


















 

 

simulated X-ray images. In all specimens the estimated 
volume approached the best case estimation (Vbest) as the 
number of images increased in all specimens. Figure 16 
shows that the estimated volume approached the best case 
estimation regardless of scan plane. Specimen (c) was 
used in this simulation. 
In the shape estimation study using real C-Arm images 
(Figure 8), the estimated volume of the augmentation 
material was 3,511mm3, whereas the volume measured in 
CT data (ground truth) was 6,159mm3; thereby the 
normalized ratio ECT was 43%. 

4. DISCUSSIONS AND CONCLUSIONS 
This paper has reported the design and initial cadaveric 
evaluations of our image-guided femoroplasty system. 
The intraoperative registration using intensity-based 
2D/3D registration was achieved using a custom 
optically-tracked fluoroscopic fiducial. A silhouette-based 
volume intersection algorithm was used to estimate the 
3D shape of the injected augmentation material. 

 
Figure 13. 3D shapes of the augmented material in the three cadaver studies. Views from two different viewpoints for each 
specimen were shown. 

 
Figure 14. An example of the shape reconstruction from 
6 simulated X-ray images (configuration was shown in 
figure 7). (a)(c) reconstruction from CT (ground truth), 
(b)(d) reconstruction from 6 silhouettes.  

 
Figure 15. Comparison of the silhouette-based shape estimation between specimens. Assumed that detector was moved on the 
plane 1 (see Figure 10) (a) number of images vs. Ebest (b) number of images vs. ECT 

(a) (b)
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The cadaver studies demonstrated efficacy and accuracy of the navigation system. Qualitative feedback from the surgeon 
suggested that the intuitive navigation display provided the ability to resolve geometric uncertainties associated with the 
preoperative injection plan and the patient during injection. The simulation studies showed that the distribution of the 
injected augmentation material could be reasonably reconstructed using six X-ray projection images. 
One alternative approach to estimate the 3D distribution of the injected material during surgery is to acquire 
intraoperative CT data using a state-of-the-art C-Arm system in which a motion encoder, a flat-panel detector and 
dedicated software are installed to obtain 3D reconstruction from a number of 2D cone-beam projection images. While 
the intraoperative CT would have potential to provide an accurate measurement of the injected cement, the amount of 
ionizing radiation dose is higher than the conventional approach and the acquisition time required for the scan and 3D 
reconstruction could induce adverse effects. Therefore, in this research we have pursued a radiologically less invasive 
and less time-consuming way which provides a reasonable measurement result. A modified approach using 
intraoperative CT, while maintaining the lower radiation dose, is planned as future work. 

Results of the simulation study (Figure 15) suggest that the volume of the injected augmentation material was estimated 
within about 12 % error when 6 images were used (graph a). In specimen (b), 12 % of the volume was overestimated 
even if the scan was very dense (graph b). This result indicates that the shape of the injected material of the specimen (b) 
contains large concavities, which intrinsically precludes accurate reconstruction using the silhouette-based method, 
compared to the other two specimens. Further analysis on the relationship between the shape characteristic and the 
minimum theoretical error would improve the algorithm. Figure 16 (b) indicates that errors in the very dense scan (180 
images) differs only 5% between the scan planes, which implies that the choice of the scan plane does not largely affect 
the result. 

The result of the experiment using real C-Arm images showed significant underestimation by the silhouette-based 
method. Our current implementation uses simple binary contour information extracted from the X-ray projection image 
and computes the intersection volume over all the images; therefore the estimated volume becomes highly sensitive to 
the subtle error in the pose estimation of each image, segmentation and imperfect camera parameter calibration. The 
pose estimation error causes error of the direction of the viewing volumes, which ends up decreasing the intersecting 
volume. The segmentation and the camera calibration error cause the same effect in the result. In order to minimize the 
effect of these instabilities during the data acquisition process, we are planning to modify our method using a level-set 
representation [15,16], which is a probabilistic approach to compensate for the ambiguity induced by the data acquisition 
error. 

Although the current approach will not reconstruct an exact shape, it has the potential to accurately estimate the location 
of the injected material with respect to the femur, and approximate the boundary of the augmentation material. We 
believe that this information may be beneficial by providing a targeted region of interest for more precise low-dose 
tomographic reconstruction [17]. 

 
Figure 16. Comparison of the simulated result of silhouette-based cement reconstruction between scan planes. Specimen (c) (see 
Figure 14) was used for the simulation. (a) number of images vs. Ebest (b) number of images vs. ECT 

(a) (b)
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This paper describes the development and experimental analysis of a prototype image-guided surgery system for 
femoroplasty. Our future plans also include making the devices compact and integrating the robotic hand-held injection 
device so that the injection itself can be robotically controlled according to the current position of the injection device. 
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