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ABSTRACT 

This study proposes a method to estimate elastic deformation 
using silhouettes obtained from multiple endoscopic images. Our 
method can estimate the intraoperative deformation of organs using 
a volumetric mesh model reconstructed from preoperative CT data. 
We use this elastic body silhouette information of elastic bodies not 
to model the shape but to estimate the local displacements. The 
model shape is updated to satisfy the silhouette constraint while 
preserving the shape as much as possible. The result of the 
experiments showed that the proposed methods could estimate the 
deformation with root mean square (RMS) errors of 5.0–10 mm. 
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1 INTRODUCTION 

Recent advances in medical devices now enable a variety of 
minimally invasive procedures over a wide range of surgery types. 
Although recently developed surgical navigation systems can 
display tool position and three-dimensional (3D) organ shapes as 
volumetrically rendered (VR) or augmented reality (AR) images 
generated from preoperative CT data, handling intraoperative 
deformation is still a technical issue [1, 2]. Because the positional 
relationship between the tumor and vascular structures is an 
essential factor during surgery, the accurate and robust estimation 
of elastic bodies has gained attention for intraoperative navigation. 
Although an optical tracking approach using feature descriptors [3] 
has been recently investigated for AR-based navigation, the stable 
acquisition of feature values from the intraoperative states of organs 
is a problem caused by time-varying illumination in laparoscopic 
surgery. 

This study proposes a method to estimate elastic deformation 
using silhouettes obtained from multiple endoscopic images. 
Silhouette information can be stably obtained from organs in an 
intraoperative state when illuminated during laparoscopic surgery. 
Additionally, our method is able to estimate the local deformation 
of organs with internal structures using a volumetric mesh model 
reconstructed from preoperative CT data. The model shape is 
updated to satisfy the constraint of the silhouettes while preserving 
the shape of the model as much as possible. We have conducted 
some experiments and confirmed the performance of the proposed 
techniques using various cameras and their possible arrangements 
in laparoscopic surgery. 

2 SILHOUETTE-BASED DEFORMATION ESTIMATION 

Figure 1(a) shows a conceptual diagram of the proposed 

algorithm. We assume that the initial shape of the target organ is 

obtained from preoperative CT images. In the figure, M(t) 

represents the current shape (or initial shape) of the organ. A 

tetrahedral mesh is used as a volumetric shape representation of 

M(t), and local deformation is represented by displacement of the 

vertices. A visual hull H(t+1) of the next deformed state is 

computed from multiple silhouettes captured from endoscopic 

cameras. Marching cubes is applied to the view volume of the target 

shape, and a set of vertices with normal vectors are used to 

represent H(t+1). 

In our algorithm, we use silhouette information of the organ not 

to model the shape but to estimate the local displacements. The next 

shape M(t+1) is estimated from M(t) and H(t+1) while preserving 

the shape of M(t) as much as possible. To do this, we focus on the 

geometrical constraints at each contact point between the obtained 

visual hull and the target deformed shape. If the elastic body forms 

a smooth surface, the normal vector at a contact point of M(t+1) 

should be similar to the normal vector at the corresponding contact 

point of H(t+1). Based on this observation, we first search for 

candidates for contact points of H(t+1) within a certain distance dth 

from the surface of M(t). The candidates of the corresponding 

vertex of M(t) are then evaluated to select the optimal set using 

  
𝐶∗ = argmin

𝐶
(|𝒗𝑠 − 𝒗𝑑| + 𝑤|𝒏𝑠 − 𝒏𝑑|) 

  

(1) 

where vd and vs are candidates of contact points on H(t+1) and M(t) 

respectively, nd and ns are their respective normal vectors, and 𝑤 is 

 

       
(a)                                              (b) 

Figure 1: (a) Conceptual diagram of the algorithm. Candidates for 
contact points of H(t+1) are first searched for locality, and the 
corresponding vertices of M(t) are determined to set positional 
constraints. (b) Mean curvature normal of a curved surface. Our 
algorithm updates the shape of the model while preserving the mean 
curvature normal of the previous shape as much as possible. 
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a weight parameter determined experimentally. We use the 

relationship C: vs - vd as the positional constraints that should be 

satisfied by the next shape. 

To achieve shape preservation, we focus on the mean curvature 

normal of a curved surface (Figure 1(b)), and employ a discrete 

Laplacian [4] as a shape descriptor of the mesh. Finally, the next 

shape M(t+1) is obtained by minimizing the evaluation function, 

described as follows  

  
  

  
(2) 

where v’i denotes the modified vertices, L(vi) is the discrete 

Laplacian at vertex vi, ui is the positional constraint, V is the set of 

all vertices, and P is a set of vertices with constraints. In the 

estimation process, both a local search of the corresponding 

vertices based on Eq. (1) and mesh editing using Eq. (2) are 

iteratively performed until the displacement of all vertices becomes 

small.  

3 EXPERIMENTS AND RESULTS 

We conducted simulation experiments to confirm the 

performance of the proposed algorithm. In the experiments, we first 

prepared an initial liver mesh with 288 vertices and 1,015 

tetrahedral elements from clinical CT data, and generated the true 

deformed state with small displacements (5.6–33.8 mm) based on 

a linear finite element model. Next, the silhouette of the deformed 

state was captured from the rendered image, and the visual hull 

H(1) was created, for which we assumed either a two-camera or a 

four-camera configurations for the observations. We then tried to 

estimate the deformed state M(1) from the initial state M(0) using 

H(1). The estimation results were evaluated using the root mean 

square (RMS) error of the corresponding vertices. We investigated 

the influence of parameter dth, which is used for local search of the 

contact points.  

Figure 2 shows the result of deformation estimation. A 

displacement of 11.3 mm was applied to generate the true deformed 

state, and dth = 10mm was used for a local search of the contact 

points. In the figure, the wire-frame model represents the 

volumetric mesh M and the surface is the true deformed state. The 

light-blue vertices represent vs and the magenta points represent  

vd. Estimation error on the upper and back side were visually 

confirmed in the two-camera case, but reduced in the four-camera 

case. Figure 3 shows the RMS error on the corresponding vertices 

of the true and estimated shape. The graph shows that the proposed 

algorithm can estimate elastic deformation within 5.0-10mm RMS 

error. The estimation result using dth =10mm results in a relatively 

small RMS error and this error can be reduced by the number of 

cameras. 

4 CONCLUSION 

This study proposed a method to estimate elastic deformation 
using silhouettes obtained from multiple endoscopic images for 
endoscopic surgery. The result of the experiments showed that the 
proposed methods could estimate the deformation with RMS errors 
of 5.0-10mm. 

ACKNOWLEDGMENT 

This research was supported by a JSPS Grant-in-Aid for 

Scientific Research (B) (15H03032). This work was also supported 

by the Center of Innovation (COI) Program from Japan Science and 

Technology Agency (JST). 

REFERENCES 

[1] M. Nakao and K. Minato, "Physics-based Interactive Volume 

Manipulation for Sharing Surgical Process", IEEE Trans. on Info. 

Tech. Biomed., Vol.14, No. 3, pp. 809-816, 2010. 

[2] M. Nakao, Y. Oda, K. Taura and K. Minato, "Direct Volume 

Manipulation for Visualizing Intraoperative Liver Resection Process", 

Comp. Methods Prog. Biomed., Vol. 113, No. 3, pp. 725-735, 2014. 

[3] N. Haouchine, J. Dequidt, I. Peterlik, E. Kerrien, M. O. Berger and S. 

Cotin, "Image-guided simulation of heterogeneous tissue deformation 

for augmented reality during hepatic surgery", International 

Symposium on Mixed and Augmented Reality, pp. 199-208, 2013. 

[4] O. Sorkine, D. Cohen, Y. Lipman, and M. Alexa, "Laplacian surface 

editing", the Eurographics Symposium on Geometry Processing, pp. 

175-184, 2004. 

argmin
𝑉

(∑‖𝐿(𝒗′𝑖) − 𝐿(𝒗𝑖)‖2

𝑖
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𝑖∈𝑃
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Figure 3: RMS error of deformation estimation for a liver model 
in case of two or four cameras. 

 

Figure 2: The result of deformation estimation.  The estimation error 
(red circled area) shown in the two-camera case was reduced in 
the four-camera case. 

171


