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Abstract

Background: Cone-beam computed tomography (CBCT) image-guided radiotherapy (IGRT) systems are widely
used tools to verify and correct the target position before each fraction, allowing to maximize treatment accuracy
and precision. In this study, we evaluate automatic three-dimensional intensity-based rigid registration (RR) methods
for prostate setup correction using CBCT scans and study the impact of rectal distension on registration quality.

Methods: We retrospectively analyzed 115 CBCT scans of 10 prostate patients. CT-to-CBCT registration was
performed using (a) global RR, (b) bony RR, or (c) bony RR refined by a local prostate RR using the CT clinical target
volume (CTV) expanded with 1-to-20-mm varying margins. After propagation of the manual CT contours, automatic
CBCT contours were generated. For evaluation, a radiation oncologist manually delineated the CTV on the CBCT
scans. The propagated and manual CBCT contours were compared using the Dice similarity and a measure
based on the bidirectional local distance (BLD). We also conducted a blind visual assessment of the quality of the
propagated segmentations. Moreover, we automatically quantified rectal distension between the CT and CBCT
scans without using the manual CBCT contours and we investigated its correlation with the registration failures.
To improve the registration quality, the air in the rectum was replaced with soft tissue using a filter. The results with
and without filtering were compared.

Results: The statistical analysis of the Dice coefficients and the BLD values resulted in highly significant differences
(p<10−6) for the 5-mm and 8-mm local RRs vs the global, bony and 1-mm local RRs. The 8-mm local RR provided
the best compromise between accuracy and robustness (Dice median of 0.814 and 97% of success with filtering
the air in the rectum). We observed that all failures were due to high rectal distension. Moreover, the visual
assessment confirmed the superiority of the 8-mm local RR over the bony RR.

Conclusion: The most successful CT-to-CBCT RR method proved to be the 8-mm local RR. We have shown the
correlation between its registration failures and rectal distension. Furthermore, we have provided a simple (easily
applicable in routine) and automatic method to quantify rectal distension and to predict registration failure using
only the manual CT contours.
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Background
Many studies have demonstrated that dose escalation in-
creases local tumor control with acceptable toxicity [1,2].
With intensity-modulated radiotherapy (IMRT), it has be-
come possible to deliver higher doses to the target and re-
duce the dose to the surrounding normal tissue. However,
internal organ motion can occur over the course of radio-
therapy and cause an underdosage of the target and an
overdosage of the organs at risk (OAR). To compensate
for target mobility, population-based margins are added to
ensure proper dose coverage of the target [3]. This in re-
turn may increase toxicity to neighboring normal tissue.
Daily image guidance makes it possible to reduce these
treatment margins and organ toxicity by helping to pro-
vide a precise knowledge of the actual position of the tar-
get at treatment [2,4]. In the context of prostate cancer
radiotherapy, daily image-guidance is particularly useful.
Indeed, the prostate gland is known to be a moving and
deformable gland, which can be influenced by changes
in rectal and bladder volumes [5-7]. It should be noted
that bladder filling has a substantially smaller influence
on prostate motion than rectal distension has [8].
There have been many efforts to localize the prostate

for accurate delivery before daily treatment, including
transabdominal ultrasound imaging [9], kilovoltage or
megavoltage orthogonal port films of implanted gold fi-
ducial markers [10], portal images of a urethral catheter
containing radioopaque markers [11] and electromag-
netic tracking devices [12]. More recently, in-room tom-
ography imaging devices have gained attention and have
become commonplace in clinical centers. A great num-
ber of authors used registration with the planning com-
puted tomography (CT) scan to localize the prostate on
the day of the treatment. Most studies were performed
using daily in-room CT imaging systems as in [13-17].
Cone-beam computed tomography (CBCT) image-guided
radiotherapy (IGRT) systems [18] have become widely
used tools for prostate positioning in IMRT. However, due
to the much poorer image quality of CBCT scans than
that of CT scans, prostate localization on CBCT scans is
more challenging [19]. Daily in-room CBCT imaging for
prostate cancer was used in [20-29] but few studies have
localized the prostate in a completely automated way.
This paper aims to evaluate different automatic registra-

tion methods for the purpose of prostate position verifica-
tion and correction using CBCT imaging. It is commonly
assumed that the prostate gland behaves as a rigid body
[8] and that the deformation of the prostate during the
course of radiotherapy is small compared to the organ
motion [30]. Consequently, during IGRT of prostate can-
cer, in first order approximation, only set-up error and
organ motion need to be corrected, whereas prostate de-
formation can be considered to be a second-order effect.
That is why we focused on rigid registration (RR), which
accounts for first-order inter-fraction prostate motion. In
this work, we tested different types of CT/CBCT RRs: glo-
bal, bony, and local soft-tissue RRs.
Unlike previous studies whose quantitative validation

consisted of estimating CT/CBCT registration errors at
landmark positions (e.g., fiducial markers or calcifica-
tions), our study contains a quantitative validation based
on Dice calculations which provide a global estimation
of the registration accuracy at the location of the target.
By definition, the Dice coefficient quantifies the overlap
between regions, and in this work we used it to measure
the mismatch between the (manual and automatic CBCT)
prostate volumes.
We also defined a practical method to automatically

estimate rectal distension occurred between the CT and
CBCT scans in order to evaluate the impact of rectal
distension on the registration quality and to predict
registration failure using only the CT manual contours
and the gray-value CT and CBCT images. For this pur-
pose, we based our reasoning on the fact that the variation
in the volume of air in the rectum was directly correlated
with rectal distension. To the best of our knowledge, no
publications to date have presented a simple automatic
method to quantify rectal distension occurred between
the X-ray CT and CBCT scans using only the manual
CT contours and the gray-value CT and CBCT scans. Fi-
nally, we devised recommendations for clinical practice
for the use of automatic RR for prostate localization on
CBCT scans.
In this paper, we used the terms clinical target volume

(CTV) and planning target volume (PTV) as defined by
the ICRU [31].

Methods
Data description
In total, 115 CBCT scans from 10 prostate cancer patients
were analyzed. Each one of these patients underwent a sin-
gle planning CT scan and multiple daily CBCT scans over
the course of treatment. All the patients were instructed to
follow a dietary protocol in order to have a full bladder and
an empty rectum free of air at the time of the planning CT
acquisition and during the treatment. The planning CT
data were acquired using a General Electrics Light Speed
scanner. The treatment system was an ELEKTA Synergy
linear accelerator (LINAC) equipped with CBCT imaging
(named x-ray volume imaging (XVI)). During the CT
(CBCT) acquisition, the peak-voltage, the X-ray tube
current and the exposure time were 120 kVp (120 kVp),
300 mA (40 mA or 64 mA) and 1000 ms (40 ms), re-
spectively. Combined with the difference in beam geom-
etry (fan for CT and cone for CBCT), these parameters
accounted for the lower image quality obtained with
CBCT as compared with CT. The slice thickness was
3 mm and 1 mm for the CT and CBCT scans, respectively.
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The number of slices ranged from 89 to 132 in each CT
scan, and was 168 in each CBCT scan. Each CT (CBCT)
slice had 512 × 512 (410 × 410) pixels, with a typical in-
plane resolution of 0.98 (1.00) mm.
For clinical requirements, the prostate CTV (without

seminal vesicles) and the OAR, i.e., the bladder and the
rectum, were manually delineated on each planning CT
scan by a radiation oncologist. For the purposes of this
study, the same radiation oncologist manually delineated
the CTV and the OAR on each CBCT scan, following
the consensus contouring guidelines provided by the
Radiation Therapy Oncology Group at www.rtog.org/
LinkClick.aspx?fileticket=054g99vNGps%3d&tabid=354.
The bladder was contoured in its entirety. The rectum
was contoured from the rectosigmoid junction to the
anal verge. This anonymized database (composed of the
anonymized gray-value CT and CBCT images with their
manual segmentations) is now available by request via
email to the authors.

Registration algorithm
To automatically localize the prostate on the 115 daily
treatment CBCT scans, each of them was registered to
Figure 1 Registration pipeline.
the corresponding planning CT scan using different regis-
tration methods described hereunder. The resulting dis-
placements were then applied to the contours drawn
manually on the planning CT scans to generate the auto-
matic propagated CBCT contours. The skeleton of our 3D
automatic intensity-based registration procedure was pre-
viously described in [32]. To overcome the problem of the
variable amount of fecal gas in the rectum which could
mislead registration, we performed an extra pre-processing
filtering step which replaced gray values of gas by a tissue-
equivalent gray value as recommended in [17] in addition
to our pipeline described in [32]. We used a threshold gray
value of -150 HU for the CT scans and -500 for the CBCT
scans (all gray values below were set to these threshold
values). We compared these results with those obtained
without filtering. In our study, three types of intensity-
based RR methods were tested (Figure 1):

(a) global RR,
(b) RR of the pelvic bone structures of the CT and

CBCT images (bony RR),
(c) bony RR followed by a local soft-tissue RR based on

target (prostate) information. The latter was

http://www.rtog.org/LinkClick.aspx?fileticket=054g99vNGps%3d&tabid=354
http://www.rtog.org/LinkClick.aspx?fileticket=054g99vNGps%3d&tabid=354
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conducted using a registration mask that was a
region of interest (ROI) defined by the CT CTV
expanded with a margin among 1, 3, 5, 8, 10, 12,
15 and 20 mm. The CTV represented the whole
prostate gland, which was manually delineated in
the (clinical) planning process prior to treatment.

In the following, for the sake of simplicity, the combin-
ation of a bony RR with a local soft-tissue RR (method (c))
is referred to as a local RR.
A typical image registration framework has four basic

components: a similarity metric, an optimizer, a transform
and an interpolator. The similarity metric (or metric) mea-
sures quantitatively how well a transform is mapping the
reference image on top of the target image. We used an
intensity-based metric, which allowed the registration to
be fully automatic. A simple metric such as mean squared
differences could not be used as it required that the im-
ages to be registered should have intensity values in the
same range, i.e., be monomodal images. In fact, the con-
text was not strictly monomodal image registration since
the CBCT system was not calibrated in Hounsfield units.
However, the relationship between the intensities on the
CT image and those on the CBCT image was given by a
linear function. The normalized cross-correlation metric
was therefore chosen as a suitable similarity metric (with
mean intensities subtracted). This function computed the
correlation between the intensity values divided by the
square rooted autocorrelation of both the target and refer-
ence images. We performed a (deterministic) gradient
descent optimization, which was the most straightforward
method for incorporating gradient information into the
minimization process. The optimizer simply followed the
derivative of the metric. At each iteration, the current pos-
ition was updated according to the gradient of the metric
multiplied by a learning factor defined as a step size multi-
plied by a relaxation factor every time that the gradient
changed direction. We used a constant step size of 0.5, a
step size relaxation of 0.7, a tolerance on the step size of
0.1, a tolerance on the projected gradient magnitude of
10-5 and a maximum number of iterations of 500.
Transformations were rigid and hence they had only six
degrees of freedom (translations and rotations). Linear
interpolation was used in all our experiments. A multi-
resolution registration scheme, using three resolution
levels, was also utilized. Notice that when masks were
associated with the images to be registered, only pixels
that belonged to the intersection of the masks were con-
sidered for the computation of the metric.
Prior to CT/CBCT RR, there were some pre-processing

steps to carry out (Figure 2):

1 We offset the planning CT image so that its
isocenter coincided with the treatment isocenter
(i.e., the isocenter of the CBCT system). To do so,
the information concerning the planning CT
isocenter coordinates was retrieved from the Dicom
RTStruct file and compared with the LINAC
isocenter coordinates (set to 0,0,0).

2 We created masks that identified the patient’s body
on both gray-value images. These were the masks
associated with the gray-value images by default
(if no other masks were used) to allow registration
to ignore pixels that were “outside” the patient (e.g.,
the treatment table or artifacts) and could adversely
influence the registration process.

3 (This step concerned the bony RR only.) We
thresholded the CT and CBCT gray-value images to
exclusively show the pelvis bone structure. The
threshold level used to extract the bone anatomy
was 150 Hounsfield units (HU) for the CT images,
and -140 arbitrary units for the CBCT images
(in our institution, the CBCT system was not
calibrated in HU). These thresholded images were
registered, each one associated with its corresponding
patient body mask.

4 (This step concerned the global and the local
soft-tissue RRs only.) We replaced the air in the
rectum by a tissue-equivalent gray value in the CT
and CBCT images (the registration results were
compared with those obtained without this step).

5 (This step concerned the local soft-tissue RR only.)
We expanded the physician-drawn CT CTV by a
margin of 1, 3, 5, 8, 10, 12, 15 or 20 mm. This created
the mask to associate with the CT gray-value image
in the local soft-tissue RR process, instead of the CT
patient body mask created in step 2.

Software
For this study, all the data processing and visualization
were performed on a Linux computer with distribution
openSUSE 11.4 ×86 64, with an Intel Dual Core i5-560 M
2.66 GHz processor, 3 MB L2 cache, 4 threads, and 8GB
RAM. For the implementation of our registration algo-
rithms, the following open-source software, based on
C++, was used:

� the Insight Toolkit ITK [33][a]

� the ITK-based Command Line Image Toolkit clitk[b].

The software versions used were ITK 4.3.2, CMake
2.8.3 and gcc 4.5.1.

Validation
Software R, version 2.12, was used for all statistical signifi-
cance testing [34]. A p-value < 0.05 (< 0.01) was considered
(highly) significant. This part is composed of a quantitative
section and a qualitative section. The quantitative section



Figure 2 Pre-processing pipeline.
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was presented in part at the 2013 International Conference
on the Use of Computers in Radiation Therapy [35] and
was conducted using fewer scans and patients. The main
new contributions here include the following. We con-
ducted a qualitative validation that provided additional in-
formation during data analysis. As mentioned above, we
also performed an extra pre-processing step that filtered
the air in the rectum to improve the registration quality.
We also calculated the Dice similarity coefficient between
the CT and CBCT manual CTV contours for each CT/
CBCT pair after contour RR, corresponding to the max-
imum value achievable by any intensity-based RR method.
Finally, we used an additional measure based on the bidir-
ectional local distance (BLD) to assess the quality of all
registration methods.

Quantitative validation
Dice coefficient The Dice similarity coefficient was cal-
culated between the manual (ground-truth) and the auto-
matic (propagated) prostate segmentations on each CBCT
scan and for each method. The Dice coefficient between a
volume, A, and a volume, B, is defined as follows [36]:

DiceCoefficient ¼ 2⋅ A∩Bð Þ
Aþ B

ð1Þ

Ideally, when two volumes overlap perfectly, the
Dice coefficient equals 1. A null Dice coefficient would
correspond to two disjoint volumes. Differences in the
Dice results across the multiple intensity-based RR
methods were tested for significance using the inferen-
tial non-parametric Friedman statistical test (with α set
to 0.05), a version of the parametric repeated-measures
ANOVA. The Wilcoxon-Nemenyi-McDonald-Thompson
post-hoc test was conducted to decide which methods were
significantly different from each other ([37], page 295).
We assumed that the registration was unsuccessful if

the Dice coefficient after registration was found to be
lower than 95% of the Dice coefficient without registra-
tion. Indeed, we decided that below this threshold, the
choice of which will be explained in the Results section,
performing a registration would deteriorate the initial
image alignment (before/without registration). The Dice
coefficient without registration was calculated after apply-
ing an offset to the planning CT image so that its isocenter
coincided with the treatment isocenter (i.e., the isocenter
of the CBCT system); this value was calculated between
the manual and the automatic prostate segmentations on
the CBCT, the automatic one being simply the manual
prostate segmentation on the CT scan (no registration was
considered and therefore, no propagation applied).
The Dice coefficient was also calculated between the

CT and CBCT manual CTV contours for each CT/CBCT
pair after contour RR, i.e., after RR of the binary masks of
the manual contours. This Dice value represented an
upper bound on the Dice coefficients calculated for the



Figure 3 CT slice. Slice of a CT scan. The manual contours of (red)
the prostate and (green) the rectum, as well as (brown) the ROI
defined as the prostate gland extended with a margin of 8 mm are
drawn. The rectal distension occurred between the CT and the CBCT
scans was estimated by calculating the value of F as defined in
Equation 2. ĪCT,p(ĪCBCT,p) was calculated within the red region on the
CT (CBCT after bony rigid alignment) scan. ĪCT,r(ĪCBCT,r) was calculated
within the intersection of the green and the brown regions on the CT
(CBCT after bony rigid alignment) scan.
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intensity-based RR methods., i.e., the maximum value
achievable by any intensity-based RR method.

Bidirectional distance To accurately quantify the differ-
ence between the manual (ground-truth/reference) and
the automatic (propagated) prostate segmentations on each
CBCT scan and for each method, we also used the bidirec-
tional local distance (BLD), a robust point-to-surface dis-
tance measure introduced by Kim et al. in [38]. At each
point on the reference contour, a BLD was calculated,
and then all BLDs over the reference contour were aver-
aged to obtain a global bidirectional distance (BD) be-
tween both contours.

Impact of rectal distension on local RR quality In
general, the performance of RR deteriorates when the
size or the shape of an organ changes. When performing
local RR on the prostate ROI (CTV extended with a
margin among 1-20 mm), the registration mask neces-
sarily includes a portion of the rectum, as the prostate is
in contact with the rectum. However, the rectum is highly
prone to changes in size and shape due to its ever-
changing filling (gaseous and solid contents). The hypoth-
esis we wished to validate was that the unsuccessful local
RRs were caused by rectal distension occurred in the
vicinity of the prostate. We related the successful and un-
successful local RRs to the difference in rectum filling be-
tween the CT and the CBCT scans in the region of the
rectum that was included in the registration mask. For this
purpose, for each CT/CBCT pair, we calculated the fol-
lowing variable to quantify rectum filling variation, that is
rectal distension:

F ¼ �I CBCT ;r−�I CBCT ;p
� �

− �I CT ;r−�I CT ;p
� ��� �� ð2Þ

Where ĪCT,r is the CT average intensity in the rectum
portion, Rpartial, included in the registration mask, ĪCBCT,r
is the CBCT average intensity in region Rpartial after
rigidly aligning the bony structures of the CT and CBCT
scans, ĪCT,p is the CT average intensity in the prostate,
and ĪCBCT,p is the CBCT average intensity in the prostate
after rigidly aligning the bony structures of the CT and
CBCT scans. We used the manual segmentations to
generate region Rpartial, which corresponded to the
intersection of the mask and the rectum volume on the
CT scan (Figure 3). As the overall range of intensities
on a reconstructed CBCT scan could shift across acqui-
sitions, ĪCBCT,p and ĪCT,p were subtracted from ĪCBCT,r
and ĪCT,r, respectively.
The F number given by Equation 2 consistently reflects

rectal distension occurred in the vicinity of the prostate.
Indeed, in a CT or a CBCT scan, when the rectum is
empty (free of air), it is represented by the same range of
intensities as the prostate as both the rectum and the
prostate are soft tissues. When the same rectum is filled
with gas and solid contents, its volume increases and its
pixel intensities are shifted to lower values on average.
We plotted the success/failure output from all registra-

tions, arranging the 115 CT/CBCT pairs according to
increasing F number.
Visual assessment
A blind visual assessment of the quality of the propagated
segmentations was conducted to confirm the quantitative
results. Each propagated prostate segmentation was dis-
played onto the corresponding CBCT scan and the radi-
ation oncologist was asked to indicate the number of
slices that needed to be corrected, without knowing the
registration method used. A quality score between 0 and 3
was given to each automatic segmentation as follows: 0 if
the quality was poor, 1 if a major deviation could be edited
(more than 3 slices needed to be corrected), 2 if a minor
deviation could be edited (3 slices or less needed to be
corrected), 3 if the quality was perfect (no need to edit
any slice). Thus, for our set of 115 CBCT scans, the
maximum possible cumulative quality score was 345,
whereas a score of 230 would indicate a fair mean per-
formance. The non-parametric Wilcoxon signed-rank
statistical test was conducted to evaluate the difference
between the bony and the local RR methods. The radi-
ation oncologist also assessed whether the propagated
segmentations could be used as such for clinical prac-
tice, without further correction.
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Results
Without applying a replace-gas-by-tissue filter
Dice coefficient
We assessed the quality of a registration by comparing
the automatic and manual CBCT prostate contours. All
manual contours were delineated by the same radiation
oncologist. Thus, in the calculation of the Dice coeffi-
cient, there was an uncertainty due to the intra-observer
and inter-modality variability in manual organ delinea-
tion, which we needed to account for in the way we
assessed unsuccessful registration. For this purpose, we
registered the binary masks of the manual contours of
the CT and CBCT images (referred to as contour RR).
We found that our set of CT-to-CBCT manual-contour
RRs had a Dice mean of DSC

――― ¼ 0:858 and a SD of 0.035.
Approximately 99% of those Dice values lied in interval
DSC
―――

–2:58 � SD;DSC――― þ 2:58 � SD�½ , being [0.77, 0.95]. In
other words, in 99% of cases, the Dice values were smaller
than 0.95. That is why we chose to assess bony, global and
local RRs as unsuccessful if the Dice coefficients were
lower than 0.95 or 95% of the Dice coefficients obtained
without registration.
All intensity-based RR methods, except for the 1-mm

local RR (p = 6.6 10−2), yielded Dice results significantly
different from those obtained without registration. In
addition, there was a highly significant difference be-
tween the following registration methods: 8-mm local
RR vs global RR, 8-mm local RR vs bony RR, 8-mm local
RR vs 1-mm local RR, 5-mm local RR vs global RR, 5-mm
local RR vs bony RR, 5-mm local RR vs 1-mm local RR.
Table 1 shows the Dice medians, the standard deviations
(SD) and the number of failed registrations for each RR
method. We obtained the best accuracy with the 5-mm
and 8-mm local RRs. The two highest Dice medians,
which were obtained with the local RRs with 5-mm and 8-
mm margins, were close and equal to 0.816 and 0.815, re-
spectively. The 8-mm local RR appeared to be more ro-
bust than the other intensity-based RR methods as it
counted the lowest number of failed registrations (6 cases
out of 115 failed, i.e., 95% of success, versus e.g., 90% of
success for 5-mm local RR). When the local RR with small
margins failed, it could be caused by lack of contrast and/
or the frequently observed presence of (moving or not)
gas pockets situated in the rectum in the vicinity of the
prostate. In the following analysis, we chose to focus on
Table 1 Dice results after CBCT-based setup correction (115 C

Without RR Manual-contour RR Global RR Bony RR

(reference)

Dice median 0.731 0.864 0.784 0.785

Dice SD 0.105 0.035 0.069 0.070

Failed registrations - - 7 8
the 8-mm local RR as it produced a median very close to
the best one obtained with the 5-mm local RR, the lowest
SD and the lowest number of failed registrations. We ob-
served that when failing, the Dice coefficients obtained
with the 8-mm local RR or the bony RR were in the same
range (between 84% and 95% of the Dice coefficients with-
out registration).
Figure 4 illustrates an example of manual and automatic

prostate contours produced by the bony and 8-mm local
RRs displayed on top of the corresponding CBCT image.
In this particular case, we obtained a Dice coefficient of
0.70 and 0.80 for the bony RR and the 8-mm local RR,
respectively.

Bidirectional distance
We conducted the statistical analysis for the bidirectional
distance in a way similar to that for the Dice coefficients.
All intensity-based RR methods yielded results signifi-
cantly different from those obtained without registration.
We observed that the BD-based results confirmed the
Dice-based results. Similarly there was a highly significant
difference between the following registration methods:
8-mm local RR vs global RR, 8-mm local RR vs bony RR,
8-mm local RR vs 1-mm local RR, 5-mm local RR vs glo-
bal RR, 5-mm local RR vs bony RR, and 5-mm local RR vs
1-mm local RR. Table 2 shows the BD medians and the
standard deviations (SD) for each RR method. Overall we
obtained the best results with the 5-mm and 8-mm local
RRs in terms of BD medians (lowest, equal BD medians).
However, the 8-mm local RR had the smallest SD. Thus,
these results reinforced the idea that the 8-mm local RR
was the most accurate method.

Impact of rectal distension on local RR quality
We investigated in which cases the 8-mm local RR
failed. Figure 5 illustrates the impact of the variation of
rectal filling between the registered images on the 8-mm
local RR quality. With our database, the F values obtained
ranged from 0.1 to 410.7. We observed that if the
F factor as defined in Equation 2 was lower than
or equal to F 1 = 61.2, registrations were all successful
(93 cases out of 115). All failed registrations (6 in total,
representing almost one-third of the 22 remaining cases)
appeared to have F values higher than F 2 = 147.6. We
evaluated the performance of the 8-mm local RR with an
T/CBCT pairs of 10 patients)

Local RR

1 mm 3 mm 5 mm 8 mm 10 mm 12 mm 15 mm 20 mm

0.785 0.803 0.816 0.815 0.801 0.801 0.800 0.799

0.123 0.099 0.061 0.048 0.064 0.067 0.058 0.072

28 21 12 6 11 12 8 9



Figure 4 Example of contours. Example of (red) manual and
automatic prostate contours produced by (green) bony and (blue)
8-mm local RRs displayed on top of the corresponding CBCT image
in the (A) axial, (B) coronal and (C) sagittal planes.
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F cut-off of (F 1 + F 2)/2 = 104.4 (median between F 1
and F 2). We found a sensitivity of 1 and a specificity of
0.85 with our dataset.
Visual assessment
Regardless of the rectum influence, the visual assessment
of the segmentation quality confirmed the superiority of
the 8-mm local RR over the bony RR. In total, the bony
RR achieved a total cumulative score (sum of scores over
all registrations) of 258 versus 291 for the 8-mm local
RR. This difference was highly significant (p = 7.2 10−6).
For both methods, no segmentations achieved a zero score
(poor quality). The 8-mm local RR method always achieved
a score better than or equal to that of the bony RR method,
except for four cases (out of 115). However, in these four
cases, both methods yielded segmentations acceptable for
clinical use, without further correction. Table 3 indicates
the numbers of segmentations that were produced by the
bony and 8-mm local RRs for each score and that were
considered acceptable for clinical use.

Application of a replace-gas-by-tissue filter to improve
registration quality
To deal with registration failures, we applied a filter to the
CT and CBCT scans prior to registration to replace the in-
tensities of the gas voxels with an intensity of tissue.

Dice coefficient
Table 4 shows that applying a replace-gas-by-tissue filter
improved the success rate for the global RR and the local
RR with a margin higher than or equal to 8 mm. For the
8-mm local RR, the success rate improved from 95% (6
failures out of 115 scan pairs) without filtering to 97% (3
failures remaining out of 115 scan pairs) when a replace-
gas-by-tissue filter was applied. Out of the three pairs of
scans that failed to be registered with the 8-mm local RR
when a replace-gas-by-tissue filter was applied, two were
successfully registered using the bony RR, and one was
not successfully registered using the bony RR. For mar-
gins higher than or equal to 12 mm, the success rate im-
proved from 90%-93% without filtering to 99% (only one
failure occurred and corresponded to a pair of scans that
were successfully registered with the bony RR) when fil-
tering. In terms of success rate, when filtering, the most
robust RRs were the local ones with margins higher than
or equal to 12 mm. The 8-mm local RR had the highest
Dice median and the lowest SD (best accuracy). Statisti-
cally, the local RRs with margins higher than 5 mm did
not produce results significantly different from each other;
they statistically differed from the bony RR, the global RR,
and the 1-mm and 3-mm local RRs (except for the
20-mm local RR vs the global RR).

Bidirectional distance
Table 5 shows that for the global RR and the local RRs
with margins higher than or equal to 10 mm, applying a
replace-gas-by-tissue filter reduced the discrepancy be-
tween the manual and automatic contours overall (BD



Table 2 BD results after CBCT-based setup correction (115 CT/CBCT pairs of 10 patients)

Without RR Manual-contour RR Global RR Bony RR Local RR

(reference) 1 mm 3 mm 5 mm 8 mm 10 mm 12 mm 15 mm 20 mm

BD* median (mm) 2.86 1.48 2.18 2.17 2.20 1.95 1.84 1.84 2.01 2.01 2.04 2.10

BD* SD (mm) 1.18 0.32 0.70 0.71 1.89 1.28 0.87 0.58 0.75 0.81 0.72 0.84

*BD stands for Bidirectional Distance. It was calculated for each contour comparison by averaging the BLD values over the reference contour.
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values lower than those obtained without filtering). Among
all intensity-based RR methods, the lowest BD medians
were obtained with the 5-mm, 8-mm and 10-mm local
RRs. The SD of the 8-mm local RR was more than twice as
low as that of the 5-mm local RR, and smaller than that of
the 10-mm local RR. Therefore, in terms of BD values, the
8-mm local RR yielded more accurate results than did the
other intensity-based methods.

Discussion
In this work, we evaluated different automatic methods
for prostate localization based on intensity-based CT/
CBCT RR. For the sake of simplicity, the term “local
RR” was used in place of the combination of bony RR
with local soft-tissue RR. On average, the execution
times required by the global RR, the bony RR and the
local RR were 54 s, 48 s and 1 min 10 s, respectively. Our
statistical analysis showed that the most successful
methods were the 5-mm and 8-mm local RRs. The success
rate of the 8-mm local RR (95% of success when the air
was not filtered in the rectum, and 97% of success when a
Figure 5 Success failure results. Outcome (success or failure) of 8-mm lo
(as defined in Equation 2).
replace-gas-by-tissue filter was applied) was higher than
that of the 5-mm local RR and it is soundly acceptable for
further implementation for clinical practice. Moreover, all
automatic segmentations generated using the 8-mm local
RR method (even in the unsuccessful cases) were visually
considered acceptable for clinical use. In addition, we re-
lated the 8-mm local RR failures to rectal distension oc-
curred in the vicinity of the prostate, which we estimated
using an automatic method that could be easily applicable
in clinical practice. We drew the conclusion that with a
limited difference in rectum anatomy, an 8-mm local RR
would improve the registration quality, i.e., the alignment
of the registered images, and otherwise it would deterior-
ate the registration quality and should not be applied.
Many studies aiming to localize the prostate have been

performed using daily in-room CT imaging as in [13-17].
In particular, Court et al. developed an automatic planning-
CT/in-room-CT monomodal RR of the prostate for IGRT
using a mask around the prostate. They studied the effect
of the size of the registration mask using CTV expansions
of 0, 3, 6 and 9 mm, and showed that the optimum
cal RR w.r.t. the CT/CBCT pairs sorted in order of increasing F number



Table 3 Qualitative results after CBCT-based setup
correction (115 CT/CBCT pairs of 10 patients)

Score (per segmentation) 0 1 2 3 Acceptable for
clinical use

# bony RRs 0 15 57 43 107

# local 8-mm RRs 0 4 46 65 115
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expansion was 3 mm [15]. However, they quantitavely ana-
lyzed only 28 image sets from 2 patients and considered
only translations. They also showed that in the presence of
air in the rectum, filtering the air out of the registration
mask produced better results. Later on, Smitsmans et al.
conducted a study similar to ours with monomodal CT/CT
RR with 19 patients and 8-13 repeat CT scans per patient,
and they found the optimum margin was 5 mm [17]. They
also showed that applying a filter before registration that re-
moved gas from the registration mask or that replaced rec-
tal gas by soft tissue improved the results. To evaluate the
results, they compared the results of intensity-based regis-
tration to that of contour registration (in terms of volume
overlap, and mean and SD of the differences for each rota-
tion and translation axis for successful registrations), the
latter being used as a reference (contours were drawn
manually on each planning and repeat CT scan).
Daily in-room CBCT imaging for prostate cancer was

used in [20-29] but very few studies localized the pros-
tate in a completely automatic way. In [20,21], manual
CT/CBCT soft-tissue RR and alignments of implanted fi-
ducials using orthogonal kV or MV portal images and
CBCT scans were compared to target the prostate. In [22],
commercial software using an automatic intensity-based
RR algorithm was used to align implanted I125 seeds.
Without proposing a strategy to automatically localize the
prostate on the CBCT scan, authors in [23] measured the
residual setup error for prostate cancer patients after on-
line CBCT-based setup correction using three radiopaque
markers made of high-winding coils in the prostate and
prostate contours drawn manually on the CT and CBCT
scans. In [24], commercial software was used to perform
an automatic intensity-based soft-tissue RR.
Kim et al. tested the effect of different similarity met-

rics and expansions (ranging from 0 to 10 mm) for the
prostate registration mask on automatic CT/CBCT
Table 4 Dice results after CBCT-based setup correction (115 C
replaced by soft tissue in images.

Without RR Manual-contour RR Global RR Bony R

(reference)

Dice median 0.731 0.864 0.797 0.785

Dice SD 0.105 0.035 0.062 0.070

Failed registrations - - 6 8
registration quality [25]. They removed the gas and the pel-
vic bone from the registration mask. They found that ex-
pansion margins of 4-10 mm were equally successful. The
registration accuracy was assessed using one natural pros-
tate calcification in images (not a global measure) as well as
qualitative visual evaluation. A minutely detailed inspection
of their results showed us that among all the margins they
had tested (from 0 mm to 10 mm), they had obtained the
most accurate results with the 8-mm margin (mean ± SD =
1.5± 0.7 mm, but more particularly the lowest maximum
calcification mismatch error (3.6 mm)), which is in agree-
ment with our results.
Smitsmans et al. automatically localized the prostate

on CBCT scans using their above-mentioned algorithm
with a 5-mm margin (assuming that the optimal margin
found for CT/CT registration will be optimal for CT/
CBCT registration as well) and a “replace-gas-by-tissue”
filter [26]. They also removed the pelvic bone and the
prostate calcifications close to the border (subject to
movement) from the registration mask. To evaluate the
results, a visual inspection was performed (a registration
was assessed as successful if the prostate could fit within
the manual CT contours expanded by 3.6 mm and over-
laid on the registered CBCT scan). Registration errors of
calcification mismatch were determined for patients with
calcifications within the prostate, and only for successful
registrations. In our study, we showed that when we fil-
tered the air in the rectum as done in [17], we obtained
an optimum margin of 8 mm (best accuracy in terms of
Dice and BD values among all methods and a success rate
of 97% better than the 83% success rate we obtained with
the 5-mm margin). That said, margins between 8 mm and
15 mm yielded close results in terms of Dice median, SD,
success rate and from a statistical point of view (as for the
20-mm local RR, it was not found to be significantly dif-
ferent from the global RR). The fact that we do not find
the same optimum margin can stem from the nature of
the images being registered (monomodal CT-to-CT regis-
tration versus multimodal CT-to-CBCT registration) and
the nature of the validation (e.g., different definitions of
registration success). In [26], authors also reported that
the CT/CBCT local RR with a 5-mm margin mainly failed
because of streaks in the CBCT scans caused by moving
gas pockets in the rectum but they did not propose an
automatic and quantitative way to predict failures. In
T/CBCT pairs of 10 patients). Before registration, air was

R Local RR

1 mm 3 mm 5 mm 8 mm 10 mm 12 mm 15 mm 20 mm

0.776 0.794 0.810 0.814 0.813 0.811 0.806 0.811

0.113 0.123 0.074 0.045 0.052 0.046 0.052 0.055

28 26 20 3 3 1 1 1



Table 5 BD results after CBCT-based setup correction (115 CT/CBCT pairs of 10 patients). Before registration, air was re-
placed by soft tissue in images.

Without RR Manual-contour RR Global RR Bony RR Local RR

(reference) 1 mm 3 mm 5 mm 8 mm 10 mm 12 mm 15 mm 20 mm

BD* median (mm) 2.86 1.48 2.09 2.17 2.23 2.24 1.89 1.91 1.89 1.97 2.00 1.95

BD* SD (mm) 1.18 0.32 0.64 0.71 1.90 1.69 1.08 0.49 0.59 0.55 0.61 0.66

*BD stands for Bidirectional Distance. It was calculed for each contour comparison by averaging the BLD values over the reference contour.
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our study, we proposed an automatic method to esti-
mate rectal distension to predict registration failures,
using only the manual CT contours with the gray-value
CT and CBCT images. The manual CBCT contours
were not needed.
In this work, we did not study the inter/intra-observer

variability in manual delineation, hence nor the amount
of Dice uncertainty due to this variability. This can be
investigated in a future study. White et al. have previ-
ously determined the inter-observer variability of defin-
ing the prostate on CBCT images in terms of variations
in volume, center of mass, prostate boundary and conse-
quent isocenter placement [39]. Weiss et al. have also
analyzed inter/intra-observer contouring variations using
standard deviation and average volume calculations [40].
However, none of these studies calculated Dice coeffi-
cients of volumes delineated by different observers.
The method we proposed in this paper to assess rectal

distension could be applied in an adaptive radiotherapy
approach. A future study could aim at assessing the im-
pact of rectal distension on dose target coverage and
organ-at-risk exposure. This could allow one to determine
a cut-off value for rectal distension beyond which treat-
ment replanning would become necessary.

Conclusions
With this study, we aimed to provide guidance for good
practices in the use of CT-to-CBCT RR for prostate pos-
ition verification and correction. We recommend to start
with a bony RR. The next step is to determine whether a
local RR with an 8-mm margin can be performed on top
of the bony RR to improve upon registration quality. To
do so, the user should estimate rectal distension occurred
in the vicinity of the prostate between the planning CT
scan and the treatment CBCT scan. In this paper, we
propose a method to conduct such an evaluation that is
easily applicable in clinical practice and automatic using
only the manual CT contours and requiring calculations
of mean intensities in the prostate and in the portion of
the rectum included in the registration mask in both im-
ages after bony RR. If the difference in rectum anatomy is
limited, the 8-mm local RR will improve registration qual-
ity and prostate targeting. If not, the 8-mm local RR may
deteriorate registration quality and hence it should not be
applied. We highly recommend that the user should
always visually assess the final registration quality, particu-
larly when a local RR is applied.

Endnotes
afreely available at www.itk.org.
bfreely available at www.creatis.insa-lyon.fr/rio/vv.

Competing interests
Christine Boydev received a grant from Elekta SAS Boulogne-Billancourt,
France.

Authors’ contributions
This work is part of CB’s PhD research. She carried out the data processing
and drafted the manuscript. DP initiated this work. He performed all manual
delineation of organs of interest and the visual inspection of automatic
prostate segmentations on CBCT scans. As a radiation oncologist, he closely
supervised CB’s work from a clinical point of view. This work could not be
possible without JPT’s supervision and technical expertise in medical image
processing; he helped to analyze registration results, to perform the
statistical analysis and to correlate registration failures to rectal distension.
ATA also supervised the student’s work; he provided useful comments about
the results through focused discussion. FD and LP provided useful
comments on the interpretation of data and review. All authors read and
approved the final manuscript.

Acknowledgements
This work was financially supported by a grant from Elekta SAS,
Boulogne-Billancourt, France.

Author details
1Signal Processing Laboratory, Swiss Federal Institute of Technology
Lausanne (EPFL), Lausanne, Switzerland. 2Laboratory of Industrial and Human
Automation control, Mechanical engineering and Computer Science,
University of Valenciennes and Hainaut-Cambrésis, Valenciennes, France.
3Unité de Traitements de Signaux Biomédicaux, Faculté Libre de Médecine,
Lille, France. 4Unité de Traitements de Signaux Biomédicaux, Hautes Etudes
d’Ingénieur, Lille, France. 5Department of Radiology, University Hospital
Center (CHUV) and University of Lausanne, Lausanne, Switzerland. 6Academic
Department of Radiation Oncology, Centre Oscar Lambret, Lille, France.

Received: 13 June 2014 Accepted: 20 March 2015

References
1. Martin JM, Bayley A, Bristow R, Chung P, Gospodarowicz M, Menard C, et al.

Image guided dose escalated prostate radiotherapy: still room to improve.
Radiat Oncol. 2009;4:50. document.

2. Sveistrup J, af Rosenschöld PM, Deasy JO, Oh JH, Pommer T, Petersen PM,
et al. Improvement in toxicity in high risk prostate cancer patients treated
with image-guided intensity-modulated radiotherapy compared to 3d
conformal radiotherapy without daily image guidance. Radiat Oncol.
2014;9:44. document.

3. van Herk M, Remeijer P, Rasch C, Lebesque JV. The probability of correct
target dosage: dose-population histograms for deriving treatment margins
in radiotherapy. Int J Radiat Oncol Biol Phys. 2000;47(4):1121–35. document.

4. Gill S, Thomas J, Fox C, Kron T, Rolfo A, Leahy M, et al. Acute toxicity in
prostate cancer patients treated with and without image-guided
radiotherapy. Radiat Oncol. 2011;6:145. document.

http://www.itk.org
http://www.creatis.insa-lyon.fr/rio/vv


Boydev et al. Radiation Oncology  (2015) 10:83 Page 12 of 12
5. Padhani AR, Khoo VS, Suckling J, Husband JE, Leach MO, Dearnaley DP.
Evaluating the effect of rectal distension and rectal movement on prostate
gland position using cine mri. Int J Radiat Oncol Biol Phys.
1999;44(3):525–33. document.

6. Roeske JC, Forman JD, Mesina CF, He T, Pelizzari CA, Fontenla E, et al.
Evaluation of changes in the size and location of the prostate, seminal
vesicles, bladder, and rectum during a course of external beam radiation
therapy. Int J Radiat Oncol Biol Phys. 1995;33(5):1321–9.

7. de Crevoisier R, Tucker SL, Dong L, Mohan R, Cheung R, Cox JD, et al.
Increased risk of biochemical and local failure in patients with distended
rectum on the planning CT for prostate cancer radiotherapy. Int J Radiat
Oncol Biol Phys. 2005;62(4):965–73. document.

8. van Herk M, Bruce A, Kroes AP, Shouman T, Touw A, Lebesque JV.
Quantification of organ motion during conformal radiotherapy of the
prostate by three dimensional image registration. Int J Radiat Oncol Biol
Phys. 1995;33(5):1311–20. document.

9. Orton NP, Jaradat HA, Tomé WA. Clinical assessment of three-dimensional
ultrasound prostate localization for external beam radiotherapy. Med Phys.
2006;33(12):4710–7. document.

10. Balter JM, Lam KL, Sandler HM, Littles JF, Bree RL, Ten Haken RK. Automated
localization of the prostate at the time of treatment using implanted
radiopaque markers: technical feasibility. Int J Radiat Oncol Biol Phys.
1995;33(5):1281–6. document.

11. Bergström P, Löfroth PO, Widmark A. High-precision conformal radiotherapy
(hpcrt) of prostate cancer–a new technique for exact positioning of
the prostate at the time of treatment. Int J Radiat Oncol Biol Phys.
1998;42(2):305–11. document.

12. Langen KM, Willoughby TR, Meeks SL, Santhanam A, Cunningham A, Levine L,
et al. Observations on real-time prostate gland motion using electromagnetic
tracking. Int J Radiat Oncol Biol Phys. 2008;71(4):1084–90. document.

13. Lattanzi J, McNeely S, Hanlon A, Das I, Schultheiss TE, Hanks GE. Daily ct
localization for correcting portal errors in the treatment of prostate cancer.
Int J Radiat Oncol Biol Phys. 1998;41(5):1079–86. document.

14. Hua C, Lovelock DM, Mageras GS, Katz MS, Mechalakos J, Lief EP, et al.
Development of a semi-automatic alignment tool for accelerated
localization of the prostate. Int J Radiat Oncol Biol Phys. 2003;55(3):811–24.

15. Court LE, Dong L. Automatic registration of the prostate for computed-
tomography-guided radiotherapy. Med Phys. 2003;30(10):2750–7. document.

16. Paskalev K, Ma CM, Jacob R, Price R, McNeeley S, Wang L, et al. Daily target
localization for prostate patients based on 3d image correlation. Phys Med
Biol. 2004;49(6):931–9.

17. Smitsmans MHP, Wolthaus JWH, Artignan X, de Bois J, Jaffray DA, Lebesque JV,
et al. Automatic localization of the prostate for on-line or off-line image-guided
radiotherapy. Int J Radiat Oncol Biol Phys. 2004;60(2):623–35. document.

18. Jaffray DA, Siewerdsen JH, Wong JW, Martinez AA. Flat-panel cone-beam
computed tomography for image-guided radiation therapy. Int J Radiat
Oncol Biol Phys. 2002;53(5):1337–49. document.

19. Siewerdsen JH, Jaffray DA. Cone-beam computed tomography with a
flat-panel imager: magnitude and effects of x-ray scatter. Med Phys.
2001;28(2):220–31. document.

20. Moseley DJ, White EA, Wiltshire KL, Rosewall T, Sharpe MB, Siewerdsen JH,
et al. Comparison of localization performance with implanted fiducial
markers and cone-beam computed tomography for on-line image-guided
radiotherapy of the prostate. Int J Radiat Oncol Biol Phys.
2007;67(3):942–53. document.

21. Barney BM, Lee RJ, Handrahan D, Welsh KT, Cook JT, Sause WT. Image-guided
radiotherapy (igrt) for prostate cancer comparing kv imaging of fiducial
markers with cone beam computed tomography (cbct). Int J Radiat Oncol
Biol Phys. 2011;80(1):301–5. document.

22. Boda-Heggemann J, Köhler FM, Wertz H, Ehmann M, Hermann B,
Riesenacker N, et al.. Intrafraction motion of the prostate during an imrt
session: a fiducial-based 3d measurement with cone-beam ct. Radiat Oncol.
2008;3:37. document.

23. Létourneau D, Martinez AA, Lockman D, Yan D, Vargas C, Ivaldi G, et al.
Assessment of residual error for online cone-beam ct-guided treatment
of prostate cancer patients. Int J Radiat Oncol Biol Phys.
2005;62(4):1239–46. document.

24. Perks J, Turnbull H, Liu T, Purdy J, Valicenti R. Vector analysis of prostate
patient setup with image-guided radiation therapy via kv cone beam
computed tomography. Int J Radiat Oncol Biol Phys. 2011;79(3):915–9.
document.
25. Kim J, Hammoud R, Pradhan D, Zhong H, Jin RY, Movsas B, et al. Prostate
localization on daily cone-beam computed tomography images:
accuracy assessment of similarity metrics. Int J Radiat Oncol Biol Phys.
2010;77(4):1257–65. document.

26. Smitsmans MHP, de Bois J, Sonke J-J, Betgen A, Zijp LJ, Jaffray DA, et al.
Automatic prostate localization on cone-beam CT scans for high precision
image-guided radiotherapy. Int J Radiat Oncol Biol Phys. 2005;63(4):975–84.
document.

27. Sato H, Abe E, Aoyama H. Comparison of soft-tissue matching on daily cone
beam computed tomography and fluoroscopy-based bony-structure
matching in the target localization for the imrt of prostate cancer [abstract].
Int J of Radiat Oncol Biol Phys. 2012;84:363.

28. Lee Y, Perks JR, Yi SK, Stern RL, Valicenti RK. Daily localization comparison
between kilovoltage cone beam computed tomography and
electromagnetic tracking system for intensity modulated radiation
therapy-treated prostate patients [abstract]. Int J of Radiat Oncol Biol Phys.
2012;84:744.

29. Kasibhalta M, Yoo S, Yin F, Godfrey D, Oldham M, Das SK. Assessment of
setup accuracy for prostate radiotherapy using on-board imaging and cone
beam computed tomography [abstract]. Int J of Radiat Oncol Biol Phys.
2005;63:535. document.

30. Deurloo KEI, Steenbakkers RJHM, Zijp LJ, de Bois JA, Nowak PJCM, Rasch
CRN, et al. Quantification of shape variation of prostate and seminal vesicles
during external beam radiotherapy. Int J Radiat Oncol Biol Phys.
2005;61(1):228–38. document.

31. Morgan-Fletcher SL. Prescribing, recording and reporting photon beam
therapy (supplement to icru report 50), icru report 62. icru, pp. ix+52, 1999
(icru bethesda, md). Br J Radiol. 2001;74(879):294. document.

32. Boydev C, Pasquier D, Derraz F, Peyrodie L, Taleb-Ahmed A, Thiran J-P.
Automatic prostate segmentation in cone-beam computed tomography
images using rigid registration. Conf Proc IEEE Eng Med Biol Soc.
2013;2013:3993–7. document.

33. Ibanez L, Schroeder W, Ng L. Cates J, Consortium TIS. The ITK Software
Guide, 2nd edn. Kitware, Inc. ISBN 1-930934-15-7, (2005). document

34. Team, R.C. R: a language and environment for statistical computing. R
foundation for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing; 2013. document.

35. Boydev C, Pasquier D, Derraz F, Peyrodie L, Taleb-Ahmed A, Thiran JP. A
comparison of rigid registration methods for prostate localization on CBCT
and the dependence on rectum distension. J Phys Conf Ser.
2014;489(1):012025. document.

36. Dice LR. Measures of the amount of ecologic association between species.
Ecology. 1945;26(3):297–302. document.

37. Hollander M, Wolfe DA. Nonparametric Statistical Methods. Wiley-Interscience.
1999 document

38. Kim HS, Park SB, Lo SS, Monroe JI, Sohn JW. Bidirectional local distance
measure for comparing segmentations. Med Phys. 2012;39(11):6779–90.
document.

39. White EA, Brock KK, Jaffray DA, Catton CN. Inter-observer variability of
prostate delineation on cone beam computerised tomography images.
Clin Oncol (R Coll Radiol). 2009;21(1):32–8. document.

40. Weiss E, Wu J, Sleeman W, Bryant J, Mitra P, Myers M, et al. Clinical
evaluation of soft tissue organ boundary visualization on cone-beam
computed tomographic imaging. Int J Radiat Oncol Biol Phys.
2010;78(3):929–36. document.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Data description
	Registration algorithm
	Software
	Validation
	Quantitative validation
	Visual assessment


	Results
	Without applying a replace-gas-by-tissue filter
	Dice coefficient
	Bidirectional distance
	Impact of rectal distension on local RR quality
	Visual assessment

	Application of a replace-gas-by-tissue filter to improve registration quality
	Dice coefficient
	Bidirectional distance


	Discussion
	Conclusions
	Endnotes
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

