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Abstract 
The aim is to compute all sources of geometrical uncertainty in prostate radi-
otherapy using fiducial markers and determine the safety treatment margins. 
Based on the markers position, correlations between prostate rota-
tion/deformation and rectal and bladder fillings as well as changes in prostate 
volume during the treatment course are analyzed. The study includes 375 
pre-treatment CBCT images from 15 prostate cancer patients treated with 
hypofractionated radiotherapy. The position coordinates of the markers were 
obtained from each image acquisition. In addition, rectum and bladder were 
outlined on CBCTs. The intrafractional error was estimated by an additional 
post-treatment CBCT acquired on alternate days. Tau-Kendall analysis was 
performed to correlate organ fillings with prostate rotation/deformation. De-
lineation uncertainty was assessed from contours of 10 patients performed by 
two radiation oncologists and repeated twice. The CT contouring was assisted 
by a multiparametric MR approach combining a T2-weighted with diffu-
sion-weighted imaging, and a gradient recalled echo for fiducial marker iden-
tification. Uncertainty associated to treatment unit was estimated from 
phantom measurements. The obtained clinical margins were 4.4, 7.3, 5.1 mm 
in the Left-Right, Superior-Inferior, and Anterior-Posterior directions, re-
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spectively, being the contouring the most important contribution. The me-
chanical limitations of the beam delivery system and the associated imaging 
device entailed errors of the same order as prostate motion, rotation or de-
formation. Weak correlations between variation of the rectal volume and the 
presence of rotations/deformations were found (correlation coefficient 0.182, 
p = 0.001 for rotations around lateral axis; correlation coefficients 0.1, p < 
0.05 for deformations). The distance between markers decreased with session 
number, becoming more pronounced from fraction 13 and reaching 1 - 1.8 
mm at the end of the treatment. In summary we have determined the optimal 
treatment margins based on geometrical uncertainty assessment using van 
Herk formalism. An appropriate preparation of rectum and bladder involves 
minimizing the effect of prostate rotations/deformations. The prostate tends 
to decrease in size during the treatment which could influence treatment 
re-planning strategies. 
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1. Introduction 

Radiotherapy (RT) is currently a routine modality in the treatment of prostate 
cancer. Randomized trials evidence the benefit of higher radiation doses in clin-
ical outcomes improving local control and reducing the risk of biochemical fail-
ure for prostate cancer patients. In contrast, this increment in the delivered dose 
may increase the incidence of urinary and rectal complications. However, the 
advances experienced in recent years have made this dose escalation technically 
possible without an increase in toxicity [1] [2]. In particular, volumetric arc 
modulation (VMAT) provides high dose conformation in the treatment volume 
while allowing high dose gradients and preservation of adjacent healthy tissue. 
Because of the special features of these distributions an accurate location of the 
target volume is required. Throughout the radiotherapy process the patient’s 
geometry is subject to numerous sources of uncertainty that make this objective 
difficult to achieve. In order to ensure the effectiveness of treatment, it is neces-
sary to add a margin to the initial volume CTV to take into account these uncer-
tainties. Different methods have been described to correlate the geometrical un-
certainty and the treatment margin that are usually synthesized in margin reci-
pes [3] [4]. 

One of the most important contributions to geometrical inaccuracy is the re-
producibility of patient positioning between sessions. The use of image-guided 
radiotherapy techniques (IGRT) allows relating the position of the treatment 
volume to the radiation beam and, therefore, to reduce the uncertainties asso-
ciated to the positioning in the treatment unit. In fact, the PTV margins are 
closely related to the IGRT strategy used. More specifically, the improvement in 
treatment accuracy in prostate patients has been demonstrated by the implanta-
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tion of intraprostatic fiducial markers [5]. The markers can be used as a surro-
gate for the prostate itself and their position is easily identified in the image. 
Ideally, positioning errors can be removed by using fiducial markers. Neverthe-
less, in clinical practice there are residual errors that cannot be corrected. These 
residual errors must be known and quantified. Examples of these errors may be 
the detection limit of the image device, imprecise movement of the repositioning 
system, differences between treatment and image isocenters, and limitations as-
sociated to image registration. Other potential sources of uncertainty associated 
to the treatment machine are gantry and collimator rotation inaccuracy. In addi-
tion, the gland may undergo deformations and movements during treatment 
which are also part of the geometrical uncertainty. Finally, the uncertainty in the 
contour delineation depends on the interobserver variability for the different 
image modalities employed. 

The objective of the study was to analyze the components of the geometrical 
uncertainty that participate during the entire radiotherapy process. Based on the 
markers position the correlation between prostate rotation/deformation and 
changes in rectal and bladder fillings was also analyzed. Changes in prostate vo-
lume during the treatment course were included in the study. As a last aim the 
safety margins of the treatment volume that ensure the efficacy of the RT treat-
ment in patients with prostate cancer were also estimated. 

2. Material and Methods 

In order to estimate the uncertainties associated to the different components, we 
perform a statistical analysis of phantom and patient data. Phantom data were 
employed to quantify errors associated to imaging and treatment delivery sys-
tems. Patient information was extracted from positioning imaging before and 
after the treatment session. 

2.1. Phantoms 

Two different phantoms were used to assess the uncertainty related to the treat-
ment machine. The QUASAR Penta-Guide phantom (ModusMedical Devices, 
Canada) is a specific phantom for quality control of IGRT techniques. It con-
tains three hollow spheres fixed at known positions. The spheres produce 
high-contrast images due to the large density difference between the air inside 
them and the phantom material. Crosshairs on each phantom face allow aligning its 
geometric center with the room lasers isocentre. The Alderson RANDO phantom 
(Radiology Support Devices, USA) is an anthropomorphic phantom transected ho-
rizontally into 2.5 cm thick slices. The slices consist of soft-tissue-equivalent ma-
terial on which bony structures and air cavities are embedded in order to mimic 
the human anatomy in terms of shape and density. 

2.2. Patients 
2.2.1. Simulation 
Before the CT simulation, prostate cancer patients underwent the implantation 
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of three gold seeds by ultrasound-guided insertion; one at the apex, S1, and two 
at each side of the prostate base, S2 left and S3 right. Two weeks later, CT images 
were acquired for treatment planning using an Aquilion LB scanner (Canon 
Medical Systems, Japan). The study was performed in supine position using an 
indexed leg-immobilization device with a slice thickness of 2 mm. The patient 
was instructed to have comfortably filled bladder and empty rectum for both 
simulation and treatment. 

2.2.2. Target Definition and Treatment Planning 
The software used to perform these tasks was the treatment planning system Ec-
lipse v11.0 (Varian Medical Systems, USA). For the prostate delineation, the CT 
study was used together with an MR image set. Patients were equally immobi-
lized in CT and MR, and they were instructed to follow the same bladder and 
rectum regimen. Three MR sequences were acquired using a GE 1.5T Signa In-
finity scanner MR (General Electric Healthcare, UK); a T2-weighted image and a 
diffusion-weighted image (DW) for prostate delineation and a gradient recalled 
echo (GRE) for fiducial markers identification. To minimize variation in the 
anatomy of the patient, the MR study was acquired within 3 days immediately 
after the acquisition of the CT. Fiducial markers were identified by a hyperin-
tense signal in CT and by signal voids in GRE MR [6] [7]. Then both studies 
were registered based on a match point registration. Contouring was performed 
on the CT/MR image fusion. Once the prostate was outlined, the treatment was 
planned using VMAT with two 360-degree arcs of 6MV-energy, 600 UM/min 
maximum rate and collimator angles at 30˚ and 330˚. A hypofractionated treat-
ment of 67.5 Gy was scheduled in 25 sessions, with a simultaneous boost of 69 
Gy. 

2.2.3. IGRT Equipment and Positioning Protocol 
The treatment delivery unit was a Varian Clinac 2300 iX accelerator equipped 
with the On Board Imaging, OBI (Varian Medical Systems, USA). The daily 
procedure for patient positioning consists of acquiring a 3D kilovoltage image 
using the OBI system. This allows performing the Cone Beam CT (CBCT) tech-
nique. In all cases, phantom or patient, the pelvis protocol was performed: a 
360-degree CBCT with half-bowtie filter and detector offset, followed by image 
reconstruction on a 512 × 512 matrix, and 2 mm slice thickness. Next, the CBCT 
was registered with the reference CT using the OBI system software. 

In theory, the daily frequency of the protocol eliminates interfraction errors. 
The system provides the translational mismatches to correct positioning errors 
after obtaining the best matching between markers in the acquired CBCT and 
reference CT. Translational correction was achieved by moving the treatment 
table on the three axes of movement: Left-Right (LR), Superior-Inferior (SI), and 
Anterior-Posterior (AP). Before correction, the CBCT image was used to verify 
that the rectum and bladder preparation was consistent with that from the si-
mulation. In case the patient did not comply with the requirements of bladder 
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and rectal filling, the treatment was delayed until an appropriate preparation. 
The isocenter and markers position coordinates were extracted from all the 
CBCT and CT studies. We selected 15 consecutive patients with localized pros-
tate cancer treated with the hypofractionated treatment scheme mentioned 
above as the only inclusion criterion. The positioning errors obtained from 375 
CBCT were employed in the analysis. The rectum and bladder were contoured 
in 173 CBCTs aiming to determine the impact of the filling of adjacent organs 
on the prostate rotations and deformations. 

For the 15 patients and on alternate days, an additional post-treatment CBCT, 
followed by the corresponding registration of fiducial markers, was acquired to 
study the intrafractional prostate motion. Again, the markers position coordi-
nates were extracted from each post-treatment CBCT and compared with the 
coordinates computed in the pre-treatment CBCT. Specifically, the intrafraction 
motion errors obtained from 170 CBCTs were analyzed. 

2.3. Components of Geometrical Uncertainty 
2.3.1. Isocenter Coincidence 
To perform an accurate IGRT the isocenter of the kV image system has to be as 
close as possible to the isocenter of MV radiation. The alignment of both iso-
centers is checked monthly with the Quasar phantom following a reported pro-
cedure [8] [9]. A CT scan of the phantom is acquired and a 4-field box treatment 
is planned. The isocenter is selected in the centroid of the central air sphere. In 
the treatment unit, the geometric center of the phantom is aligned with the iso-
center indicated by the lasers. 6 MV X-rays portal images are acquired at each 
gantry angle (0˚, 90˚, 180˚, and 270˚). The images are acquired at 90˚ and 270˚ 
collimator rotation in order to avoid potential asymmetries in the jaws position. 
The centroid of both the central sphere and the radiation field is calculated on 
the image (centroids of each pair of collimator projections are averaged). This 
difference provides the discrepancy between the isocenter indicated by the lasers 
and the MV isocenter (vector 1∆



). Then a CBCT is acquired and registered 
with the planning CT. The obtained correction shifts show the discrepancy be-
tween the isocenter indicated by the lasers and the kV reconstruction isocenter 
(vector 2∆



). Finally, the vector resulting from the difference ( 21 −∆ ∆
 

) shows 
the discrepancy between the kV isocenter and the MV isocenter. 

2.3.2. Isocentric Rotation 
Prostate cancer treatment in our center is composed of two complete arcs at 30˚ 
and 330˚ collimator angles, without table rotation. The component associated 
with the geometrical inaccuracy of the treatment unit during irradiation is esti-
mated from previously acquired portal images at the 4 principal gantry angles 
and each at collimator angles 90˚ and 270˚. The centroid of the radiation field is 
determined in the images, and the centroids of each pair of projections are aver-
aged. The average of all centroids is considered the center of rotation. The devia-
tion from the center of rotation is determined for each axis, since it is easy to 
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separate the deviation by component, LR, SI, and AP, for the chosen angles. The 
maximum deviation found in the four fields was taken as the estimator of the 
uncertainty. The table rotation can be neglected since only coplanar beams were 
used. 

2.3.3. Residual Error of the Imaging System. Uncertainty in the Table  
Movement 

The imaging system has its own imperfections that impose a limit on detectabil-
ity and represent a specific uncertainty. We include in this uncertainty the fol-
lowing components: imaging system pixel size, deformation in the image recon-
struction, and finally the uncertainty in the table shift. The latest has mainly a 
random nature which results from rounding the calculated table shifts into in-
teger millimeters and the imprecise execution of these table movements. To es-
timate it, we assigned a uniform probability distribution in which the variation 
limits are associated to the table movement resolution. This distribution gives a 
constant value inside the interval and a null value outside. 

The other uncertainty components were determined by using the anthropo-
morphic phantom. A CT scan of the pelvic region was acquired with radiopaque 
markers placed on the surface. The planning isocenter was placed at the markers 
intersection point. Sub-millimeter precision rulers placed on the phantom sur-
face allow us translations with an estimated resolution of 0.25 mm (based on 
visual discrimination threshold), better than that given by the treatment unit (1 
mm). A CBCT was acquired after phantom alignment in the treatment unit. The 
translational shifts were obtained by performing a rigid registration with the 
reference CT. Next, using the rulers, known displacements (in cm) were made in 
each direction and sense, first separately, ±1.0, ±0.5, ±0.2, and then combining 
them (±0.5, ±0.5, 0.0), (±0.5, 0.0, ±0.5) and (0.0, ±0.5, ±0.5). The CBCT in each 
position was repeated 3 times. The registration was done automatically matching 
the pelvic region. Because there were no deformations in the phantom, the un-
certainty in the registration was very close to zero. The uncertainty associated to 
the markers registration was intrinsically included in the set-up residual error. 
The errors were determined from the difference between the shift measured with 
the ruler and the correction shift provided by the Varian registration software. 
The obtained statistical results were quadratically combined with the table reso-
lution uncertainty to obtain the residual error of the system. 

2.3.4. Set-Up Residual Error 
In addition to being representative of the prostate position, fiducial markers 
have the advantage of being easily located and reducing the interobserver varia-
bility in the alignment of the images [10] [11]. In each treatment session, the 
prostate may undergo deformations that can lead to relative displacements be-
tween markers different from those of the CT simulation. In our clinical prac-
tice, a rigid registration based exclusively on markers is performed. The prob-
lem, therefore, is reduced to a rigid solid with three degrees of freedom, transla-

https://doi.org/10.4236/ijmpcero.2018.74043


P. Castro et al. 
 

 

DOI: 10.4236/ijmpcero.2018.74043 509 Int. J. Medical Physics, Clinical Engineering and Radiation Oncology 

 

tions in three axis (rotations are not considered quantitatively). Ideally, if there 
is no prostate deformation and no seeds migrations, and the registration is ac-
curate then the relative position of the markers with respect to both isocenters 
should coincide. In order to quantify this potential error, it is calculated the dif-
ference between the markers center of mass, CMmarkers, in the CBCT relative to 
the treatment isocenter and CMmarkers in the CT relative to the planning isocen-
ter. CMmarkers is computed from the markers position coordinates. 

2.3.5. Prostate Rotation 
The prostate can rotate causing a possible underdose in the treatment volume. 
Although the rotations are partially compensated by the table shifts, there is a 
residual rotation difficult to correct without using a six degree couch. The effect 
of rotation on target coverage will depend on the magnitude of rotation, the dis-
tance from rotation center to target center of mass, CMtarget, and extension of 
their contours in the three spatial directions. In the present study, the magnitude 
of the rotation with respect to the markers center of mass, CMmarkers, was deter-
mined. From the markers coordinates relative to CMmarkers we can deduce the 
angle formed by axis of rotation. For example, for the lateral axis, the rotation 
angle of the marker S3 is given by arctang (y/z), where y and z are the spatial 
coordinates of S3 in SI and AP directions, relative to the CMmarkers. The differ-
ence between the angle measured in the CT and that measured in the CBCT for 
the corresponding session determines the residual rotation related to the marker. 
The residual angle is taken as the average of the angles obtained by each marker. 
Since it is a marker-based registration, the effect of the rotation depends on the 
distance between the CMmarkers and the CMtarget. The translation error due to un-
corrected rotations in the CMmarkers can be estimated according to [12]: 

( )error D 2 1 cosθ= ⋅ ⋅ −                    (1) 

where D is the distance between CMmarkers and CMtarget and θ is the rotation angle.  
Figure 1 shows the magnitudes involved in the calculation of rotations and 

associated errors. 
Secondly, we analyzed whether the prostate rotations at the different sessions 

are correlated with changes experienced in the filling of bladder and rectum. The 
volumes of the rectum and bladder were inferred from the contours delineated 
in the CBCT. The volume differences from planning CT were calculated result-
ing ΔVrectum and ΔVbladder. Possible effect on prostate rotation due to changes of 
rectal and bladder volumes ΔVrectum and ΔVbladder were evaluated by means of the 
Tau-Kendall correlation coefficients. 

2.3.6. Prostate Deformation 
The prostate markers have been considered as representatives of its position. 
However, the gland can change in size and shape during the treatment. We have 
estimated the residual errors associated to prostate deformations by assuming 
that the markers and the surface of the prostate move together [13]. The distance  
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(a) 

 
(b) 

Figure 1. (a) Diagram showing the fiducial markers (S1, S2, and S3) and the center of 
mass. Definition and calculation of the rotation angle θ around the YZ axis for S3 both in 
the CT study and in the CBCT, and the associated residual rotation are included; (b) Lat-
eral beam’s eye view where fiducial markers and prostate contour can be visualized. The 
distance between the center of mass for the fiducial markers, CMmarkers, and the center of 
mass for the prostate contour, CMtarget, is represented by the white line D. 
 
of each marker to the CMmarkers was calculated from the position coordinates of 
the markers. The difference between these distances in CT and CBCT was de-
termined for each treatment session. As an estimator of the residual error we 
took the maximum value obtained by axis, neglecting the negative values that 
implied a reduction of distances. 

Additionally, the separation distance was calculated two by two; D12 distance 
between S1 and S2, D13 distance between S1 and S3, D23 distance between S2 and 
S3. The difference between the CT and CBCT distances, ΔD12, ΔD13, and ΔD23, 
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was calculated for each patient and averaged per treatment session to analyze its 
temporal variation. 

From markers coordinates and rectum and bladder contours we analyzed 
whether organ fillings can cause prostate deformation. The interrelationship 
between distance variations, ΔD12, ΔD13, and ΔD23, and ΔVrectum and ΔVbladder was 
evaluated by Tau-Kendall correlation test for non-parametric distributions. 

2.3.7. Intrafraction Motion Error 
The prostate motion during the irradiation entails an additional uncertainty to 
be considered in the PTV margin. In our study, systematic and random errors 
were determined from the displacement of the prostate between initial and final 
CBCT. However, the fact of considering the range of movement makes us over-
estimate this component since the prostate does not stay all the time in that po-
sition. To have a more realistic estimate we assigned a rectangular distribution to 
the motion range. Therefore, the probability that the prostate was at a position 
within the motion range was the same as for the rest of the positions. The asso-
ciated uncertainty was the value of the motion range divided by the square root 
of 3. 

2.3.8. Contouring 
The image resolution, the noise of the observer, the organs motion during the 
acquisition, and the errors in the image registration when different modalities 
are used are the main contributions to the uncertainty in the treatment volume 
delineation. This results in inter-observer or even intra-observer variations. To 
aid in the task and minimize variations, the contouring was performed on the 
fusion of the CT image with the RM T2 and RM DW images. Previously, CT and 
RM GRE images were registered based on a match point registration. Two expe-
rienced radiation oncologists (AZ, DB) with the assistance of an expert genitou-
rinary radiologist (SG) outlined the prostate contours of 10 patients. For this 
purpose, the CTV definition followed the recently published ESTRO ACROP 
consensus guideline [14]. The CTV delineation included the prostate and prox-
imal seminal vesicles until the point where the seminal vesicles split without 
taking into account the 3 mm expand for extracapsular extension. In general, the 
intraobserver variability is significantly lower than the interobserver variability 
[15], so each observer repeated twice the prostate contouring in a time interval 
superior to 1 week. The contours coincidence for a particular scan was quanti-
fied from the measured volumes and the ratio of the encompassing volume and 
common volume were determined [16]. Next, the perpendicular maximum dis-
tance between contours for the same patient was obtained in different regions. 
From these data, we deduced the values of systematic errors according to the li-
terature [16] [17]. 

2.4. Margin Calculations 

There are several formalisms that relate the geometrical uncertainty and the 
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treatment margin [3] [4]. One of the most used is based on coverage criteria in-
clude dose-probability histograms [3] (named van Herk formalism in this work). 
This methodology (followed in the present study) distinguishes between syste-
matic errors, Σ (producing displacements of the dose distribution with respect to 
the CTV) and random errors, σ (blurring the dose). The margin recipe proposed 
so that 90% of patients have a minimum dose in the CTV of 95% is M = 2.5Σ + 
0.7σ, where Σ is the quadratic sum of the systematic errors and σ is the quadratic 
sum of the random errors. 

3. Results 
3.1. Isocenter Coincidence 

The discrepancy between the imaging isocenter and treatment isocenter be-
comes a systematic error that cannot be corrected. The error is directly trans-
mitted to the patient positioning, and therefore this component is linearly added 
to the systematic uncertainty. We characterize this component from the results 
obtained in the periodic quality controls performed on the machine during one 
year. Average values and the associated standard deviation are shown in Table 1. 

3.2. Isocentric Rotation 

The maximum deviation found from the center of rotation in the radiation fields 
was taken as the uncertainty estimator. This component was partially included 
in the previous one, which implies that the associated uncertainty will most like-
ly be overestimated. However, this overestimation will probably not have any 
relevance if we take into account the other components. The procedure included 
the isocentrity of gantry and collimator and was easily separated by components. 
The mean values obtained from 1-year quality assurance were employed in mar-
gin calculation as systematic error (Table 1). 

3.3. Residual Error of the Imaging System. Uncertainty in the  
Table Movement 

The obtained results showed a lack of tendency in residual errors with the mag-
nitude of the shifts. Therefore, the standard deviation obtained was used as sta-
tistical estimator of the uncertainty.  

For the three axes the resolution in the table movement indicator was 1 mm. 
Thus, the maximum variation limits were given by −0.5 mm and +0.5 mm, and 
then the standard uncertainty was given by 0.5 divided by the square root of 3, if 
a rectangular distribution was assumed. Residual error and table movement un-
certainty were added by quadratic combination. As can be seen in Table 1, re-
sults were similar in the three axes. 

3.4. Set-Up Residual Error 

The results for this error including all sessions and patients are shown in Figure 
2. The computed systematic and random errors are presented in Table 1. The  
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Table 1. Systematic and random geometrical uncertainty associated to the different com-
ponents and directions (Left-Right (LR), Superior-Inferior (SI), and Anterior-Posterior 
(AP)), and required margins using the van Herk formalism. 

Components 
Systematic error Σ (mm) Random error σ (mm) van Herk margin (mm) 

LR SI AP LR SI AP LR SI AP 

Isocenter 
coincidencea 

0.51 0.12 0.62    1.6 1.0 1.6 

Isocentric rotation 0.10 0.89 0.18    0.3 2.2 0.4 

Residual error 
imaging system 

0.39 0.50 0.49 0.29 0.29 0.29 1.2 1.5 1.4 

Set-up residual 
error 

0.31 0.81 0.44 0.74 1.03 1.11 1.3 2.7 1.9 

Prostate rotation 0.22 0.49 0.49 0.20 0.39 0.41 0.7 1.5 1.5 

Prostate 
deformation 

0.19 0.23 0.24 0.16 0.56 0.26 0.6 1.0 0.8 

Intrafraction 
motion 

0.39 0.79 0.65 0.77 1.34 1.22 1.5 2.9 2.5 

Contouring 1.0 1.4 0.9    2.5 3.5 2.3 

 Quadratic sum Quadratic sum Total margin 

 1.32 2.14 1.54 1.13 1.85 1.75 4.4 7.3 5.1 

a. The margin calculated for this component includes the mean value (0.29, 0.68, 0.01) that is linearly added. 
 

 
Figure 2. Histogram of the set-up residual error based on the difference between the 
markers center of mass in the CBCT relative to the treatment isocenter and the markers 
center of mass in the CT relative to the planning isocenter. Data were obtained from 375 
CBCT performed on 15 patients. 
 

higher errors detected in the longitudinal and vertical directions could be ex-
plained by the prostate rotations on the lateral axis, which were not completely 

https://doi.org/10.4236/ijmpcero.2018.74043


P. Castro et al. 
 

 

DOI: 10.4236/ijmpcero.2018.74043 514 Int. J. Medical Physics, Clinical Engineering and Radiation Oncology 

 

compensated by the translational shifts. 

3.5. Prostate Rotation 

Statistical values, mean value, Σ, and σ, obtained for the prostate rotation angle 
were 1.5˚, 6.2˚, and 3.5˚, respectively, for rotation around the lateral axis, 0.5˚, 
1.8˚, and 1.7˚, respectively, for XY rotation around longitudinal axis, and 0.3˚, 
2.5˚, and 1.1˚, respectively, for XZ rotation around vertical axis. Both systematic 
and random components detected in lateral axis were the largest of the three 
axes, agreeing with other reported data in the literature [12] [18] [19] [20].  

The translational error is influenced by rotations around two axes. For exam-
ple, the lateral component of the residual error is affected by rotations around 
longitudinal and vertical axes. Therefore, the global translational error was cal-
culated by the quadratic sum of the errors around two corresponding axes. Un-
certainties caused by uncorrected rotations are shown in Table 1. SI and AP 
components presented the largest errors, which correlated with the highest rota-
tion angles found around the lateral axis.  

The Tau-Kendall statistical analysis showed a correlation between the rotation 
around lateral axis and rectal filling (correlation coefficient 0.182; p = 0.001). No 
significant correlation was found with the other axes of rotation, or between 
bladder filling and rotation around any axis. 

3.6. Prostate Deformation 

We found that errors due to prostate deformations are equal to or smaller than 
those due to other components (Table 1). The contribution to this component is 
mainly provided in the first treatment sessions, since markers distances tend to 
be reduced over the course of treatment for most patients. The time trend can be 
observed more clearly in Figure 3, where the average separation distance be-
tween fiducials is represented versus the session number. The figure shows that 
the inter marker distances decreased during the treatment course. This fact can 
be associated with a potential reduction in prostate volume. Although changes 
vary unpredictably among patients, around session 13 the average distances 
tended to decrease, with D23 showing a smaller reduction at the end of the 
treatment (about 1 mm). The principal component of D23 was the lateral com-
ponent, since both markers were placed approximately at the basis and at the 
same longitudinal and vertical coordinates. D12 and D13 decreased to around 1.7 
mm in the last session, which means a reduction in the longitudinal axis. 

The Tau-Kendall analysis showed a correlation between the deformation re-
lated to D12 and D13 distances and rectal filling (correlation coefficient 0.139, p = 
0.007 for D12, and correlation coefficient 0.109, p = 0.037 for D13). No significant 
correlation was found between bladder filling and deformation in any axis. 

3.7. Intrafraction Motion Error 

The intrafraction error was determined from the displacement of the prostate  
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Figure 3. Variation of the separation distance between markers in CBCT and planning 
CT, ΔD12, ΔD13, and ΔD23, and the radiotherapy fraction. D12 is the distance between 
fiducial S1 and S2, D13 the distance between S1 and S3, D23 the distance between S2 and 
S3. S1 is placed at the apex, S2 on the left of prostate base, and S3 on the right of prostate 
base. 
 
between initial and final CBCT and assuming a rectangular distribution within 
that range. Figure 4 shows the motion errors obtained from the 15 patients. It 
can be noticed that the movement of the prostate occurs mainly in the longitu-
dinal and vertical axes which implies that systematic and random errors become 
larger (Table 1). 

3.8. Contouring 

The mean ratio between the encompassing and common volume was 1.34 when 
we compared target delineation between observers. If we consider the two re-
peated contouring by an individual observer, the mean ratio was reduced to 1.17 
for both observers, indicating that the intraobserver variation was lower than the 
interobserver variation. The longitudinal direction presented the largest perpen-
dicular distance between contours. At the base of the seminal vesicles variations 
close to 1 cm were found in some cases. The computed systematic error for the 
interobserver variation was 1.0, 1.4, and 0.9 mm in the LR, SI, and AP axis, re-
spectively. 

4. Discussion 

The present study aimed to analyze all the components that can contribute to 
the geometric uncertainty associated the radiotherapy process. Our results show 
that the contribution due to mechanical limitations of the treatment unit is of 
the same magnitude of the one associated with the patient, if the contouring 
stage is not taken into account. Indeed, the contouring is the largest contribution 
to the geometric uncertainty; therefore a greater effort must be made through  
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Figure 4. Histogram of the intrafraction motion error determined from the motion range 
of the prostate between initial and final CBCT. Data were obtained from 340 CBCT (170 
pre-treatment and 170 post-treatment) performed on 15 patients. 

 
protocols or guidelines to reduce the interobserver variability. In this sense, it 
seems that MR provides a greater accuracy in the contour of the prostate [21], 
although its use also presents limitations. For example, the acquisition time is 
much longer than that of the CT and there may be differences due to patient 
movement between sequences and even motion artefacts can be generated. Also 
the non-exact coincidence in the patient’s organ filling complicates the registra-
tion between CT and RM. The deformable registration can be a helpful tool for 
CT and RM matching. However, it is necessary to consider the additional un-
certainty that this type of registration entails, especially taking into account the 
soft tissue surrounding the prostate and the low contrast between the structures 
in the CT image. The solution adopted in our center was to perform mark-
er-based registration through a gradient-echo MR image [6] [7], which assists 
the detectability of the markers and reduces the uncertainty in the registration. 
Thus, following the ESTRO ACROP guideline on CT/MR based delineation 
[13], our results show lower systematic errors than other authors [16], which can 
be related to multimodality imaging but also to the image acquisition parameters 
(slice thickness of 2 mm in both CT and MR). The maximum discrepancy be-
tween contours was mainly located in the longitudinal direction, at the base of 
the seminal vesicles and the apex, agreeing to other authors [16] [17]. 

In the same way, the set-up residual error implies an uncertainty no greater 
than that of the other components. In general, it can be observed that the largest 
uncertainties occur in the longitudinal axis, which is probably related to the 
lowest resolution of CT and CBCT images in that axis. 
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The information provided by the fiducial markers was also used to analyze the 
rotations and deformations suffered by the prostate in each treatment fraction. 
The most relevant rotation was around the lateral axis, which is in agreement 
with the literature [12] [18] [19] [20] [22] [23]. However, there is controversy 
about the influence of rotation on treatment margin. Some authors claim that 
residual rotational can be ignored [19] [22] whereas others state the need to cor-
rect with a six-degree-treatment couch or expand the margins to include them 
[12] [18] [20]. The disagreement could be attributed to the use of different rota-
tion centers. In our study the rotation center is computed in the center of mass 
of the markers which is very close to the prostate contour centroid. Therefore, 
the length of lever arm of rotation is close to zero and the effect of the rotation is 
not relevant. Additionally, some of the cited studies include the seminal vesicles 
or even the pelvic lymph nodes [12] [18]. This makes the elongation increase 
and has a relevant impact on prostate coverage.  

Our results show that the prostate deformation does not have a great impact 
on the planning margins, in agreement with other authors [13] [24]. The data 
that imply a decrease in the distance between the marker and the center of mass 
were excluded from our statistical analysis, since this reduction should not con-
tribute to the margin. This approach is not taken into account by other authors 
[7] [25] and may be the reason why margins related to deformations are more 
relevant in their results. Additionally, it has been shown that the distance be-
tween the markers decreases during the treatment course being more pro-
nounced from fraction 13 and in longitudinal axis. Nichol et al. [7] also observed 
the reduction in prostate volume during treatment by means of MR imaging, 
one on the day of CT simulation and the second on a randomly assigned frac-
tion; therefore only one patient was chosen by fraction. Using fiducial markers 
in CBCTs to quantify the volume variation does not require additional image 
acquisition, removes the uncertainty of prostate surface contouring, and allows 
us to have a large sample per fraction. 

An estimate of the gland movement can be carried out in different ways. One 
strategy is imaging before and after radiation delivery either by using 2D images 
or by CBCT [26] [27] [28], as in this study. There are also systems that allow a 
real-time observation of the prostate either by acquiring frequent stereoscopic 
X-ray imaging of implanted fiducials [29] or by locating implanted electromag-
netic transponders [30] [31] [32]. Another option is through continuous EPID 
imaging or the realization of EPID portal images before the irradiation of each 
treatment field [33] [34]. Real-time observations have shown that prostate 
movement does not follow a fixed pattern and depends not only on the patient 
but also on the treatment fraction. However, the general trend is that the pros-
tate moves away from its initial position as time increases [29]. In addition, al-
though the movement can be reversed during the session, the range is approx-
imated reasonable well by measuring the distance between the prostate position 
at the beginning and at the end the irradiation [33], being the large excursions 
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rare [29] [31]. In the present study, the range of motion was measured and a 
rectangular probability distribution for prostate position was assigned for taking 
into account that the prostate does not remain in the final position during the 
entire fraction.  

The prostate rotation, deformation, and motion may be related to physiologic 
processes, such as rectum or bladder fillings. Our study shows that an appropri-
ate preparation protocol minimizes the impact of the changes in rectum or 
bladder volume on the prostate rotation or deformation. The analysis indicated a 
weak correlation, whereby patients with a large difference in rectal volume with 
respect to planning CT are more likely to undergo higher rotations or deforma-
tions.  

The resulting margins were between 4.4 to 7.3 mm. In general, studies pub-
lished in the literature calculated margins through systematic or random errors, 
but considered only a specific component and rarely took into account the me-
chanical limitations of the treatment unit or the imaging system. Thus, Oehler et 
al. [28] obtained margins between 5 - 8 mm combining set-up uncertainty, in-
trafractional motion uncertainty and contouring error. Mayyas et al. [27] pre-
sented planning margins computed for the residual set-up and intrafraction er-
rors of 4 - 7 mm. 

The selection of uniform margins by axis is a limitation of the current study; 
for example the margin required at the anterior region of the prostate should be 
lower than the one at the region close to the rectum wall, because this area is 
subject to greater movements and deformations due to the presence of rectum. 
The same argument could be applied to the apex and base.  

The present work is also limited to geometrical uncertainty in the prostate and 
does not take into account the effects of including the seminal vesicles. Addition 
of the seminal vesicles into the treatment volume depends on the stage and its 
impact on margins depends on the extent to which they are included. Their mo-
bility causes changes of orientation between the prostate and seminal vesicles as 
it has been reported [35] and higher margins should be considered when in-
cluding them in the treatment volume. 
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