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Abstract

Introduction: This study aimed to assess and compare the capabilities of two commercially available deformable image
registration algorithms implemented in Raystation 9A (A;) and Velocity Al (Ay) for possible usage in adaptive prostate
radiotherapy based on the propagation of anatomical contours from computed tomography (CT) images to cone-beam CT
(CBCT) images.

Material and methods: Ten patients were retrospectively selected from a group treated for localized prostate cancer. The
propagation of rectum contours was analyzed in a set of CT-CBCT pairs. Two independent observers carried out qualitative
analysis using the two-level descriptive scale (meet/fail). Quantitative analysis was done using landmark points distances
based on implanted markers as navigation points and differently obtained contours (manually and automatically using DIR
algorithms). Quantitative analysis was taken on sets preselected by qualitative analysis.

Results: Qualitative analysis shows that 83.7% of the rectum contours were scored identically (meet or fail) for both
algorithms, fromwhich 53.5% and 55.8% are failed results for Aj and A, respectively. For the rectum size (RWD parameter),
differences between referenced and deformation-based values were 5.5 and 5.8 mm, and for the rectum wall, the prostate
marker distance (WMD parameter) was 4.5 and 5.5 mm for A; and Aj, respectively. The differences between the WMD
parameters were statistically significant (p = 0.007).

Conclusions: In both tested algorithms, neither effectiveness nor measured uncertainties in the propagation of rectum
contour process in prostate patient cases were satisfactory. Careful selection of input images followed by case/set-based
verification of every deformable registration is a substantial step to avoid inappropriate results.
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1 Introduction

Future progress in adaptive radiotherapy (ART) depends on
assessment and development of precise fraction dose deter-
mination and accumulation [1]. Improvement in this respect
is conventionally associated with progress in curved image
registration according to non-rigid changes that occur inside
human body [2—4]. In general, image registration is a process
of finding transformation that aligns two images represent-
ing a similar morphological area. There are three groups of
transformations: (a) rigid that preserves the Euclidean distance
between points and includes translations and rotations, (b)
affine that preserves parallelism of lines and includes global
scaling, and (c) deformable image registration (DIR) [5]. The
DIR cannot be represented as a sum or combination of rigid
and affine transformations. The result of rigid transformations
is used as pre-registrations that define the starting orientation
of images before the DIR and the affine transformation is
commonly used for scaling images during the pre-registration
procedure [3]. The DIR process is based on a few steps that
are focused on similarity metrics, optimization, regularization,
and transformation. The manner of implementing individual
steps depends on a mathematical model used during the DIR
[6].

Nowadays, there are easily accessible DIR algorithms
both free and in combination with commercial software that
represent diverse approaches to the issue [5]. While recom-
mendations are given in report AAPM TG 132 [7] about using
DIR in the planning and image-guided procedures of radio-
therapy, dose accumulation, and propagation is constantly a
field of fierce debate [8]. On one hand, there are growing
expectations about dose calculation accuracy and quality of
the image-based contouring. On the other hand, there are
needs of daily imaging for daily dose adaptation and accu-
mulation. DIR algorithms complexity, significance of results
and large scope of possible clinical challenges drive us to
introduce quality assurance not only at commissioning but
also on the clinical or patient level. This opens a wide field
for tailored quality assurance (QA) tools that are sufficiently
fast and reliable on a daily clinical basis [7].

Prostate ART based on daily cone-beam computed tomog-
raphy (CBCT) images is one of the most explored and
developed technique but still challenging especially with
DIR [4,9]. Unique combination of low contrast structure
boundaries (between the prostate and rectum or blad-
der), daily differences in structure shapes and positions
[10,11] and CBCT low quality [12] makes it an interesting
example.

In the present study we introduce a direct qualitative and
quantitative performance analysis and comparison of two
commercially available DIR algorithms. For the qualitative
analysis, we used a simple two-level (meet/fail) scale and for
the quantitative analysis, we uses selected landmark points and
a rectum contour. As complementary volumetric parameter,
we used the Dice similarity coefficient.

2 Material and methods

The study compares the utility of two commercially avail-
able DIR algorithms for matching CT and CBCT images
during the treatment of low- or intermediate-risk prostate
cancer. The analysis was performed to check the registra-
tion accuracy of anatomical regions including the prostate and
rectum.

2.1 Algorithms

The following algorithms were used in this study:

Aj: Anatomically constrained deformation algorithm (ANA-
CONDA) implemented in Raystation 9 A (RaySearch
Laboratories AB, Stockholm, Sweden) [13].

Aj: Diffeomorphic registration algorithm implemented in
Velocity Al ver. 4 (Varian Medical Systems Inc., Palo Alto,
CA, USA) [14].

Both investigated algorithms are classified as free form
deformation algorithms and utilize B-splines for image inter-
polation. In A two options of similarity measure are available:
mutual information (MI) and Pearson’s correlation coefficient
(PCC). In this study we used PCC as it is recommended for
CT-CBCT registration [15]. PCC is a straightforward measure
that directly compares both image intensities. It checks if there
is a linear dependence between them. In A; similarity mea-
sure was automatically selected for CT-CBCT registration as
MI [16].

2.2 Patients

Ten patients were retrospectively selected from a group
treated for localized prostate cancer with total dose of 76 Gy
in 38 fractions. All patients had three gold anchor markers
(Naslund Medical AB, Huddinge, Sweden) implanted in the
prostate gland before radiotherapy. The planning CT images
were taken on Somatom Definition AS (Siemens Medical
Solutions, Erlangen, Germany) using standard pelvic proto-
col for radiotherapy (120kV and 162 mAs). Every patient
was scanned and treated in a supine position with a knee-
fix immobilization system (Combi-fix; CIVCO Radiotherapy,
Coralville, TA, USA). The CBCT images were taken on the
TrueBeam accelerator with an on-board imaging system V.
2.5 (Varian Medical Systems, Palo Alto, CA) using a standard
protocol for pelvis imaging (full fan, 125kV and 100 mAs).
Patients are instructed to drink 500 mL of water half hour
before CT imaging and, subsequently, before every treat-
ment fraction. Similarly, to prepare the rectum, patients were
instructed to follow an easily digestible diet.
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2.3 Rectum delineation

Delineation of the rectum on CT images following the
ESTRO ACROP guidelines [17] using magnetic resonance
images as guidance. The rectum was contoured from the recto-
sigmoid junction up to approximately 2 cm below the lowest
prostate apex contour. The contours were done by a single
physician and were supervised and accepted by the depart-
ment case conference. To obtain contours on CBCT sets, 3
different methods were used:

M): manual delineation. The delineation process was divided
into two parts i.e., manual delineation was done by a single
observer on all CBCT sets and then inspected by another
observer.

M;: contours obtained from the first (A1) deformable regis-
tration algorithm (ANACONDA).

M, : contours obtained from the second (Aj) deformable reg-
istration algorithm (Velocity).

2.4 Registration scheme

Both algorithms require initial rigid registration as a starting
point for the deformation process. In A| we automatically reg-
istered all pairs if images using point-based registration with
3 implanted markers as points and one virtual point created in
the mass center of the marker system. In Aj, because of the
utilization of the adaptive monitoring navigator, the control
on rigid registration was limited to translation/rotation tools
that allow operations based on information from the whole or
specified parts of registered images, not from points marked
on it.

In A1 the user can manually choose grid resolution before
starting the algorithm (from 5 mm in all directions to 1.3 mm
in the in-plane directions and 3 mm in the longitudinal direc-
tion). We choose, always, the finer possible resolution. In A;
we choose a multi-pass option which means that algorithms
work in an iterative process through three resolutions (coarse,
medium, and fine resolution) where the result from one resolu-
tion is the starting point for the next step. This process, called
a multi-resolution optimization strategy [ 18], allow obtaining
the final deformable grid resolution equal to 5 mm.

In general, when using Aj, the deformation takes place
in the whole image’s overlapping region. Nevertheless, the
hybrid mode is possible, where additional constraints, such
as the region of interest (ROI) or points of interest (POI), are
used for output refinement. Therefore, to fine-tune the reg-
istration process for A1, we used ROI defined as the cuboid
volume created based on previously outlined structures, i.e.
the prostate gland and the rectum, expanded by a 1 cm mar-
gin in the longitudinal direction. A, requires that the ROI
is defined before every deformation (when the navigator is
starting). In contrast with Aj, this is the only region where
the algorithm works. Both ROIs (for Aj and A») included the
same volume. To prevent unwanted marker displacement after

rigid registration due to deformation in A1, we selected three
fiducial markers as controlling POIs (points of interest) which
became bonds for the whole process.

2.5 Analysis

The contours (M and M>) that were morphed and moved
from CT to CBCT images as the result of applying automatic
methods (A1 and A,) were evaluated by visual inspection by
two independent observers (Obs; and Obs,) using a simple
two-level descriptive scale (meet/fail). Unacceptable result
(fail) was registered when the contour had to be corrected
on at least three scans, or the outline’s structural error was
observed. Set is considered to meet the criteria only if there
is consistency of results for both observers, otherwise the set
is scored as fail. The agreement between the observer ratings
for each method (i.e., Obs; vs Obs, for A; and Obs; vs Obs;
for Aj) as well as between the methods (i.e., A| vs Ay) was
analyzed using Fisher’s exact test. The Cohen’s Kappa coef-
ficient was used to measure inter-observer reliability and the
correlation between scores obtained for the algorithms. Tests
were performed at a significance level of 0.05.

Quantitative analysis was performed for the rectum con-
tours from CBCT sets that were scored positively for both
methods (A and A3) and by both observers (Obs; and Obs;)
during qualitative evaluation. The contours manually delin-
eated (My) were selected as the reference. The three landmark
points related to the rectum (RP) and three associated with
implanted gold markers (MP) were selected for every qual-
ified CBCT set. Each single point in the rectum (RP) was
connected by a straight line to one point in the prostate (MP).
The shortest distance between RP and MP was the determin-
ing factor of points connection. In the places where each of the
lines crossed the contour of the rectum, another three points
were inserted to represent the reference position of the rectal
wall (WP). Figure 1 shows the schematic view of location of
the points and lines.

The points locations determined two kinds of distances that
were measured: RWD —the distance between a point located in
the rectum (RP) and point on the rectum wall (WP), and WMD
— the distance between point located on the rectum wall (WP)
and point in the prostate (MP). The distances RWD and WMD
were measured for referenced contours (My) as well as for the
contours that were generated by the A1 and A algorithms (i.e.,
M|, M;). The differences between these distances obtained for
My and M or M, were calculated according to the following
formulas:

ARMDM* = RWDM° — RWDM®  and
AWMDM4 = wmDM° — wmDMa (1
where i=1,2,3 is a point number, Mo is the manual con-

touring method and Ma is the automatic method (M) number
(a=1,2).
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Prostate

Rectum

Figure 1. Schematic view of the points used to determine the position
of wall of the rectum adjacent to the prostate. RP — points located
in the rectum, MP — points in the prostate associated to markers,
WP — points located on the intersection of the rectal wall defined by
contour and of the lines that connect the RP and MP points.

While the potential differences of RWDs suggest changes in
the rectum volume, the differences of WMDs suggest changes
in the rectum position related to the prostate. Finally, the sum
of differences was counted for every CBCT set:

3
RWD(M,) = ZARWDZM“ and
i=1
3
WMD(M,) = ZA wMDM )

i=1

The mean Dice similarity coefficient (DSC) [19] between
the rectum obtained using automatic (M, M>) and manual
delineation (M) was chosen as an alternative and comple-
mented our landmark-based method. The DSC was calculated
according to the formula:

DSC = 2 x V (Rmo) NV (Rpa) 3)
Vv (RMO) +V (RMa)

where V(Ry,) is the volume (V) of the rectum (R) defined
on the basis of manual delineation (Mo), and V(Ryy,) is the
volume (V) of the rectum (R) delineated based on the auto-
matic method (M) number (a=1,2). DSC assumed values
were from O (no overlap) to 1(full overlap).

In all analysis, the Wilcoxon test at significance level of 0.05
was used to check the statistical significance of differences
between the automatic methods (M and M>).

3 Results

We evaluated 10 CT sets (one for every patient) and 111
CBCT sets which were taken during the treatment course
(from 5 to 12 per patient). As a preliminary preparation, all
sets were reviewed for quality reasons (artifacts). 14 CBCT
sets were excluded from further analysis due to metal artifacts
produced by markers implanted in the prostate gland (2 sets)
and air moving in the rectum (12 sets).

The comparison of the observer ratings for A; and A, was
taken on 97 CBCT sets. In the case of A, the rectum contour
was accepted by both observers for 45 CBCT sets (46.4%
of all sets analyzed) and rejected for 46 (47.4%) CBCT sets.
For 6 (6.2%) CBCT sets, the observer ratings were different.
Analyzing the observers’ agreement for A,, the rectum con-
tour was accepted for 42 (43.3%) and rejected for 50 (51.5%)
CBCT sets. For 5 (5.2%) CBCT sets, the observer ratings
were different. The Fisher exact test confirm high agree-
ment between observers’ ratings (p <0.001 for both analysis).
According to the scale proposed by Landis and Koch [20], the
Cohen’s Kappa coefficients were noted as “almost perfect’
and were 0.876 for inter-observer analysis for A and 0.896 for
Aj. Table 1 shows the agreement between observers’ scores
for accuracy of the rectum contours morphing using the A
and A, algorithms.

Direct comparison between the methods (i.e., A; vs Aj)
was taken on the CBCT sets where both observers had
compliant results (86 out of 97) and for the whole group of
97 observations (Table 2). Performance obtained through
the algorithms confirmed the similarity of their efficacy
(» <0.001, Fisher exact test) in both situations. For the whole
group of the CBCT sets (Table 2b), the Cohen’s Kappa coef-
ficient was noted as “moderate” and was 0.521. For selected
observations (i.e., 86 CBCT sets equally scored by observers,
Table 2a), the Cohen’s Kappa coefficient was higher than for
the whole group (i.e., 0.672) and was defined as “substantial”.
Analysing this selected group of observations (Table 2a), we
noted that in 72 out of 86 sets (83.7%) both rectum contours
were scored identically: positively for 32 (37.2%) CBCT sets,
and negatively for 40 (46.5%). For 14 (16.3%) CBCT sets
differences in scored outcomes were obtained. Considering
direct outcome comparison of algorithms performance, the
A1 received positive results in 40 (46.5%) cases and Aj in
38 (44.2%) cases.

Quantitative analysis was taken on 32 CBCT sets scored
positively by both Obs; and Obs; for both algorithms (Aj,
A»). The mean summed differences RWD(M ) and RWD(M>)
were, respectively, 5.8 and 5.5mm and were statistically
comparable (p =0.640). Mean summed difference WMD(M})
was 4.5mm and was significantly smaller (p=0.007) than
mean summed difference WMD(M5) that was 5.5 mm. The
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Table 1
Agreement between observers’ scores (Obs1, Obs2) for accuracy of the rectum contours morphing using A; and A, algorithms.
Algorithm A; Observer 2
Fisher exact test: p < 0.001
Cohen’s Kappa: R = 0.876
Meet Fail
Observer 1 Meet 45 (46.4%) 2 (2.1%)
Fail 4 (4.1%) 46 (47.4%)
Algorithm A, Observer 2
Fisher exact test: p < 0.001
Cohen’s Kappa: R = 0.896
Meet Fail
Observer 1 Meet 42 (43.3%) 3 (3.1%)
Fail 2 (2.1%) 50 (51.5%)
Table 2

Direct comparison between A; and A, algorithms: (a) for 86 CBCT sets equally assessed by observers, and (b) for the whole group of 97
CBCT sets.

(a) Aj vs A for 86 CBCT sets equally assessed by observers
Fisher exact test: p < 0.001 Algorithm A,
Cohen’s Kappa: R =0.672
Meet Fail
Algorithm A Meet 32 (37.2%) 8 (9.3%)
Fail 6 (7.0%) 40 (46.5%)
(b) A vs A; for the whole group of 97 CBCT sets
Fisher exact test: p < 0.001 Algorithm A,
Cohen’s Kappa: R =0.521
Meet Fail
Algorithm A Meet 32 (33.0%) 13 (13.4%)
Fail 10 (10.3%) 42 (43.3%)
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Figure 2. Summed differences of (a) RWD — the rectum center to the rectal wall distance, (b) WMD — the rectal wall to the prostate marker
distance, and (c) DSC — Dice similarity coefficients for the rectum obtained from comparisons of manually created contours (My) and the
contours generated automatically (M;, M,) by A; and A, algorithms.
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mean DSC calculated for the rectum significantly differed
(p<0.001) and were 0.82 and 0.78 for A and A, algorithms,
respectively. The scattergrams presented on Figure 2 show
the RWD, WMD and DSC values obtained for A; and A,
algorithms.

4 Discussion

Contouring quality on CBCT images, mainly organ bor-
ders, is affected by its intrinsic poor quality in soft tissue
regions. The most significant discrepancies detected by imag-
ing modalities superior to CBCT (i.e., magnetic resonance or
ultrasonography) are in the bladder-prostate border, the sem-
inal vesicles, and the prostate apex [21]. To assess contours
properly in this region, contrast medium (for bladder-prostate
border) is introduced, or other artificial fiducial markers used
[17]. The retrospective data used in this study do not include
the contrast increasing the visibility of the prostate-bladder
border or additional fiducials for the precise location of sem-
inal vesicles. Therefore, we chose to evaluate the rectum
contour related to fiducial markers in regions of the prostate
with relatively good visibility.

To conduct a qualitative analysis, we adapted the 4-level
scale used by Huyskens et al. [22] to construct a two-level
descriptive scale (meet/fail). Based on our clinical experi-
ence, if any correction to contour is necessary, it means a
new contouring process for clinicians, which makes it use-
less in daily routine. Therefore, our simplified scale is such
that contours meeting criteria can be used without any cor-
rection for radiotherapy planning. The obtained results show
both high consistency between tested algorithms and low
efficacy (Table 2). One can state that there are unsolvable prob-
lems common for both algorithms in the prostate area, which
indicates that we need to seek mutual properties leading to
unacceptable results.

Image registration as an inherently incorrectly posed prob-
lem has, apart from the case of identical images, no single
solution. Even for simple translation-rotation transformation,
there can be many solutions that lead to identical results [23].
If we allow non-rigid transformation every solution based on
permutation of equal intensity points has the same weight in
similarity measure terms.

To select physically and functionally proper solutions of
deformation, field regularizations are introduced. Different
processes for expected and accurate results demand differ-
ent construction of the cost function [2]. In both algorithms
used in the study, there is no choice of cost function terms
(regularizations), that are fixed which directly contributes to
image registration failure or success [24]. Both algorithms
used are in the same solution class [25] and, therefore, can be
expected to deliver similar results. We can look for a domain
of images where this type of algorithm meets our expecta-
tions, and track and explain situations where it fails. In our
opinion, the relation or process combining test and reference

image must express bounds imposed by cost function terms
on the deformation field and has a crucial impact on results.

When CT and CBCT images are almost undifferentiated,
the CT is a proper indicator for the whole treatment. We can
state that in such situations the benefit of using a deformable
image can be irrelevant and results from this analysis can
be affected by the internal algorithm and methodical uncer-
tainties. On the other hand, considering that periods between
fractions in radiotherapy are long compared to physiologi-
cal processes, rectum filling, or voiding (with air or content),
which results in global mass changing (not due to move-
ment of mass) is genuinely likely to happen. Proper patient
preparation is a sufficient but not a necessary condition to
avoid that [26]. In terms of image properties, this can be
described as appearing or disappearing new voxels with the
same or different intensity (air bubbles, new/different content)
inside. Such cases do NOT represent a physically determined
deformation process. If we apply the algorithm to such a situa-
tion, regularization bounds will prevent appropriate results but
even if we get an adequate result the deformation field cannot
be correct. The type of terms that keeps the algorithm from
such non-physical deformation is called topology preservation
terms and relates to the invertibility of deformation mapping.
There must be no vanishing or overlapping elements. While in
A1 analogy to harmonic functions [15] is used, in A, the topol-
ogy is constructed as an analogy to the bending of a thin sheet
of metal and is used to achieve a smooth transformation [27].

Also, both algorithms incorporate terms related to volume
or shape preservation. In Ay, the tissue incompressibility term
is motivated by the observation that many tissues in the human
body are approximately incompressible for small deforma-
tions and short time periods [14,27]. Related term penalizes
deviation from Jr(x) = 1 (Jacobian transformation), which
means transformation that preserves volume. Value less than
1 represents a compression and above 1, expansion. Different
strategy is developed in A| where shape-based regularization
is introduced to penalize non-physical and non-physiological
changes in anatomical regions defined as a certain type of
ROIs. Figure 3a and 3b represent extreme but common exam-
ples that blindly deviate a physical deformation process. It is
simply impossible to connect CT and CBCT with any physi-
cally regularized image deformation relation. Cases ¢ and d in
Figure 3 are not so evident because rectal air (regions with cer-
tain intensities) occurs in both CT and CBCT. Nevertheless,
in case ¢ from Figure 3, volume preservation of DIR coun-
teracts such significant volume changes and in case d from
the same figure continuity prevents it from splitting into more
structures.

The second part of the study was a quantitative rectum anal-
ysis that was done only on selected sets which, in favor of the
previous discussion, means physically proper sets which elim-
inate most uncertainties not related to algorithm properties but
to patient/image properties.

There are many measurement tools that allow the overlap-
ping of the different regions/contours to be checked (e.g.,
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CBCT with
M1 and M0 contours

Figure 3. Examples of non-physical processes that occur in the rectum. Rows (a) and (b) are examples of drastic but not infrequent changes
that occur in rectal filling. Row (c) represents a slight but substantial difference in filling consistency. Row (d) is an example of random
air moving inside the rectum that occurs both on CT and CBCT sets. All situations lead to a deformation algorithm failure represented by
incorrect contour propagation (solid green contour in column 3).
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Sorensen—Dice similarity coefficient (DSC) [19], Jaccard
overlap scores [28]). Nevertheless, as shown by Rohlfing [27],
they are unreliable for quantification of image registration
accuracy and the results based on it can be misleading. There-
fore, they can be used only as supplementary tools to other,
more precise methods. There is a consensus that a dense set
of landmark points is the proper solution [7]. Because there is
a lot of displacements in the pelvic region (e.g., rectal wall
can move in all directions without relation to the prostate
border), there are no natural stable landmark points related
to the rectum or prostate. In our analysis, we used fiducial
markers as artificial landmarks and their relation to the rectal
wall as a natural and clearly visible physiological barrier. We
have excluded bladder and prostate walls from the analysis
because they are hardly detectable in CBCT images and lead
to unwanted sources of uncertainties.

In this study, we chose measures that are related to differ-
ent and — as is possible in such an environment — separated
aspects of rectum behavior. The first parameter, RWD, can be
associated with the radius of rectum planar intersection and
is linked to rectal filling. In the context of the previous dis-
cussion, we can point out that even on carefully chosen sets
with proper physical deformations both algorithms (statisti-
cally comparable) are sources of non-negligible uncertainties
(5.5 and 5.8 mm for M| and M>, respectively). These results
are significantly higher than CBCT site-related manual con-
touring uncertainties. Liitgendorf-Caucig et al. [29] showed
in a multi-observer study that large uncertainty in rectum
delineation was observed for CBCT images as compared to
CT and MR. They found that the additional PRV margin for
CBCT contouring was 1 mm in the right-left, ] mm in the
anterior-posterior, and 3 mm in the supine-inferior direction,
and the rectum volume was contoured larger on CT than
CBCT images. Weiss et al. [21] showed that limitations in
CBCT image quality increase manual contouring discrepan-
cies. Especially interobserver contouring of the rectum in
CT vs CBCT was significantly larger (rectum average sur-
face mesh 1.3 versus 1.5 mm) and patient averaged rectum
volumes were 87 cm? on CT vs 64.4 cm?® on CBCT. The sec-
ond parameter, WMD, is defined as the distance between the
fiducial marker in the prostate and the rectal wall. The dif-
ference between results obtained for A; and A, algorithms
(i.e., 4.5 and 5.5 mm) was statistically significant (p =0.007).
Both algorithms due to using B-spline functions allow only
local deformations so the initially assigned position strongly
affects the algorithm output. In A; all pairs are pre-registered
using automatic rigid registration based on fiducial markers
that are also used as control POIs (Points of Interest) in the
deformation process. On the other hand, in A, fiducial mark-
ers are only a guide for initial manual rigid pre-registration.
In our opinion, this is the reason for the significant difference
in algorithms outcome for WMD parameters where fiducials
are taken as a reference for measurements. Although DSC
is not an accurate tool for registration and deformation algo-
rithm accuracy, it can be utilized as complementary analysis

for contouring quality. Results for DSC follow previous anal-
ysis and show slightly better performance of Aj vs A (0.82 vs
0.78; p<0.001). Nevertheless, in our opinion, such low DSC
scores (<0.90) always require further visual inspection and its
assessment quality is tentative.

Deformable image registration for adaptive radiation ther-
apy is still a tool under development. Analysis of our results
complies with other studies [22,30] and shows poor effec-
tiveness in both rectum automatic contour propagation and
deformation. There are two paths of possible improvement.
First is related to using better imaging modality in daily rou-
tine, Torresin et al. [31] which facilitates better visibility in
the soft tissue region and performance of DIR registration.
The other one is using some artificial intelligence solutions to
individualize cases in the automatic solution, which is impos-
sible when using standard algorithmic solutions and always
requires human interaction (which was the case in our setup)
[32].

5 Conclusion

Neither of the tested algorithms delivered satisfactory out-
come in terms of effectiveness and measured uncertainties
in the propagation of the rectum contouring process. To avoid
incorrect results, it is then essential that input images are care-
fully selected and each deformable registration verified on a
case/set basis.
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