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Abstract. A wavelet-based open-source approach for three-dimensional (3D) surface 
reconstruction of anatomical structures, not yet used for radiotherapy (RT) applica-
tions, was presented. This was obtained from manual cross-sectional contours by 
combining both image voxel segmentation processing and implicit surface streaming 
methods using wavelets. 3D meshes reconstructed with the proposed approach were 
compared to those obtained from other three traditional triangulation algorithms. 
Evaluation was performed in terms of mesh quality metrics and accuracy of contour 
propagation in the pelvic district. Results have shown a smoothness and regularity of 
the reconstructed surface, comparable, or even better, than the other methods, and an 
accuracy of contour propagation in line with the state-of-art literature. This demon-
strated the efficacy of the proposed approach for the 3D surface reconstruction in RT.  
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1 Introduction 

An accurate and reliable organ representation is of great interest in Radiotherapy (RT), 
since dose planning, treatment evaluation and toxicity model are based on organ contours 
or organ volume. The availability of tomographic images acquired during the course of RT 
has opened the possibility to daily or weekly monitoring organ changes, thus improving the 
efficacy of the treatment taking into account these modifications. Deformable image regis-
tration combined with contour propagation methods are able to recover these spatial chang-
es and to automatically recontour organs of interest. This approach was proposed by many 
authors [1-4]; however, not every work has described in detail the whole procedure. In 
general, contour propagation can be faced by deforming binary masks extracted from 2D 
contours [3], [4] or by deforming 3D surface meshes generated from 2D contours [1], [3]. 
In this last case, the choice of the method for the surface reconstruction has an impact on 
the final result: in fact, it is desirable to have regular and smoothed meshes for a good rep-
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resentation of the organs of interest, in order to make some evaluation on the organs surface 
or volume (e.g. Dose Volume Histogram and Dose Surface Histogram) or to obtain an ac-
curate contour propagation. However, the algorithm used to generate surface representation 
is not always described. Several studies in the past decades proposed different methods to 
obtain 3D surfaces from generic cross-sectional data, as, for example, marching cubes [5] 
and power crust [6]. Furthermore, licensed commercial software provide with automatic 
built-in tools for 3D surface reconstruction (e.g. Amira®, Mercury Systems, MA, USA). By 
using these approaches, acceptable results in terms of smoothness, regularization and mesh 
quality are not always obtained. Moreover, they can show a complex and time-consuming 
processing, which sometimes results in failure, especially with large and complex datasets, 
and, regarding commercial software, they are black-box or little is customizable about the 
surface reconstruction from contours.  

In this work we proposed a different approach for 3D surface reconstruction of organs of 
interest from slice contours, based on wavelet [7], which theoretically provides smooth, 
accurate and interpolated 3D geometrical model of the organ, and which has not yet been 
proposed in RT applications. We compared it with other classical methods already used in 
this context [1], [8], [9], by evaluating them in terms of their intrinsic mesh quality and of 
accuracy of contour propagation. In this work we considered patients treated for prostate 
cancer and we focused on relevant structures of the pelvic district: the prostate itself, the 
bladder, the rectum and the penile bulb. 

2 Materials and methods 

2.1 Wavelet-based Surface Reconstruction (WSR).  

Bi-dimensional (2D) manual contours are first mapped into binary voxel image segmen-
tation. Since serial slice data is usually anisotropic, an optional inter-slice thickening step is 
used to obtain isotropic-like voxel segmentation of the structure. The inter-slice thickening 
step generates new slices between two adjacent ones by interpolating the binary segmenta-
tion using logical operators. The binary segmentation is then converted into a set of 3D 
oriented points in the physical-space coordinates. Each 3D oriented point, i.e. �̅ =
[�� 	��		�], is associated with its outward-pointing normal vector ��. The estimation of the 
3D points' normals is determined by the cross product between the vectors joining the two 
closest points of �̅ on the same slice and those on adjacent slices respectively. The set of 
normals is then normalized by the Euclidean norm. The outward-pointing direction is veri-
fied by evaluating the sign of the dot product between �� and the vector joining �̅ and the 
closest inner reference of the structure (i.e., the binary skeletonization), otherwise the direc-
tion of �� is inverted accordingly. This step is performed in order to obtain a dense and ho-
mogeneous cluster of 3D oriented points which represents the discrete sampling of the sur-
face to reconstruct. We refer to [10] for a more detailed description of the binary segmenta-
tion pre-processing step.  

WSR algorithm is employed then to extract a 3D smooth, interpolated mesh of the struc-
ture from the cluster of oriented points. The algorithm, which is accurately described in [7], 
estimates an approximation of the solid structure by means of an indicator function () 
using the input points. The algorithm constructs then an approximation of the original sur-
face as the zero level-set of the indicator function itself. WSR algorithm can be summarized 
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in four sub-steps, namely, octree configuration, estimation of , smoothing  and polygon 
generation. By configuring the octree, the multi-resolution spatial grid for estimating the 
indicator function is defined. It represents a hierarchical structure of maximal depth dm that 
encodes subtrees to cells, corresponding to higher-resolution detail. The greater dm, the 
finer the surface reconstruction. Limitations in dm can be introduced by the finite allocable 
memory and by the intrinsic spatial resolution and extension of the structure's input points. 
The estimation of  at each cell of the octree takes advantage of the multi-scale and hierar-
chical structure of the compactly supported wavelet basis. This allows an efficient represen-
tation of  with a relatively small number of coefficients. By applying the divergence theo-
rem, the wavelet coefficients are approximated over the input oriented points. The resulting 
indicator function  is 0 outside the approximated solid structure, whereas it is 1 on the 
inside. The smoothness of  depends on the choice of the wavelet basis. We adopted the 
Daubechies wavelet (D4) for the surface reconstruction. In general, as the support of the 
wavelet decreases, so it also does the smoothness of the reconstructed surface. To this pur-
pose a further smoothing step is performed on the indicator function before extracting the 
surface mesh. It consists in pruning the isolated cells of the octree, and in filtering the 
octree with a convolution mask on adjacent cells. The convolution mask adopted is the 
tensor product of the mask �¼		½		¼� in ℝ�. Lastly the polygonal (triangle) surface extrac-
tion is obtained by applying an octree contouring method [11] and eventually by running 
Marching Cubes [5], which is guaranteed to produce a water-tight topological and geomet-
rical manifold. Adopted implementation:  http://josiahmanson.com/research/wavelet_reconstruct 

2.2 Dataset 

T2-weighted MRI images acquired before and three months after RT were considered for 
five patients (MRI1 and MRI2, respectively). A set of 2D contours of prostate, bladder, 
rectum and bulb were manually drawn on each MRI study, consisting thus in a total set of 
40 contours (i.e., 5 patients x 2 time-points x 4 structures). The choice of these four organs 
was justified by the need of testing methods on different conditions of size and amount of 
deformation. Surfaces were then generated from each set of 2D contours using the WSR 
method previously described and other three classical approaches already used in RT con-
text, namely Marching Cubes (MCB) [5] combined with a Taubin non-shrinking filter [12], 
Power Crust (PWC) [6] and Amira surface generation (AMR) using the built-in uncon-
strained smoothing modality [13]. 

2.3 Image registration and contour propagation 

MRI2 were mapped on the MRI1 using a non-rigid image registration method implemented 
in the open-source software Elastix [14]. The chosen registration method is the classical 
Free-Form Deformation based on B-splines [15], with the parameters optimization availa-
ble in the Elastix implementation. In particular, Normalized Mutual Information was cho-
sen as the similarity metric, the adaptive stochastic gradient descent was the adopted opti-
mization algorithm, and by setting a sufficiently high number of iterations the registration is 
guaranteed to reach convergence. A multi-resolution approach in 5 steps was adopted, us-
ing a uniform control-points grid at each step; the final grid was made up by isometric cu-
bes of 10 mm. 
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To automatically deform organs' contours of MRI1 on MRI2, a contour propagation 
method was adopted. The propagation procedure was integrated in the Elastix toolbox by 
applying the estimated deformation field on the vertices of the mesh generated from the 2D 
contours. 

2.4 Mesh evaluation 

The evaluation of the WSR method was carried out by comparing it with MCB, PWC 
and AMR algorithms. This comparison was done in terms of indices of mesh quality and 
accuracy of the contour propagation.  

Mesh quality. The evaluation of WSR, MCB, PWC and AMR surfaces, before and after 
deformation, is here performed in terms of aspect ratio (AR) and curvature. AR quantifies 
the mesh quality by evaluating the regularity of each triangular element of the reconstructed 
surface relative to an optimal reference, i.e. the equilateral triangle [16]: the greater the AR, 
the worse the mesh quality. Curvature is a measure of the surface departure from planarity: 
meshes with smooth curvature have a more regular and realistic look. This was done by 
calculating the mean curvature of each vertex of the mesh [17] using the Kitware’s open-
source program ParaView (www.paraview.org).  

Since in RT it is also of interest to have accurate and smoothed contours on 2D slices of 
the images, the reconstructed surfaces were cut on the plane of the correspondent MRI and 
contours were qualitatively evaluated. 

Accuracy of contour propagation. In order to estimate the influence of the choice of the 
surface reconstruction method on contour propagation, accuracy was evaluated in terms of 
distances between the deformed mesh and the reconstructed surface from the originally 
delineated contours on MRI2. For this calculation, each deformed mesh was compared with 
the original one generated with the same method: i.e. WSR deformed surfaces were com-
pared with surfaces reconstructed with WSR, and so on. Distances between surfaces were 
calculated as the Euclidean distance between every vertex point in the deformed mesh and 
the closest vertex point in the manual mesh. The same procedure was repeated inverting the 
reference surface and the mean (D_mean) and maximum (D_max) distances were stored. 

3 Results 

An exemplificative result of the four surface reconstruction methods and their effects on 
contour propagation is reported in Fig. 1, where the prostate is represented before and after 
deformation. WSR, MCB and AMR successfully generated all the surfaces, whereas PWC 
failed in 9 of 40 cases due to a non-reached convergence of the algorithm. 

Mean percentage AR values for the prostate meshes and curvature of the four organs ob-
tained using the considered methods are reported in Table 1 and Fig. 2, respectively. In the 
remaining three organs, values of AR had the same trend of the prostate and were not fur-
ther reported. 
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Fig. 1. Prostate surface reconstruction using the four described method starting from 2D contours 
(PreRT) and after deformation (Deformed). WSR

3.1 Mesh quality evaluation

Table 1. Values percentage's distribution

 1-10 10-10
WSR 0.96 0.04
MCB 1.00 0.00
 
As a general remark, the distribution of mean percentage AR for meshes obtained with 

WSR, AMR and MCB was limited to values in range 1
gles having an AR index lower than 10, thus meaning overall regular shape of 
elements. In particular, MCB showed the best performance, having the 100% of the tria
gles with AR lower than 10. Conversely, the AR percentage distribution of meshes o
tained with PWC spans the whole range of values with a relatively greate
generate triangles (>35%). This was observed in original meshes as well as in propagated 
meshes, after the deformation process. 

Even if MCB had the best AR, when surface curvature was observed, it showed a stai
case effect, with anomalous cu
not happen with AMR and WSR, which had smooth and regular surfaces, with a planar 
mean curvature. PWC, which was already the worse method when AR was considered, 
deviated from planarity with a l
on meshes generated from 2D contours a

2D contours obtained from the deformed prostate meshes were represented in Fig. 3, 
confirming what found in curvature
have a regular and smoothed shape, whereas PWC and MCB contours have an irregular 
look. 

3.2 Accuracy of contour propagation

Results of accuracy of contour propagation are reported in Table 2.

Prostate surface reconstruction using the four described method starting from 2D contours 
(PreRT) and after deformation (Deformed). WSR: purple; MCB: green; PWC: yellow; AMR

Mesh quality evaluation 

alues percentage's distribution of aspect ratio for the four methods in the prostate

Prostate AR percentage 
102 102-103 >103  1-10 10-102 102-10

0.04 0.00 0.00 PWC 0.63 0.17 0.08
0.00 0.00 0.00 AMR 0.99 0.01 0.00

As a general remark, the distribution of mean percentage AR for meshes obtained with 
WSR, AMR and MCB was limited to values in range 1-100, with more than 95% of tria
gles having an AR index lower than 10, thus meaning overall regular shape of the triangular 
elements. In particular, MCB showed the best performance, having the 100% of the tria
gles with AR lower than 10. Conversely, the AR percentage distribution of meshes o
tained with PWC spans the whole range of values with a relatively greater amount of d

35%). This was observed in original meshes as well as in propagated 
meshes, after the deformation process.  

Even if MCB had the best AR, when surface curvature was observed, it showed a stai
case effect, with anomalous curvature on the edges correspondent to slice changes; this 

with AMR and WSR, which had smooth and regular surfaces, with a planar 
mean curvature. PWC, which was already the worse method when AR was considered, 
deviated from planarity with a lot of vertices with anomalous curvature. This was verified 
on meshes generated from 2D contours as well as on deformed surfaces (Fig. 2). 

2D contours obtained from the deformed prostate meshes were represented in Fig. 3, 
confirming what found in curvature. In fact it is possible to note that both AMR and WSR 
have a regular and smoothed shape, whereas PWC and MCB contours have an irregular 

Accuracy of contour propagation 

Results of accuracy of contour propagation are reported in Table 2. 

 

Prostate surface reconstruction using the four described method starting from 2D contours 
; AMR: red. 

spect ratio for the four methods in the prostate. 

103 >103 

0.08 0.13 
0.00 0.00 

As a general remark, the distribution of mean percentage AR for meshes obtained with 
100, with more than 95% of trian-

the triangular 
elements. In particular, MCB showed the best performance, having the 100% of the trian-
gles with AR lower than 10. Conversely, the AR percentage distribution of meshes ob-

r amount of de-
35%). This was observed in original meshes as well as in propagated 

Even if MCB had the best AR, when surface curvature was observed, it showed a stair-
rvature on the edges correspondent to slice changes; this did 

with AMR and WSR, which had smooth and regular surfaces, with a planar 
mean curvature. PWC, which was already the worse method when AR was considered, 

ot of vertices with anomalous curvature. This was verified 
).  

2D contours obtained from the deformed prostate meshes were represented in Fig. 3, 
. In fact it is possible to note that both AMR and WSR 

have a regular and smoothed shape, whereas PWC and MCB contours have an irregular 
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Fig. 2. Representation of the mean curvature of the deformed surfaces of the four organs, reconstruc
ed with WSR, MCB, PWC and AMR. First row: model of the four organs and their area on a 2D 
sagittal plane. 

Fig. 3. A 2D representation of the deformed contours of the prostate on the correspondent T2w
image. a) WSR; b) MCB; c) PWC; d) AMR. 

Among the four presented methods, PWC was the less robust, since it failed in numerous 
cases, thus preventing a successful contour propagation. 
of PWC cannot be directly compared with the other methods and they were removed from 
Table 2. Regarding WSR, MCB and AMR, accuracy was quite different in bladder and 
bulb, whereas was practically the same in prostate and rectum. In general, WSR reported 
lower values of D_mean and D_max with respect to MCB and AMR. 

4 Discussion and Conclusion

In this work a method based on wavelet was proposed to generate surfaces useful fo
contour propagation in RT; this method was compared with other three approaches already 
used in this context. Results have shown that globally the mesh quality and the accuracy of

of the mean curvature of the deformed surfaces of the four organs, reconstruc
ed with WSR, MCB, PWC and AMR. First row: model of the four organs and their area on a 2D 

2D representation of the deformed contours of the prostate on the correspondent T2w
image. a) WSR; b) MCB; c) PWC; d) AMR.  

Among the four presented methods, PWC was the less robust, since it failed in numerous 
thus preventing a successful contour propagation. For this reason, results of accuracy 

of PWC cannot be directly compared with the other methods and they were removed from 
Regarding WSR, MCB and AMR, accuracy was quite different in bladder and 

b, whereas was practically the same in prostate and rectum. In general, WSR reported 
lower values of D_mean and D_max with respect to MCB and AMR.  

and Conclusion 

In this work a method based on wavelet was proposed to generate surfaces useful fo
contour propagation in RT; this method was compared with other three approaches already 
used in this context. Results have shown that globally the mesh quality and the accuracy of

 

 

of the mean curvature of the deformed surfaces of the four organs, reconstruct-
ed with WSR, MCB, PWC and AMR. First row: model of the four organs and their area on a 2D 

 
2D representation of the deformed contours of the prostate on the correspondent T2w-MR 

Among the four presented methods, PWC was the less robust, since it failed in numerous 
, results of accuracy 

of PWC cannot be directly compared with the other methods and they were removed from 
Regarding WSR, MCB and AMR, accuracy was quite different in bladder and 

b, whereas was practically the same in prostate and rectum. In general, WSR reported 

In this work a method based on wavelet was proposed to generate surfaces useful for 
contour propagation in RT; this method was compared with other three approaches already 
used in this context. Results have shown that globally the mesh quality and the accuracy of 
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Table 2. Accuracy of contour propagation in bladder, bulb, prostate and rectum using different sur-
face reconstruction methods. Data are presented as mean ± st. dev. over the five subjects. 

 D_mean [mm] D_max [mm] D_mean [mm] D_max [mm] 
 Bladder Prostate 

WSR 1.65 ± 0.46 11.10 ± 3.33 1.59 ± 0.45 7.45 ± 2.56 
MCB 1.55 ± 0.48 14.78 ± 6.65 1.57 ± 0.41 8.16 ± 2.47 
AMR 1.80 ± 0.57 11.24 ± 3.02 1.62 ± 0.47 7.71 ± 2.44 

 Bulb Rectum 
WSR 1.18 ± 0.24 6.22 ± 2.35 1.95 ± 0.45 15.82 ± 5.24 
MCB 1.27 ± 0.24 5.45 ± 1.77 2.19 ± 0.54 16.87 ± 5.04 
AMR 1.42 ± 0.31 5.35 ± 1.67 2.19 ± 0.57 16.10 ± 6.19 

 
contour propagation obtained with the proposed method are comparable, or even better, 
than the others. 

Although all the considered approaches make use of intrinsically different smoothing 
paradigms, distinctive features and critical aspects of the resulting meshes are highlighted 
prior to deformation in terms of mesh quality. The analysis of mesh quality metrics has 
reported a very high shape regularity of the triangles of WSR and AMR surfaces; MCB, 
which presented the best values of AR percentages, revealed a staircase effect in curvature, 
not observable by the AR. It is likely that the staircase effect observed on MCB meshes can 
be reduced by introducing an anisotropic gaussian-smoothing kernel, however this would 
require a specific and ad-hoc tuning process of the pre-filtering step. PWC, presenting the 
worse yield both in AR and curvature, resulted in inadequate triangles. This suggests that 
surfaces reconstructed with WSR and AMR have a more regular lattice of the triangular 
mesh, resulting in more reliable organ surfaces. 

The accuracy of contour propagation is comparable with other state-of-art works in the 
pelvic district [18], [19]. These results highlighted that the contribution of the registration 
error is larger than the effect of the surface reconstruction method, as can be noted from the 
quantitative analysis, where distances were similar over the considered methods. However, 
this second aspect has an impact on the final yield of the 2D deformed contours. In fact, as 
can be seen in Fig. 3, the MCB and PWC methods resulted in irregular contours, while 
WSR and AMR showed a smoothed shape. This is particularly true for bladder and pros-
tate, whereas smoothed contours were found in rectum and bulb, due to a lower variability 
along the z-axis, which minimizes the staircase effect of the MCB.  

Lastly, runtime performances showed similar values among the considered methods. 
Overall, a mean processing time of <1.0 s is observed for surface generation and mesh 
propagation together in each evaluated structure using the described configuration. 

In conclusion, the WSR proposed method was able to generate qualitatively optimal sur-
faces, which can be used in the contour propagation framework with an accuracy in line 
with the state-of-art works. No limiting assumption, nor any ad-hoc tuning of the parame-
ters is performed with the proposed approach. These results are comparable with those 
obtained with AMR; nonetheless, WSR has also the advantage of being open-source and 
can be easily integrated in Elastix. 
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