comparison
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cup plane it was used to determine the 3D orientation of the cup. (c) With the help of a SSM-based 2D-3D reconstruc-
tion algorithm [3] the pelvis was reconstructed for each dataset from the three calibrated X-ray images. The APP was 
then extracted based on four vertices determined on the mean model (see fig.2b). In the SSM-based 2D-3D reconstruc-
tion method four 3D points where determined from the reconstructed shape model using fixed vertices. The cup orienta-
tion was determined as in method (b). During the study 15 reconstructions where performed and the reconstructed sur-
faces where compared to a reference surface from a computer tomography (CT) scan of the used bone, the mean 
Hausdorff distance of the surfaces was 1.44 ± 0.15 mm. The anteversion and inclination angles between these planes are 
labeled ‘reconstructed’.  
 

3 Results 

An extensive comparison of the incremental angles (difference of angle in a dataset to the angles of the first dataset) 
was conducted. The following plots show the correlation of the datases measured with the three different methods. 
 
  Fiducial-Optical Reconstruction-Optical Reconstruction-Fiducial 
  Anteversion [°] Inclination [°] Anteversion [°] Inclination [°] Anteversion [°] Inclination [°] 
Mean 1.95 0.45 2.18 -0.24 -0.23 0.69 
STD 0.81 0.35 0.96 0.42 0.56 0.33 
Max 3.12 0.92 3.95 1.35 1.13 1.18 
Min 0.29 0.05 0.48 0.05 0.07 0.03 

 

Table 1: The differences of incremental measurements done with the different methods 
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Figure 3: The linear correlation between the incremental measurements done with the tree methods shown graph-
ically and a table containing the correlation values for the incremental and the absolute angles of the three methods. 

4 Discussion 

As the main interest in this work is the migration of the cup, the absolute angles obtained by the three methods play a 
secondary role. The biggest focus is given to the incremental angles of each method. When comparing the absolute and 
the incremental angles of all three measurement types we noticed that the difference of the obtained results is smaller 
for the inclination than for the anteversion. Table 1 shows the differences between the incremental measurements. The 
difference between the reconstruction based method and the fiducial based method is smaller than the difference of the 
optical method to any of the two methods. When comparing the correlations of the incremental and absolute angles as 
shown in figure 3, we notice that reconstructed and fiducial based angles correlate very well, while the optical method 
do not always correlate. The reason for this is the calibration which is the basis of both the reconstructed and the 
fiducial measurement method. On one hand the size of the used calibration phantom limits the quality of the X-ray cali-
bration. On the other hand the close correlation indicates that the error produced by the 2D-3D reconstruction is rela-
tively small.  

Correlation of anteversion (Absolute) 
Optical Fiducial  Reconstructed

Optical 1 0.51  0.48
Fiducial ‐ 1  0.93
Reconstructed ‐ ‐  1 
Correlation of inclination (Absolute) 

Optical Fiducial  Reconstructed
Optical 1 0.96  0.95
Fiducial ‐ 1  0.92
Reconstructed ‐ ‐  1 
Correlation of anteversion (Incremental) 

Optical Fiducial  Reconstructed
Optical  1  0.93  0.88 
Fiducial ‐ 1  0.97
Reconstructed ‐ ‐  1 

Correlation of inclination (incremental) 
Optical Fiducial  Reconstructed

Optical  1  0.96  0.94 
Fiducial ‐ 1  0.96
Reconstructed ‐ ‐  1 
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5 Conclusion and future work 

In this paper, we propose a method to determine the cup orientation from calibrated X-ray images and SSM based 2D-
3D reconstruction. From the results we conclude that the non-invasive SSM-based 2D-3D reconstruction method pro-
vides a valid method to determine the cup orientation as compared to fiducial based methods. 
The main error contribution of our method at this point is the calibration of the X-ray images. Since the used phantom 
was originally designed for smaller scaled applications like C-arms, it needs to be redesigned in the future. For the de-
termination of the cup orientation we used a metal ring inside the plastic cup instead of the initially implanted markers. 
While this method produced more repeatable results than using only the four markers it is also applicable in real surgi-
cal cases where the orientation of the cup in a planar x’ray may only be determined form the silhouette, but it also 
makes in plane rotation difficult to track.  
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