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Abstract: The purpose of this paper is to present a method for volumetric reconstruction, registration and margin assigna-

tion applicable to both conventional CT scans and on board CT imaging. This method does not depend on the shape of the 

organs, the bony anatomy or the use of markers, and we apply it to prostate and bladder. 3D reconstructions are performed 

by means of spline surfaces and the 3D reconstructed surfaces are registered to a planning surface, using a multidimen-

sional alignment from the Euclidean distance transform and the Levenberg-Marquardt optimization algorithm. Once the 

reconstructed surfaces are registered, we define a mean surface and obtain the corresponding variances from this mean 

surface. The method works properly and demonstrates that once translations are insulated by registration, residual uncer-

tainties can be handled with the margin assigned for delineation variation and organ deformation. 
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1. INTRODUCTION 

 The success of radiotherapy relies on the accurate deliv-
ery of the prescribed dose to the tumor, while sparing the 
surrounding organs at risk to a maximum extent. Geometri-
cal uncertainties in radiotherapy exist due to variability and 
uncertainties in organ contouring, often caused by the mo-
dality of imaging used, uncertainties introduced by treatment 
planning system, and setup uncertainties and organ transla-
tions, rotations and deformations during the treatment. Al-
though different correction procedures have been introduced 
to minimize the effects of treatment variation (electronic 
portal imaging devices (EPID), the implanted markers, re-
peated computed tomography scans (CT), and on board 
CT’s, etc.) like, a margin around the clinical target volume 
(CTV) will always remain necessary because of intrafraction 
organ motion, residual setup uncertainties, and target de-
lineation inaccuracies. 

 Great effort has been made to develop interfraction organ 
registration and to assess the better margin to CTV. Present 
trends aim to use of the organ registration to a prior image of 
that organ, to correct changes and misalignments, instead of 
the use of bony anatomy. In addition, volumetric registra-
tion, through a 3D reconstruction, must be desirable in order 
to consider translations and rotations, and the evaluation of 
appropriate margin in a volumetric fashion. Therefore, the 
method we present accomplishes those requirements and can 
be applied to both on board cone beam CT’s (CBCT) and CT 
scans outside the treatment room. 
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 On the other hand, the problem of assessing organ varia-
tions has been extensively studied in the literature (see, for 
instance, [1, 2]), but few methodologies exist for 3D analysis 
of organ deformation [3, 4]. 

 This paper is a continuation of [5], where we presented a 
study to assess the uncertainties that arise in locating the 
boundaries of anatomical structures. As a conclusion of [5], 
we considered to use three dimensional reconstructed images 
from the CT scans, to obtain the treatment margins. 

 Our procedure, for the quantification of organ motion 
(including setup errors and internal organ motions) and 
shape variation of organs, does not depend on the shape of 
organs, the bony anatomy or the use of markers, and as an 
example we apply it to prostate and bladder. The surface 
reconstruction from the CT scans is based on splines sur-
faces and the registration between the repeated reconstructed 
surfaces was done by using a multidimensional alignment 
from the Euclidean distance transform and the Levenberg-
Marquardt optimization algorithm [6]. However, since the 
conventional approach to correct organ motion is patient 
repositioning by a simple translation, we apply the above 
mentioned algorithms for translations alignment of the sur-
faces instead of rigid transformations. Then, by using 3D 
mean surfaces, distances perpendicular to the mean surfaces 
and the best ellipsoid that fits the standard deviations of the 
perpendicular distances, we compared what we will call 
'local errors', which include shape variation and rotations 
(due to patient positioning and internal organ motions), with 
the translation of the organs. The intraobserver variation is 
also included in the 'local errors' and we do not treat it sepa-
rately. 
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 We also apply this method to quantify the interobserver 
variability and we compare this interobserver variability with 
the 'local errors' and translations. 

 Moreover, we report a stereological study for prostate 
and bladder volume, which includes an error approximation 
of this estimation depending on the number of CT slices. 

2 MATERIAL AND METHODS 

2.1. Material 

 The medical data consist of CT parallel sections of the 
pelvic region of a patient with prostate carcinoma. To deter-
mine the 'local errors' (organ rotations, shape variations and 
intraobserver variability) compared with the translations of 
the organs, from seven different CT studies of the same 
patient, and from the manually delineated contours of the 
organs in all sections of each CT study, we obtained seven 
reconstructed three-dimensional surfaces (prostate and blad-
der) corresponding to each of the 7 CT studies. 

 The CT sections were acquired during 7 different days 
and the prostate and bladder were delineated on each scan by 
the same observer. The slice thickness and spacing was 10 
mm. 

 To study the interobserver variability, the contours of the 
organs in all sections of one of the seven CT studies were 
manually delineated by 4 independent observers. 

 Therefore, for the interobserver variability study, from 
the CT images of one CT study we have 4 surfaces (con-
tours) for each organ (prostate and bladder) corresponding to 
the four observers, and for the 'local errors' and translations 
determination, from the CT images of each of the 7 CT stud-
ies we have 7 3D surfaces corresponding to the same ob-
server. 

 In order to obtain standard deviation functions and mar-
gins, we applied the mathematical and statistical methodol-
ogy, detailed in section 2.2, to these sets of 7 and 4 surfaces. 

2.2. Methods 

Matching of 3D Surfaces 

 From the CT scans of each CT study a 3D surface recon-
struction for prostate and bladder is obtained, based on 
splines surfaces. That is, from each CT scan we choose 40 
equidistant points of the organ delineated boundary, then 
from all the selected points in all CT scans the reconstructed 
surface is obtained by using B-Splines. This reconstruction 
method works properly for general shapes, not only for star 
or nearly spherical shapes. 

 One of the CT scans is considered as the planning scan, 
and therefore, the corresponding 3D reconstructed surface is 
considered as the planning surface. If another CT scan is 
considered to be the planning surface, no relevant differences 
in the registration results are obtained. 

 Then, each of the other 3D reconstructed surfaces are 
registered to the planning surface using a multidimensional 
alignment from the Euclidean distance transform and the 
Levenberg-Marquardt optimization algorithm [6]. However, 
we apply these algorithms for translations alignment of the 
surfaces instead of for rigid transformations. This is because 
we want to compare 'local errors', which include shape varia-

tion and rotations (due to patient positioning and internal 
organ motions), with the translation of the organs. The regis-
tration method we use does not depend either on bony anat-
omy or the use of markers and gives us a measure of the 
translations between the CT scans. 

Mean Surfaces and Standard Deviations 

 To define a mean surface of all the registered 3D sur-
faces, we consider a finite number of perpendicular vectors 
to the planning surface. Now, we consider the distances 
along the lines defined by these perpendicular vectors, from 
the planning surface to each of the registered surfaces. The 
points which give the mean distance in each perpendicular 
line are used to obtain the mean surface by B-Splines. 

 In addition, we have a standard deviation function SDu, 
which depends on the perpendicular vector u and provides us 
a local variation between the registered 3D surfaces with 
respect to the mean surface. From these local variations, we 
can obtain treatment margins in all directions, however, we 
only take the anterior-posterior (AP), left-right (LR), and 
superior-inferior (SI) directions, because only these direc-
tions are commonly considered in clinical practice, and in 
order to compare our results with other studies existing in the 
literature relative to variability in the radiotherapy process, 
we will take the best-fitting ellipsoid (see, for instance, [7, 8] 
to the standard deviation function SDu. Then, from the axis 
of the ellipsoid and the corresponding transformation (from 
the maximum values) to the coordinate axis, we also obtain 
the AP, LR, and SI variations. 

Volume Estimation 

 Since the prostate volume has an impact on the treatment 
regime for the patients [9], we will estimate the prostate and 
bladder volumes by CT, using the Cavalieri method. The 
Cavalieri volume estimation formula is given by the product 
between the CT section thickness and the total sectional area 
of the consecutive sections of the target organ (prostate or 
bladder). The coefficient of error (CE) of this method has 
been extensively studied in the literature [10]. We will calcu-
late the approximated CE using equation (15) of [5], and we 
will compare this CE with the coefficient of variation among 
organ volumes of the different CT studies. 

3. RESULTS 

3.1. Local Errors and Translations Determination 

 The first of the seven CT studies of a patient with pros-
tate cancer was considered as the planning scan. The recon-
structed prostate and bladder surfaces, corresponding to the 
other six CT studies, were registered to the planning surface 
using a translation alignment. In Table 1, we have the 
modulus of the six translation vectors (all measures are in 
cm) and the mean modulus of the vectors. 

 A mean surface of seven matched prostate and bladder 
surfaces was obtained. Fig. (1) shows the planning prostate 
and the mean prostate. The standard deviation function of the 
registered prostate surfaces with respect to the mean prostate 
surface, for different perpendicular vectors, is plotted in Fig. 
(2a). The best-fitting ellipsoid to the standard deviation func-
tion is obtained (see Fig. 2b), and Table 2 shows the left-
right (LR), anterior-posterior (AP) and superior-inferior (SI) 
variations obtained from the axes of the ellipsoid and the 
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transformations to the coordinate axes, using the maximum 
of the ellipsoid axes. 

(a) 

 

(b) 

 

Fig. (1). 3D planning prostate and mean prostate. 

 In order to examine the prostate and bladder volumes 
assessed by the Cavalieri method, Table 3 shows the mean 
coefficient of error of the Cavalieri estimations of the pros-
tate and bladder volumes, and the coefficient of variation 
with respect to the mean volume of prostate and volume. 

3.2. Interobserver Variability 

 For the interobserver variability study, we have four 
curves (contours) for each organ (prostate and bladder) in 
each CT image of one of the CT studies, corresponding to 
four independent observers. Therefore, we have four recon-
structed surfaces and a mean surface (the process of match-
ing is not needed in this case). Now, as in the preceding 
section, Table 2 shows the LR, AP and SI variations and 
Table 3 shows the mean coefficient of error of the volume 
estimation of organs and the coefficient of variation with 
respect to the mean volume obtained from the four observers 
estimation. 

4. DISCUSSION 

 External beam radiotherapy represents a treatment option 
for the patients with prostate cancer, where computed tomo-

graphy (CT) is by far the most widely used form of imaging. 
In fact, one of the major subprocesses in external therapy is 
treatment planning, which includes CT image acquisition 
and delineation of tumor volume and organs at risk on the 
CT images. In order to know the relative magnitude of dif-
ferent geometrical uncertainties, we develop a method to 
quantify organ motions, shape variations, setup errors and 
interobserver variability, valid for different kinds of shapes 
and which does not depend on bony anatomy or the use of 
markers. 

(a) 

 

(b) 

 

Fig. (2). Standard deviation function from the mean surface and the 

best-fitting ellipsoid to the standard deviation function. 

 Most of the studies present in the literature separately 
consider the setup errors and the organ motion, that is, first, 
each of the scans is registered to the planning scan (using a 
bone match, external markers,...), and next a 3D target vol-
ume (tumor volume, organs at risk,...) match is performed 
using translations and rotations. With our method, the organ 
motion study includes setup errors and internal organ motion 
and we analyze the magnitude of translations of the volumes 
as compared with rotations and shape variations. However, 
our results are consistent with findings from other studies, 
see for instance [4] and references therein. 
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Table 2. Variation (in cm) in the Three Main Directions, 

After Translations Alignment in the Local Errors 

Study, Obtained from the Best-Fitting Ellipsoid to 

the Standard Deviation Function 

 

 LR AP SI 

Prostate (local errors) 0,219 0,142 0,1 

Bladder (local errors) 0,241 0,267 0,156 

Prostate (interobserver variability) 0,188 0,121 0,112 

Bladder (interobserver variability) 0,266 0,332 0,945 

 

 Although the aim of this paper is to present a new 
method for volumetric reconstruction, registration and mar-
gin assignation, from the results summarized in Tables 1 and 
2 it is shown that local errors and interobserver variability 
are small, if we compare them with the organs translation. 
The SI variation for the bladder interobserver variability is 
near to one (0,945) because in this study we only considered 
slice thickness of 1 cm, therefore, the SI variations in the 
interobserver variability may be highly influenced by the 
contours delineated by the observers in each CT images. It 
may happens that one observer delineate bladder contour in 
one CT image where another observer does not observe 
bladder. 

 Therefore, if this conclusion is ratified with more exhaus-
tive and detailed clinical studies, we think that in order to 
reduce the effects of the geometrical uncertainties in external 
radiotherapy it is important, in first order, to correct the 
translation (displacement) of organs (which includes setup 
misalignment) and prostate and bladder rotation and defor-
mation, and the interobserver variability, can be considered 
as a second-order effect. 

 Therefore, although there is no definite system or proce-
dure that can be regarded as standard for treatment verifica-
tion in external radiotherapy [12], when it will be possible to 
correct prostate translations with correction protocols as 
verification images (EPID, CBCT,…), the appropriate mar-
gins in all directions to correct shape variation, rotation and 
interobserver variabilities will reduce considerably. 

Table 3. Coefficient of Error of the Stereological Volume 

Estimation Using the Cavalieri Method 

 

 Mean CE CV 

Prostate (local errors) 0.028 0.117 

Bladder (local errors) 0.019 0.179 

Prostate (interobserver variability) 0.028 0.048 

Bladder (interobserver variability) 0.026 0.042 

 There exist several methods to estimate prostate volume 
(see [9] and references therein). One of the advantages of the 
Cavalieri method is that it provides an unbiased estimation 
of volume and there exist formulas to predict the coefficient 
of error of this estimation [11]. In Table 3, we have the mean 
coefficient of error of this estimator when applied to prostate 
and bladder. If we compare this value with the coefficient of 
variation of volumes with respect to the mean volume, we 
observe a great difference between these values in the local 
errors study, but the difference is not large in the interob-
server variability. The main reason for this is because all the 
reconstructed structures correspond to the same CT session 
in the interobserver variability study, however, in the local 
error study the seven structures correspond to seven different 
CT sessions and there exist differences in the applied proto-
cols (between the different sessions) to control the rectum 
and bladder filling, etc. 

5. CONCLUSION 

 We have developed a method to quantify the organ mo-
tion (including setup errors and internal organ motions), 
shape variation of organs, and interobserver variability, in 
the radiotherapy process. This method has been applied to 
prostate and bladder and it is based on a translation align-
ment of 3D surfaces, to correct organs displacement, using 
multidimensional alignment from the Euclidean distance 
transform and the Levenberg-Marquardt optimization algo-
rithm, and the use of 3D mean surfaces, distances perpen-
dicular to the mean surfaces and the best ellipsoid that fits 
the standard deviations of the perpendicular distances, to 
obtain margins in the main directions. 

 This method may also be applied for rigid motions and 
not only for translations, however, due to the shape of pros-
tate and bladder (more or less round) the rotations of these 
organs are not always easy to analyze. 

 The purpose of this paper is to present a model to use in 
the treatment plan; a discussion about the feasibility of the 
presented approach in real clinical scenario should be done 
in clinical studies to ensure the advantages of the model. 
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