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ARTICLE INFO ABSTRACT

Purpose: To analyze the uncertainties of the rectum due to anisotropic shape variations by using a statistical
point distribution model (PDM).

Materials and methods: The PDM was applied to the rectum contours that were delineated on planning computed
tomography (CT) and cone-beam CT (CBCT) at 80 fractions of 11 patients. The standard deviations (SDs) of
systematic and random errors of the shape variations of the whole rectum and the region in which the rectum
overlapped with the PTV (ROP regions) were derived from the PDMs at all fractions of each patient. The sys-
tematic error was derived by using the PDMs of planning and average rectum surface determined from rectum
surfaces at all fractions, while the random error was derived by using a PDM-based covariance matrix at all
fractions of each patient.

Results: Regarding whole rectum, the population SDs were larger than 1.0 mm along all directions for random
error, and along the anterior, superior, and inferior directions for systematic error. The deviation is largest along
the superior and inferior directions for systematic and random errors, respectively. For ROP regions, the po-
pulation SDs of systematic error were larger than 1.0 mm along the superior and inferior directions. The po-
pulation SDs of random error for the ROP regions were larger than 1.0 mm except along the right and posterior
directions.

Conclusions: The anisotropic shape variations of the rectum, especially in the ROP regions, should be considered
when determining a planning risk volume (PRV) margins for the rectum associated with the acute toxicities.
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Point distribution model

Prostate cancer radiation therapy
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1. Introduction

Prostate cancer was ranked as the fifth leading cause of death from
cancer for men worldwide in 2012 [1]. Incidence rates are increasing
every year in the developed countries such as United Kingdom and
Japan [2]. Several options are available to treat the prostate cancer
including radiation therapy which allowed the prostate to be treated
with high dose of radiation while sparring surrounding normal tissues
[3].

The quality of radiation therapy in prostate cancer treatment is af-
fected by high dose regions which could be induced by patient move-
ment, internal motion of the organ, and patient set-up errors [4,5].
Fig. 1 illustrates the anatomical regions of a rectum, bladder, and
planning target volume (PTV) determined by radiation oncologists.
Anterior parts of the rectum may overlap with the PTV due to large

internal margins and/or rectal displacements as shown in Fig. 1. The
rectal position uncertainties, which could cause toxicities (e.g., rectal
bleeding, fecal incontinence), mainly comes from the rectal motion due
to the changes in rectal filling [6-10]. The two common methods used
to study the rectal motion were tracking the changes in rectal volume
and evaluating the translation and rotation errors of the rectum
[5,11-13]. Fontenla et al. [14], however, noted that the more complex
problem of internal organ motion involve changes in the shape (shape
variations) of the organ especially along the anterior direction of the
rectum [5,15]. Therefore, the shape variations of the rectum, especially
along the anterior direction, need to be investigated.

In order to dealt with the position uncertainties of the organs at
risks (OARs), the International Commission on Radiation Units and
Measurements (ICRU) reports no. 62 [16] and 83 [17] introduced the
concept of planning risk volume (PRV) margins. In the case of prostate
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Fig. 1. An illustration of the anatomical regions of a rectum (green), bladder (yellow),
and PTV (red) determined by radiation oncologists. Note that parts of the rectum and the
bladder were overlapped with the PTV which could cause high-dose exposure to both
OARs. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

cancer radiation therapy, the use of PRV dose-volume histograms
(DVHs) is recommended to predict acute rectal toxicity [15,18,19].
“Recipes” to determine the uniform PRV margins have been developed
by McKenzie et al. and Stroom and Heijmen [20,21]. However, the
uniform PRV margins are inadequate to represent the actual rectal
variations during treatment, as noted by McKenzie et al. [20] and
Prabhakar et al. [22]. Therefore, an application of anisotropic PRV
margins of the rectum should be considered.

There have been three studies that dealt with the shape variations of
the rectum. Hoogeman et al. [23] analyzed the quantification of local
rectal wall displacements by calculating local systematic and random
errors of the rectum along three directions where they unfolded the
outer surface of the delineated rectal wall and projected the 3-space
coordinates of each surface element to a 2D map. Sohn et al. [24] in-
vestigated the correlated motion of adjacent organ structures between
prostate, bladder and rectum which were parametrized by using sets of
corresponding surface points and calculated the displacements between
surface points at each fraction. They did not calculate the systematic
and random errors that could be used in determining anisotropic PRV
margins. Brierley et al. [25] investigated the determination of the PTV
based on the rectal shape variations by using finite element modeling.
They did not investigate the geometric errors related to the determi-
nation of PRV margins.

None of the previously mentioned studies, including ICRU, in-
vestigated directly the shape variations of the rectum along each ana-
tomical direction separately (anterior, posterior, superior, inferior, left
and right). The investigation along separate anatomical directions is
indispensable for determining the anisotropic PRV margins. There have
been also no studies on the systematic and random errors of the region
in which the rectum overlapped with the PTV along the anterior wall
(ROP regions), even though the shape variations of the ROP regions
may cause the regions to be included in high dose distributions which
can lead to rectum toxicities. Therefore, this study aims to investigate
the anisotropic shape variations of the rectum and the ROP regions for
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prostate cancer radiation therapy along separate anatomical direction
(anterior, posterior, superior, inferior, left and right).

2. Material and methods
2.1. Clinical study

This study was performed with the approval of the Institutional
Review Board of our university hospital. The clinical data used in this
study were obtained from 11 patients (range: 60-75 years; median age:
64 years; stage: T1-T3a, NO, M0), who had undergone intensity modu-
lated radiation therapy (IMRT) for prostate cancer. The planning CT
images were acquired from a CT scanner (Mx 8000, Philips,
Amsterdam, Netherlands) with 512 X 512-pixel dimensions, 0.98 mm
in-plane pixel size, and 2.0 mm slice thickness. Each patient received a
dose of 76 Gy at 38 fractions using an accelerating voltage of 10 MV on
a linear accelerator (Varian Medical Systems Inc., Palo Alto, USA).

The analyses of systematic and random errors of interfractional
anisotropic shape variations of the rectum were derived from contours
delineated on the planning CT and cone-beam CT (CBCT) images at 80
fractions of 11 patients. CBCT scans were performed just before irra-
diation at 5-9 fractions (mean: 7.3) of each patient. The CBCT data
were used for correcting target localization at each fraction and only
acquired at the beginning of the week to reduce the dose received by
the patients. A kilovoltage CBCT scanner (On-Board-Imager, Varian
Medical Image Systems Inc., Palo Alto, USA) was used to perform the
scans which produced images with 384 x 384 pixel dimensions,
1.17 mm in-plane pixel size, and 2.5 mm slice thickness. The delinea-
tions of the rectum contours were based on a consensus between a ra-
diation oncologist (S.0.) and a medical physicist (T.H.) using a com-
mercially available radiation treatment planning (RTP) system (Eclipse
version 6.5 and 8.1; Varian Medical Systems Inc., Palo Alto, USA).

2.2. Pre-processing

The original planning CT and CBCT images were converted into
isotropic images with an isovoxel size of 1.17 mm using a cubic inter-
polation method. The rectum structures delineated on both planning CT
and CBCT images were also extracted and converted using a shape-
based interpolation method [26].

In this study, we focused on the errors introduced by the inter-
fractional organ motions of the rectum. To reduce the effect of in-
traobserver variation and delineation artifacts in the calculation [24],
uniform-length rectums were used for all cases. The reference length
was equal to the shortest length (7 cm) of a rectum between starting
and ending slices (around anus to sigmoid positions) delineated on the
CBCT images among all cases [27].

2.3. Calculation of errors due to shape variations

This study evaluated the local errors of the shape variations by
dealing with them separately along each axis, as illustrated in Fig. 2.
The x, y, and z axes are each separated along their positive and ne-
gative directions corresponding to the anterior, posterior, superior, in-
ferior, left and right directions. The local errors were calculated as the
displacements of position vectors at points on 3D surfaces of the rectum
(Fig. 3). The rotation errors of the rectum were included as shape
variations since the errors also introduced the displacements of the
surface points [28].

The flowchart to calculate errors due to shape variations from
planning CT and CBCT images were described in Fig. 3. First, all rec-
tums were registered using a centroid matching technique. Then, the
surfaces of the registered rectums were triangulated using a marching
cubes algorithm to obtain 3D surfaces of the rectum [29]. The produced
surfaces consisted of many vertices, which were reduced to a similar
number of vertices (~ 1000) using a quadric error metric method [30].
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Fig. 2. Illustrations of anatomical directions describing

S u pe r| or A P V | eW rectum orientation. The “x”, “y” and “z” axes correspond to
the right-left (RL), anterior-posterior (AP) and inferior-su-
perior (IS) directions, respectively.

Anterior
Z
Inferior
¥
RL view IS view

Thin plate spline robust point matching (TPS-RPM) algorithm was ap-
plied to determine the correspondences between two surface structures.
TPS-RPM algorithm is a non-rigid point matching algorithm that
minimizes the distances between two point sets based on deterministic
annealing and softassign algorithms. The general idea of the algorithm
is to incorporate the thin-plate spline as a non-rigid mapping method to
the robust point matching algorithm which is known to be only using
affine and piecewise-affine mappings [31]. Let X be a set of points from
a source surface consisting of {xq} where
(a =1, 2, ...,H; H: number of points) which correspondences with V, a
set of points from a target surface consisting of {v,} where
(b =1, 2, ..,D; D: number of points), are to be determined. The map-
ping of a point x, to a new location by a non-rigid transformation is
represented by a general function f. The goal of the TPS-RPM is to
minimize the following cost function based on the mapping function
f(xg) between corresponding sets {x,} and {v,}:

D H
min 7 Y zaplve—f (xa) I? + AIIfIR,
b=1 a=1

zf (@)

where Z is the correspondence matrix consisting of {24}, llfll is the L2
norm, A is the hyper-parameter that trades off between the registration

and regularization of f, and lIfI? is the TPS regularizer which calculates
the bending cost of f and acts as a smoothness measure [31,32].

The geometrical errors of the rectum were classified into systematic
and random errors [33,34]. The systematic and random errors for a
group of similar patients can be described by using the standard de-
viations (SDs) [17,33]. In this study, the systematic error of a patient
due to the shape variations was defined as the average deviation of a
reference rectum from the planning rectum surface. The term “plan-
ning” rectum surface refers to the rectum surfaces derived from rectum
structures on planning CT, while “reference” rectum surface refers to
the average rectum surface determined from rectum surfaces at all
fractions. The algorithm to construct a reference surface was described
in a paper by Shibayama et al. [28]. On the other hand, the random
error of a patient was defined as the SDs of the daily deviations of the
rectum surface at each fraction from the reference rectum surface
[17,35-37].

2.3.1. Systematic error

Fig. 4(a) illustrates the point distribution image of all the vertices on
the reference rectum. To obtain the SDs of the systematic and random
errors due to shape variations along each direction, the rectum was split
into two halves (anterior and posterior regions, left and right regions,
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Fig. 3. A flowchart to calculate systematic and random er-

Rectum reg istration Surface trian gu lation rors of the rectum due to shape variations using a statistical
using centroid matching and vertices reduction point distribution models (PDMs).

v

Construction of
reference rectum

Rectum PDMs*

Determination of correspondences
between reference rectum
and rectum PDMs

Reference rectum Rectum PDMs

Calculation of errors
for shape variations

Fig. 4. Point distributions images consisting of reference
rectum vertices which are used to evaluate shape variations
viewed from RL direction: (a) the PDM of whole vertices
while, (b) only the anterior part of the rectum vertices split
at the centroid remains to be used in evaluating the shape
variations along the anterior direction.

Superior Superior

Posterior Anterior Posterior Anterior

Inferior Inferior
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pi, rf;/(k) pi,plan(k)
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superior and inferior regions) with respect to its centroid, depending on
which direction was evaluated. The example is shown in Fig. 4(b),
where the anterior half vertices were used to calculate the SDs of the
systematic and random errors along the anterior direction.

Fig. 5 illustrates the determinations of the local systematic and
random errors due to the shape variations. Let R;,, be the reference
rectum of the i-th patient (i = 1, 2, ...,N; N:number of patients) which
corresponded with the rectum at each fraction. Accordingly, the vector
p; J(k) of the k-th vertex (k = 1, 2, ..., M; M:number of vertices) of the
rectum at the j-th fraction (j = 1, 2, ...,F; F:number of fractions) of the
i-th patient is corresponded to the vector of the k-th vertex
By (K) = @y o (k) Diyeryy (KD, Pypop (K))T) at the reference rectum.

The correspondence between the 3D vector at the k-th vertex
Piptan ®) = @ pignx € Diptany *) D pianz (K))T) on the planning rectum
R; yian and the vector of the k-th vertex Pies (k) on the reference rectum
R; ;s was determined in a similar way. The local systematic error s;(k)
can be calculated as

81(K) = Py g ()= pian (k) = (1), 515 (K), 512 ()T, @)

where s;.(k), s, (k) and s, . (k) represent the x, y and z components of
the local systematic error vector in the inquired half, respectively. The
average deviation egy; 4 for a patient along the anterior direction, in this
study, can be calculated as [21,37-39]

Ma

ESViA = — Z Siy(k)~

A k=1

3

Here, M, denotes the number of vertices in the anterior half of the
rectum surfaces. Then, the population SD for all patients along the
anterior direction can be obtained by [33,37-39]

g
&va =, | Z (esvia—Esv.a),
\)N i=1 4

where
N
1
&va = = z Esv,iA-
NS ©)

The population SD of the systematic error along the other directions
were also calculated in a same way. The SDs of the local systematic
error 7;(k) at each vertex were calculated as

T(k) = s (k) + s2,(k) + s (k).

(6)

2.3.2. Random error
The SDs of the interfractional random error due to shape variations
were calculated by using a PDM-based covariance matrix. Let a point

(b)
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Fig. 5. Illustrations of the determinations of local sys-
tematic error and local random error due to shape varia-
tions: (a) local systematic error was calculated between re-
ference rectum (@) and planning rectum (O), while (b) local
random error was calculated between reference rectum and
rectum at each fraction (A).

distribution column vector g;; of rectum R;; given by the elements of
D;; (k) be

4 = @ (DD (M), Py (D, (M), Py, (1, pyy DY (7

The covariance matrix at all fractions of the i-th patient can be
obtained by calculating

F
1
Vi=—Y (q,-3)(q,~3)
F ;1 ! ! ®)

where

1 &
q,=— Z q;;-
Fia 9

Here, the term §; denotes the mean vector of g;;. The covariance
matrix V; consisted of diagonal elements which represent the square of
SDs (variance) of the local random error at each vertex of the rectum.
These elements can be defined as

Vsv,i
= (USZV,i,x(l):~"’GSZV,i,x(M)! GSZV,i,y(l)y~"’USZV,i,y(M)9 JSZV,i,z(l)y-"vUSZV,i,z QD).
(10
The variances on all vertices of the rectum were used to calculate
the individual SD of the random error along each direction. The in-

dividual SD of a patient along the anterior direction (dsv;4) can be
calculated as

1

My
Osvia = \/ﬁ z iy (K),
A k=1

(1)

where ogy;, (k) denotes the local SD of the random error in the anterior
half of the rectum and M, represents the number of vertices in the
anterior half. The population SD of random error for all patients along
the anterior direction (osv.4) is defined as the root-mean-square (RMS)
of the individual SDs of each patient in the group and calculated by
[33,38,39]

1<
2
Osva = [ Z O8v,iA-
\/N P (12)
The population SDs along the other directions (left, right, posterior,
superior, and inferior) can be obtained using the same method. The SDs
of the local random error on the k-th vertex (osy,;(k)) were calculated as

osv,i(k) = \/USZV,i;c(k) + Gviy () + 03y, (k). 13)
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Determination of correspondence
between rectum at each fraction
and reference rectum

Determination of
reference PTV

Fig. 6. A flowchart to calculate systematic and random
errors of rectum-overlapped-with-PTV (ROP) regions due to
shape variations using a statistical point distribution
models (PDMs).

Y

Determination of vertices that

overlapped with PTV at each rectum

Y

Correspondence checking
on each overlapping vertex

Overlapped vertex
have correspondence
at all fractions?

Select as ROP region

All overlapped
vertices checked?

<
-

Y

Yes

Calculation of errors on
ROP region

2.4. Calculation of errors at ROP regions

The regions in which the rectum overlapped with the PTV along the
anterior wall (referred to as ROP regions) may be included in high-dose
distributions which could lead to rectum toxicities such as rectal
bleeding [19]. Therefore, the shape variations of the ROP regions were
analyzed to improve the determination of the anisotropic PRV margins.
The vertices of the rectum which were detected to be inside the PTV
were selected. Then, the calculation of errors was conducted using si-
milar principles described in Section 2.3.

2.4.1. Determination of ROP regions

The overall procedure for determining the ROP regions of the
rectum is described in Fig. 6. The determination of correspondence
between rectum at each fraction and a reference rectum will produce
the corresponding rectum R; j» Where j represents the fraction number

(j = 1,2,...,F;F:number of fractions) of the i-th patient
@i = 1,2,..,N;N:number of patients). A reference PTV T; of each patient
was constructed by selecting the overlapped pixels between each PTV
binary images at all fractions.

The overlapped vertices of the rectum Ry ; at the j-th fraction of
the i-th patient were identified by finding the vertices whose co-
ordinates were identical with those of the reference PTV T;. The process
can be intuitively described as
ﬁOV,i,/‘ = ﬁi‘i nT, 14

Then, an ROP region at each fraction of a patient can be obtained by
selecting overlapped vertices that have correspondences at all fractions
as illustrated in Fig. 7.
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R-R

ij+1
ij Ri,j+2

Fig. 7. An illustration of the determination of the ROP regions of the rectum. An over-
lapped vertex (@) would be included as ROP region (red border) if the correspondences
with other overlapped vertices at all fractions were found. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this
article.)

2.5. Dose evaluation study

In order to demonstrate the impacts of the proposed method on
prostate cancer treatment, the treatment plans with an anisotropic PRV
margin were designed as simulations on the CBCT images to calculate
the dose evaluation indices, CTV Dgg and V5s, V5, Vs, Veo, and Vj, of the
rectum. Dog was defined as the percentage of dose received by 98% of
CTV, while V;, was defined as the rectum volume receiving x Gy. These
dose evaluation indices were selected since V4, and V45 for the rectum
were associated with Grade 2 or higher complications [40], while in
another reports V5 for the rectum was also associated with late toxicity
[41-43] and V49—V for the rectum were found to be more relevant to
the occurrence of severe late rectal bleeding [44,45]. Four new cases
were employed as test cases for validation of the PRV margin de-
termined based the shape variations, which were obtained by the pro-
posed method in this study. The anisotropic PRV margin was derived
along each direction by using the McKenzie’s margin recipe of
1.3¢ + 0.50 to the rectum [20]. Here, ¢ and o denote the population SDs
of the systematic (Eq. (4)) and random errors (Eq. (12)) of the rectum,
respectively, which were calculated by the proposed method. The test
cases were treated with IMRT with a total number of 21 fractions. A
treatment plan based on the PRV margin was generated for each patient
by applying plan constraints to the rectum PRV using a commercially
available RTP system (Eclipse version 10.0; Varian Medical Systems
Inc., Palo Alto, USA). The constraints were Vi < 5%, Vis < 10%,
Veo < 20%, and Vjy < 40%, which are based on QUANTEC re-
commendations to have been used in clinical practice [44,46]. A Wil-
coxon signed-rank test was employed to compute the statistical

Physica Medica 46 (2018) 168-179

difference between dose evaluation indices in original and PRV-based
plans.

3. Results

Fig. 8 shows the population SDs of the systematic and random errors
of the rectum due to shape variations along each anatomical direction
of all patients. The population SDs for systematic errors were 0.6 mm
along the left direction, 0.3 mm along the right direction, 1.0 mm along
the anterior direction, 0.7 mm along the posterior direction, 2.1 mm
along the inferior direction and 2.4 mm along the superior direction.
The population SDs for random errors were 1.2 mm along the left di-
rection, 1.2mm along the right direction, 1.6 mm along the anterior
direction, 1.6 mm along the posterior direction, 1.9 mm along the in-
ferior direction and 1.7 mm along the superior direction.

Fig. 9 shows the comparisons of the population SDs for shape var-
iations between the whole rectum and the ROP regions along each di-
rection. For systematic errors of the ROP regions, the population SDs
were smaller along all directions except along the left and right direc-
tions compared with the population SDs of the whole rectum. For
random errors of the ROP regions, only the population SDs along the
left direction was not changed, while along the other directions the
population SDs were smaller compared with population SDs of the
whole rectum. The population SDs was shown along the posterior di-
rection indicating that the ROP regions were not limited to the anterior
side of the rectum.

The population SDs of systematic errors for the ROP regions were
0.8mm along the left direction, 0.8 mm along the right direction,
0.9 mm along the anterior direction, 1.9 mm along the inferior direction
and 1.3 mm along the superior direction. The population SDs of random
errors for ROP regions were 1.1 mm along the left direction, 0.8 mm
along the right direction, 1.1 mm along the anterior direction, 0.1 mm
along the posterior direction, 1.8 mm along the inferior direction and
1.6 mm along the superior direction.

In summary, the population SDs of the random errors for the whole
rectum along all directions were larger than 1.0 mm. On the other hand,
the population SDs of the systematic errors for the whole rectum were
smaller than 1.0 mm along the posterior, left, and right directions. The
deviations along the superior direction was largest for the systematic
errors, while the deviation along the inferior direction was largest for
the random errors. The population SDs of systematic errors for the ROP
regions were larger than 1.0 mm along the superior and inferior di-
rections, while the population SDs of random errors for the ROP regions
were larger than 1.0 mm except along the right and posterior directions.

Fig. 10 shows the comparison of average dose evaluation indices
between original and PRV-based plans for the 4 test patients. The V55 for
the rectum in PRV-based plans was significantly smaller (p < .001)
than those of the original plans. However, the V, for the rectum in PRV-
based plans was significantly larger (p < .001) than those of the ori-
ginal plans. On the other hand, the Dyg to the CTV showed no statistical
significant difference between original and PRV-based plans
(p > .001).

4. Discussion

The deviation along the superior, inferior, and anterior directions
were dominant for systematic and random errors. Brierley et al. and
Nuyttens et al. [25,47] noted similar observations of large deviations
along superior and inferior directions of the rectum. The deviations
were affected largely by the variabilities of other organ proximal to the
rectum such as small bowel [47].

Figs. 11 and 12 illustrate the SDs of the local systematic and random
errors visualized on the reference rectum for a patient. The calculations
of the magnitudes of the local systematic errors and local random errors
were performed by using Egs. (6) and (13), respectively. Large varia-
tions (> 3.0mm) occurred in the upper-left and the upper-anterior
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Superior Superior Fig. 8. The population SDs in mm of (a) systematic errors
2.5 2.5 and (b) random errors of all patients due to shape variations
2.0 along each anatomical direction.
Posterior Left Posterior Left
Right Anterior Right Anterior
Inferior Inferior
Systematic error
() ¥ (b)
Random error
Superior Superior Fig. 9. The population SDs in mm of whole rectum and ROP
25 25 regions of the rectum: (a) systematic errors and (b) random
20 M errors of all patients due to shape variations along each
\ direction.
1.9 )
Posterior Left Posterior Left
Right Anterior Right Anterior

Inferior

=== Whole rectum

(a)

ROP region

sides of the rectum for systematic errors. For random errors, beside the
upper-left and upper-anterior sides, the lower-left and lower-anterior
side of the rectum also had variations larger than 3.0 mm. Hoogeman
et al. [23] reported that their study also resulted in the largest varia-
tions occurred in the upper-anterior side of the rectum and uniformly
distributed in the lower half of the rectum for random errors. The
smaller variations in the posterior side of the rectum were indicating

70

(b)

Inferior

the possibilities of the sacrum limiting rectal wall movement. The
various SDs distributed on the rectum surface, as visualized in Figs. 11
and 12, showed that our method had more advantage in analyzing
rectum shape variations than volume-based methods since our method
considered every voxel on the surface in the calculation.

Fig. 13(a) and (b) illustrate the SDs of the local systematic and
random errors of ROP region visualized on the reference rectum for a

Fig. 10. Comparisons of average dose evaluation indices of

*p <0.00;n=21 * the rectum (rectum Vs, V7o, Ves, Veo, and Vio) between ori-
Wilcoxon signed-rank test ginal and PRV-based plans.
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(a) (b)

4.5 (mm)

(a)

patient. Large variation (> 3.0 mm) for systematic errors occurred in
the upper part of the ROP regions. On the other hand, the variations
(> 2.0 mm) were uniformly distributed in the ROP regions for random
errors. Aside from rectal gas and peristalsis activity [28], the lower part
of the rectum was also suggested to be affected from the contraction
and relaxation of the muscle system of the pelvic floor [23]. Variation
larger than 3.0 mm in the ROP regions indicated that more portions of
the rectum were exposed by the high dose region, consequently in-
creasing the chance of acute toxicity in the rectum [19].

Figs. 14 and 15 show the relationships between the SDs of dose
evaluation indices and the individual SDs of systematic and random
errors of rectum shape variations along the anterior direction, respec-
tively. These results indicate that rectum shape variations affected
variations of dose evaluation indices, but there were no statistical sig-
nificances between them along all directions (p > .05, Pearson corre-
lation test).

The high dose to the ROP regions and large regions receiving low
doses need to be studied in details to reduce rectum late toxicities and
late gastrointestinal (GI) quality of life (QOL) in IMRT for prostate

(c)

0.5 ‘ i §
(b)
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Fig. 11. Illustrations of the local systematic error SDs vi-
sualized on the reference rectum of a patient: (a) LR view,
(b) AP view and (c) RL view of rectum.

Fig. 12. Illustrations of the local random error SDs visua-
lized on the reference rectum of a patient: (a) LR view, (b)
AP view and (c) RL view of rectum.

Fig. 13. Illustrations of the SDs of the local systematic and
random error of an ROP region visualized on the reference
rectum of a patient: (a) local systematic and (b) local
random error.

0

cancer in future studies. The ROP region is defined as the region in
which the rectum overlapped with the PTV along the anterior wall and
may be included in high-dose distribution. Chennupati et al. [42] re-
ported that a high dose to the anterior rectal wall was associated with a
low scoring of late GI QOL. On the other hand, as for large regions
receiving low doses, dose constraints such as Vi < 65-80% were re-
commended to reduce the incidence rate of fecal incontinence to 1-2%
[48]. Since V, obtained by the proposed method was smaller than 60%
, the risk of fecal incontinence may be negligible for the cases used in
this study.

The smaller population SDs of the ROP regions than for the whole
rectum may be used to improve the anisotropic PRV margins used in
prostate cancer radiation treatment. A large margin for PRV of parallel
organs such as the rectum could become problem if the PRV is used for
dose evaluation and criteria determination [21]. Since the rectal motion
was reported to be occurring mainly along the anterior direction [5,15],
the solution for providing a more compact margin can be obtained by
deriving the PRV margins from the errors of the ROP regions especially
along the anterior direction. By deriving the PRV margins based on the
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14. Relationships between the SDs of dose evaluation indices and the individual SDs of systematic errors of rectum shape variations for 15 cases along the anterior direction.
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Fig. 15. Relationships between the SDs of dose evaluation indices and the individual SDs of random errors of rectum shape variations for 15 cases along the anterior direction.

errors of the ROP regions, a smaller margin can be produced without
neglecting the variations of the rectum wall proximal to the high-dose
regions. Smaller margins have also been indicated to be useful in pre-
dicting late morbidity of the rectum [49].

There are some limitations in this study. A larger number of cases is
necessary to improve the statistical estimation of shape variations of the
rectum. Since the TPS-RPM does not consider preserving the geome-
trical features of the surface, a more advanced correspondence de-
termination method such as free-form deformation (FFD) used in self-
organizing deformable model (SDM) would also enhance the precision
of the calculation of errors [50,51]. Nevertheless, this study will be
useful as a means to study the shape variations of the rectum. The
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results are envisioned as a means to derive anisotropic PRV margins for
the rectum which can be utilized for general RTP systems.

5. Conclusions

An analysis of interfractional anisotropic rectum shape variations
using a statistical PDM in a computational framework has been pre-
sented. The population SDs for the whole rectum calculated by the
proposed method were larger than 1.0 mm along all directions for
random errors, while for systematic errors the population SDs were
smaller than 1.0 mm along the posterior, left, and right directions. The
population SDs of systematic errors for ROP regions calculated by the
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proposed method were larger than 1.0 mm along the superior and in-
ferior directions. The population SDs of random errors calculated by the
proposed method for the ROP regions were larger than 1.0 mm except
along the right and posterior directions. The results suggest that the
anisotropic shape variations analysis, especially in the ROP regions,
should be considered when determining a PRV margins for the rectum
associated with the acute toxicities.
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Computational Analysis of Interfractional Anisotropic Shape Variations of the

Rectum in Prostate Cancer Radiation Therapy

Department of Health Sciences 3MD15510N Mohammad Haekal

Purpose: To analyse the uncertainties of the rectum due to anisotropic shape variations by

using a statistical point distribution model (PDM).

Materials and Methods: The PDM was applied to the rectum contours that were delineated
on planning computed tomography (CT) and cone-beam CT (CBCT) at 80 fractions of 11
patients. The standard deviations (SDs) of systematic and random errors of the shape variations
of the whole rectum and the region in which the rectum overlapped with the planning target
volume (PTV), referred to as the ROP region, were derived from the PDMs at all fractions of
each patient. The systematic error was derived by using the PDMs of the planning rectum
surface and an average rectum surface which was determined from rectum surfaces at all
fractions. Meanwhile, the random error was derived by using a PDM-based covariance matrix

at all fractions of each patient.

Results: The population SDs of the whole rectum were larger than 1.0 mm along the anterior,
superior and inferior directions for the systematic error and larger than 1.0 mm along all
direction for the random error. For ROP regions, the population SDs were larger than 1.0 mm
along the superior and inferior directions for the systematic error and larger than 1.0 mm along

superior, inferior, anterior, and left directions for the random error.

Conclusions: The anisotropic shape variations of the rectum, especially in ROP regions,
should be considered in the analysis of the rectum uncertainties in prostate cancer radiation

therapy.

Keywords: prostate cancer radiation therapy; rectum shape variation; rectum overlap region;

point distribution model
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Abbreviations and keywords

Abbreviation

Full spelling

Explanation

CBCT

Cone-beam Computed

Tomography

A variant type of computed tomography (CT), which uses
cone-shaped x-ray beam and two dimensional detectors
instead of fan-shaped x-ray beam and one dimensional

detectors.

DVH

Dose-volume Histogram

A plot of a cumulative dose-volume frequency distribution
which graphically summarizes the simulated radiation
distribution within a volume of interest of a patient which

would result from a proposed radiation treatment plan.

IMRT

Intensity-modulated

Radiation Therapy

An advanced form of three-dimensional conformal
radiotherapy which used non-uniform intensity of the

radiation beams and computerized inverse planning.

OAR

Organs at Risk

Non-target tissues that could suffer significant morbidity and
might influence the treatment planning and/or the absorbed

dose prescription if irradiated.

PRV

Planning Risk Volume

A geometrical concept that add margins to surround the OARs,
in order to consider the uncertainties and variations in the

position of the OARSs to avoid serious complications.

PTV

Planning Target Volume

A geometrical concept introduced to ensure that the prescribed
dose will actually be delivered to all parts of the CTV with a
clinically acceptable probability, despite geometrical
uncertainties such as organ motion and setup variations, by

adding margins surrounding the CTV.

ROP

Rectum-overlap PTV

The region in which the rectum overlaps with the PTV in

prostate cancer radiation treatment.

TPS-RPM

Thin-plate Spline Robust
Point Matching

A non-rigid point matching algorithm used for non-rigid
registration that utilizes the softassign, deterministic
annealing, the thin-plate spline for the spatial mapping and
outlier rejection to solve the correspondence and mapping

parameters.




Chapter 1 Introduction

1.1 Background
Prostate cancer was ranked as the fifth leading cause of death from cancer for men worldwide in 2012

(Chen et al. 2014). Incidence rates are increasing every year in the developed countries such as United
Kingdom and Japan (Torre et al. 2015). Figure 1.1 shows several options to treat patient diagnosed with
prostate cancer. Radiation therapy is one of the commonly used treatment approaches that allows us to
treat the prostate with high dose of radiation while sparring surrounding normal tissues (Denmeade and

Isaacs 2002).

Watchful waiting/
Active surveillance

/J‘

. » Bone-directed
e treatment \
A prostate

cancer patient

Radiation )
therapy 9

3 Vaccine
treatment

v
_;

Fig. 1.1 An illustration of treatment options for patient diagnosed with prostate cancer.

The quality of radiation therapy in prostate cancer treatments is determined by many factors
including the dose delivered to the organs at risks (OARS) such as the rectum, which could be affected
by patient movement, internal motion of the organ, and patient set-up errors (Langen and Jones 2001,
Muren et al. 2004). Figure 1.2 visualizes the interfractional shape variation of rectum and bladder with
respect to the planning target volume (PTV) as determined by radiation oncologists. The rectal position

uncertainties, which could cause toxicities (e.g., rectal bleeding, fecal incontinence), mainly comes from



the rectal motion due to the changes in rectal filling (Lebesque et al. 1995; Roeske et al. 1995; M J
Zelefsky et al. 2000; Michael J. Zelefsky et al. 2002; Foppiano et al. 2003). The two common methods
used to study the rectal motion were tracking the changes in rectal volume (Muren et al. 2004; Michael
J. Zelefsky et al. 1999) and evaluating the translation and rotation errors of the rectum (van Herk et al.
1995; Rijkhorst et al. 2009). Fontenla et al. (Fontenla et al. 2001), however, noted that the more complex
problem of internal organ motion involve changes in the shape (shape variations) of the organ especially
along the anterior direction of the rectum (Muren et al. 2004; Dias et al. 2011). Therefore, the shape

variations of the rectum, especially along the anterior direction, need to be investigated.

Fig. 1.2 A visualization of the interfractional shape variations of rectum (magenta contour) and

bladder (cyan contour) with respect to the PTV (red contour), as delineated by radiation oncologists:
a) axial view, b) coronal view, and ¢) sagittal view. Note that parts of the rectum and the bladder
were overlapped with the PTV which could cause high dose exposure to both OARs.
The regions in which the rectum overlapped with the PTV along the anterior wall is defined as
the rectum-overlap PTV (ROP) region. Figure 1.3 shows the visualization of the ROP region of a patient
at a fraction as determined by radiation oncologists. The size of the ROP region, which was found to be

correlated with the adverse effect to the rectum, is affected by the size and shape of the rectum and the

2



PTV delineated by the radiation oncologist during the treatment planning process (Mattes et al. 2014).
The dose-volume parameters higher than 60 Gy, especially V,, and V¢ of the rectum, were found to be
significantly correlated with late rectal toxicity such as rectal bleeding (Prabhakar et al. 2016; Michalski
et al. 2010). Therefore, the analysis of the ROP region is necessary to reduce the risk of toxicity to the

rectum.

a) b)

Fig. 1.3 Visualizations of the ROP region of a patient at a fraction as determined by the radiation
oncologists: (a) shows the PTV (red), rectum (brown), and the ROP region (yellow) as viewed from
the LR direction, while (b) shows only the rectum and the ROP region which covers the anterior part
of the rectum.

In order to dealt with the position uncertainties of the, the International Commission on
Radiation Units and Measurements (ICRU) reports no. 62 (ICRU 1999) and 83 (ICRU 2010) introduced
the concept of planning risk volume (PRV) margins. Figure 1.4 illustrates the application of PRV
margin to the rectum structure for prostate cancer radiation therapy. The use of rectum PRV dose-
volume histograms (DVHs) is recommended to predict acute rectal toxicity (Dias et al. 2011; Muren et
al. 2005; Prabhakar et al. 2016). “Recipes” to determine the uniform PRV margins have been developed
by McKenzie et al. (McKenzie, Van Herk, and Mijnheer 2002) and Stroom and Heijmen (Stroom and
Heijmen 2006). However, the uniform PRV margins are inadequate to represent the actual rectal

variations during treatment, as noted by McKenzie et al. and Prabhakar et al. (McKenzie, Van Herk,

3



and Mijnheer 2002; Prabhakar et al. 2014). Therefore, an application of anisotropic PRV margins of

the rectum should be considered.

| PRV margin
Rectum
structure

Fig. 1.4 An illustration of the application of PRV margin to rectum structure for prostate cancer
radiation therapy.

There have been three studies that dealt with the shape variations of the rectum. Hoogeman et
al. analyzed the quantification of local rectal wall displacements by calculating local systematic and
random errors of the rectum along three directions where they unfolded the outer surface of the
delineated rectal wall and projected the 3-space coordinates of each surface element to a 2D map
(Hoogeman et al. 2002). Sohn et al. investigated the correlated motion of adjacent organ structures
between prostate, bladder and rectum which were parametrized by using sets of corresponding surface
points and calculated the displacements between surface points at each fraction (Sohn et al. 2005). They
did not calculate the systematic and random errors that could be used in determining anisotropic PRV
margins. Brierley et al. investigated the determination of the PTV based on the rectal shape variations
by using finite element modeling (Brierley et al. 2011). They did not investigate the geometric errors

related to the determination of PRV margins.



None of the previously mentioned studies, including ICRU, investigated directly the shape
variations of the rectum along each anatomical direction separately (anterior, posterior, superior,
inferior, left and right). The investigation along separate anatomical directions is indispensable for
determining the anisotropic PRV margins. There have been also no studies on the systematic and
random errors of the region in which the rectum overlapped with the PTV along the anterior wall
(referred to as rectum-overlap-PTV region, ROP regions), even though the shape variations of the ROP
regions may cause the regions to be included in high dose distributions which can lead to rectum

toxicities.

1.2 Purpose
The purpose of this study was to investigate the anisotropic shape variations of the rectum and the ROP

regions for prostate cancer radiation therapy along separate anatomical direction (anterior, posterior,

superior, inferior, left and right).



Chapter 2 Basic theory

2.1 Geometrical uncertainties in radiation therapy
High geometrical accuracy is a prerequisite for a safe clinical application of radiation therapy (Van

Herk 2004). The accuracy is affected by uncertainties, which came from the variability of organ
delineations (observer errors), patient positioning (setup errors), and variation of organ shape (organ
motion/internal errors). The uncertainties could cause differences between intended and actual delivered
dose distribution during treatment (Arimura et al. 2017; Stroom et al. 1999). Several attempts have been
made to reduce these uncertainties including the use of modern radiotherapy equipment and techniques,
especially in terms of machine-related geometrical errors. However, residual uncertainties which came

from organ motions always remains (Stroom and Heijmen 2002; Van Herk 2004; Arimura et al. 2017).

Geometrical uncertainties have to be considered when constructing the treatment plan (Stroom
and Heijmen 2002). Therefore, the measurement of errors, defined as the deviations between planned
and executed treatment, needs to be performed. However, the errors that the patient will experience in
future treatments are not known. In such situation, the measured errors data in a group of similar
patients, described by using standard deviations of systematic and random errors, may be used to infer

the errors that might be experienced by a new patient (Stroom and Heijmen 2002; VVan Herk 2004).

2.1.1 Systematic and random errors

Stroom and Heijmen (2002), defined the systematic errors of an organ for individual patients as the
mean deviations between the organ’s position in the treatment plan and the mean organ’s position in
the fractionated treatment, and the random errors as fraction-to-fraction variations around the mean
deviations. The errors measured in a group of similar patients are then described by a population
standard deviation. The population standard deviations of the systematic errors indicate the patient-to-
patient variation in the systematic deviation from the planning situation. Meanwhile, the population
standard deviations of the random errors is the mean of the observed random standard deviations for

the patients in the group (Stroom and Heijmen 2002).
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Fig. 2.1 Anillustration of the systematic and random errors of an organ for a population of N patients.

The calculation of the standard deviations of systematic and random errors were described by
Arimura et al. (2017). Figure 2.1 shows an illustration of the systematic and random errors of an organ
for a population of N patients. Let an organ position vector of a patienti (i = 1, ..., N) at a k-th fraction

(k=1,..,M) be p;;. The organ’s mean position vector p; of a patient i for all fractions can be

calculated as

1 M
pi = MZ Pik- (2.1)
k=1

Then, a mean deviation vector p of the organ’s mean position vector p; for all patients can be

calculated by

1 N
P=5 )P 2.2)
=1

which could be close to a zero vector. The systematic error vector s; of a patient i can be calculated as



si =Pi — P = (s5i(x), s:(¥),5:(2)). (2.3)

where s;(x), s;(y), and s;(z) represent the x, y, and z components of the systematic error vector of a
patient i, respectively. Therefore, the population systematic error along a specific direction, e.g. along
x direction ((x)), can be defined as (Stroom and Heijmen 2002; Strbac and Jokic 2013; Arimura et al.

2017)

e(x) = (2.4)

On the other hand, the random vector r; ;. for the k-th fraction of the i-th patient is defined as

Tik = Pik — Pi = (i (), 11 (¥), 13 (2)). (2.5)

where 1; , (x), 1 (¥), and 7; . (2) represent the x, y, and z components of the random error vector of a
patient i at fraction k, respectively. Therefore, the random error of a patient i along the x direction

(0;(x)) can be calculated as

oi(x) = (2.6)
The random error for all patients along the x direction (o(x)) can be calculated as
o(x) = (2.7)

The systematic and random errors along the y and z directions are calculated in the same way (Arimura

etal. 2017).



2.1.2 Planning risk volume (PRV) margin
ICRU-50, 62, and 83 recommend the inclusion of geometrical uncertainties in radiation treatment

planning by adding a safety margin surrounding the target volume and OARs (Stroom and Heijmen
2002; ICRU 1999; ICRU 2010; Arimura et al. 2017). ICRU-83 stated that uncertainties and variations
of the OAR during treatment must be considered to avoid serious complications (i.e. toxicity).
Therefore, a PRV margin needs to be added to the OAR to ensure that the absorbed dose delivered to

the OAR match the prescription constraints (ICRU 2010).

The PRV margin can be determined by using similar principle as PTV determination. ICRU-
83 recommends the calculation of PRV by using the systematic and random uncertainties of the OAR.
Several researchers have attempted to formulate the “recipe” for the calculation of PRV, however the
most commonly used formula was produced by McKenzie et al. (2002). In their study, they conclude

that for a uniform margin surrounding the OAR, the size of the margin can be calculated as
PRV margin = 1.3¢ + 0.50, (2.8)

where ¢ is the standard deviation of the combined systematic errors and o represents the standard
deviation of the combined random errors. The width 1.3¢ will ensure that the mean position of the edge
of the OAR will be encompassed by this margin along any single direction in 90% of treatment plans

(McKenzie, Van Herk, and Mijnheer 2002).

2.2 Point distribution model (PDM)
A statistical shape model of an organ is commonly used for the prediction of fraction-to-fraction

variations for a populations of patient in computational approaches in radiation treatment planning
(Arimura et al. 2017). The use of shape models, i.e. point distribution model (PDM), which describe
and label the expected structure of human organs are beneficial for analysing the shape variation of

organs (T. Cootes and Taylor 2001; Shibayama et al. 2017).

PDM represents shapes by distributing a set of points across the surface and concatenated the
coordinates for all the points to one vector (T. F. Cootes and Taylor 1992; Heimann and Meinzer 2009).

PDM represent shapes by distributing a set of points across the surface and concatenated the coordinates



for all the points to one vector (Heimann and Meinzer 2009; T. F. Cootes et al. 1992). The set of points
can be extracted from volume data by, e.g. the marching cubes algorithm (Lorensen and Cline 1987).
The surface triangulation of the volume data produced surface points (vertex) and faces of the surfaces,
in which each vertex is connected to other vertex by edges, as shown in Fig. 2.2. The surfaces can be
simplified by reducing the vertices to obtain a faster computing time while preserving the quality of the

surface representation, by using a quadric error metrics method (Garland and Heckbert 1997).

Vertex

Edge
Face

Fig. 2.2 An illustration of vertex, edge, and face of a triangulated surface.

2.2.1 Surface triangulation by the marching cubes algorithm

The marching cubes algorithm creates a polygonal representation of constant density surfaces from a
volume data (Lorensen and Cline 1987). The algorithm first locates the surface corresponding to a user-
specified value. The surfaces were located by using a logical cube created from eight pixels; four each
from two adjacent slices. The algorithm then determines the surface intersection in a cube by assigning
binary values to a cube’s vertex, based on the data value at the vertex. Since there are eight vertices in
each cube and two states (1 or 0), inside and outside, it created a 28 = 256 possibilities of how a surface
intersecting a cube. However, by considering two different symmetries of the cube, the possibilities can
be reduced to 14 patterns. Figure 2.3 shows the triangulation for the 14 patterns (Long and Nagamune
2015). The algorithm move to the next cube until all the surface pixels are covered (Lorensen and Cline

1987).
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TN

case 10

NG

case 4

case 11

case 12

case 13

case 14

Fig. 2.3 lllustrations of the triangulation patterns used in marching cubes algorithm (Long and

Nagamune 2015).

2.2.2 Surface simplification by the quadric error metrics method

It is often necessary to produce a simpler version of a computer-generated model in order to lower the

computational cost. The quadric error metrics method aims to generate a simplified surface model

(approximation of the original input) from a polygonal surface model (Garland and Heckbert 1997).

The approximation will satisfy some given criterion such as a desired face count or a maximum tolerable

error.

The quadric error metrics algorithm is based on the iterative contraction of vertex pairs. Let M,,

be the

input polygonal surface model consisting of a set of vertices (vq,Vy,..., Vi k =

number of vertices). A pair of vertex (v;, v,) will be valid for contraction (v;, v,) = V, where v

denotes the new position of the contraction result, if either of the following criterion is met:

1. (vq4, vy)isanedge, or

11



2. vy —wpll <t

where t denotes the threshold parameter. Figure 2.4(a) illustrates the pair contraction for an edge pair

while Figure 2.4(b) illustrates the pair contraction for non-edge pair.

contract ﬂcontract

@

After
After

a) b)

Fig. 2.4 lllustrations of pair contraction in the quadric error metrics algorithm: a) for an edge pair,

and b) for a non-edge pair.

The cost of contraction is defined to select a contraction which will be performed during a given
iteration by associating a symmetric 4 X 4 matrix Q with each vertex. The error at vertex v =

[vy vy v, 1]T can be defined as

A(v) = A([vx Uy Uy 1]T) = Z (pTV)z'

peplanes(v) (2'9)
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where p = [a b ¢ d]" represents the plane associated with each vertex defined by the equation ax +
by + cz + d = 0 where a? + b? + ¢? = 1. This approximation was obtained by assuming that each
vertex in the original model is a solution of the intersection of a set of planes of the triangles that meet

at each vertex. The quadratic form of Eq. (2.9) can be rewritten as

A(v)

(v'p)(p"v)

peplanes(v)
= Z vi(ppT)v
peplanes(v)

(2.10)
= vT z K, |v,
peplanes(v)

where K, is the fundamental error quadric matrix which can be used to find the squared distance of any

point in space to the plane p. The fundamental error quadrics matrices can be summed up together and
represent an entire set of planes by a single matrix Q. A fundamental quadric error matrix can be defined

as

a’> ab ac ad

T_|ab b* bc bd
p= PP ac bc c¢? cdf (2.11)

ad bd cd d?

~
I

Therefore, the quadric error metrics method can be summarized as follows:
Step 1. Compute the Q matrices for all initial vertices.
Step 2. Selection of all valid pairs.

Step 3. Computation of the optimal contraction target ¥ for each valid pair (v;,v,). The error vI(Q; +

Q,)v of the target vertex is calculated as the cost of contracting the pair.
Step 4. List all pairs with the pair having minimum cost placed at the top of the list.

Step 5. Iteratively contract the pair (v, v,) starting from the top and update the costs for all valid pairs

involving v;.

13



2.2.3 PDM correspondences determination by using thin-plate spline robust point matching (TPS-RPM)
algorithm

Modelling the statistics of a class of shapes requires a set of shapes with well-defined correspondences
(Heimann and Meinzer 2009). In principle, the algorithm that compute correspondences between two
shapes is actually perform a registration between the shapes. One of the algorithm commonly used for
computing the correspondence between two point sets is thin-plate spline robust point matching (TPS-

RPM) algorithm.

TPS-RPM algorithm is a non-rigid point matching algorithm that minimizes the distances
between two point sets based on deterministic annealing and softassign algorithms. The general idea of
the algorithm is to incorporate the thin-plate spline as a non-rigid mapping method to the robust point
matching algorithm which is known to be only using affine and piecewise-affine mappings (Chui and
Rangarajan 2003). Let X be a set of points from a source surface consisting of {x,} where (a =
1,2, ..., H; H: number of points) which correspondences with V, a set of points from a target surface
consisting of {v,} where (b = 1, 2, ..., D; D: number of points), are to be determined. The mapping of
a point x, to a new location by a non-rigid transformation is represented by a general function f. The
goal of TPS-RPM is to minimize the following cost function based on the mapping function f(x,)

between corresponding sets {x,} and {v, }:

H

D
min > > zapllvy = I + AP, (212)
" b=1a=1

where Z is the correspondence matrix consisting of {z,;}, ||f]| is the L2 norm, A is the hyper-parameter
that trades off between the registration and regularization of £, and ||f]|? is the TPS regularizer which
calculates the bending cost of f and acts as a smoothness measure (Chui and Rangarajan 2003; S. H.
Huang et al. 2015).

2.2.4 Analysis of geometric uncertainties using PDM

Computational anatomical approaches based on PDMs are promising tools for the determination of

safety margins in radiation treatment planning, since we can analyze the motion of each point

14



displacement on the surface of an organ for a population of patients at a number of treatment fractions
(Arimura et al. 2017). The method can be applied to CTV (Shibayama et al. 2017) as well as to OARs

(Sohn et al. 2005; Haekal et al. 2018).

Figure 2.5 illustrates a PDM of an object. Let p; ; (k) = (p;jx(k), pijy k), pi,jlz(k))T be a
3D position vector of surface point (vertex) k (k =1, ..., M) on the object surface §; ; for the i-th
patient (i = 1, ..., N) at the j-th fraction (j = 1,...,F;j = 1 : reference fraction). Here, x, y, and z
represent the right-left (RL), anterior-posterior (AP), and superior-inferior (SI) directions, respectively.

The surface (shape) of an object can be defined as a matrix (a set of vertex vectors) as follows:

Siji= (i) pij(2) ... pijk) ... pi;(M))). (2.13)

S /‘pi.j(l) p‘)(Z) '~ 1

g e o -
/ ) %
{ : .0 \
| ® &
» . . |
‘-‘ ® .. pii (k)
[ /
\. ° ® ® ° ;
\ :
. @ p. ;M) 7

Si; = ij (1) pi;j(2) .. py;(k)..p; j(M))

Fig. 2.5 An illustration of a point distribution model of an object.
The PDMs can be used to calculate the systematic and random errors of the vertices (van der Wielen et
al.  2008). Let a displacement matrix of the transformed surface DS.) =

(d;;j(1)d;;(2) ... d; (k) .. d;;j(M)) be for the j-th fraction of the i-th patient from the surface §; ;

for the first (reference) fraction. The displacement matrix is derived from
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@) _ ()@
Di,]- = Ti,]- Si,]' —Si1 (2.14)

where ng) is the non-rigid transformation matrix which used to register each surface §; ; with a

reference surface S; ;. The average surface S; for all fractions of the i-th patient is obtained from

S;=S,1+D, (2.15)
where
F
— 1
D; = Fz D;; (2.16)
Jj=1
and
D, = (d,(1) d;(2) .. d;(k)... dy(M)). (217)

(@)

The displacement matrix D;™ of the transformed average surface Tga)Ei of the i-th patient from the

average surface for all fractions of the first patient S; can be calculated as
Dl@ = Tﬁa)fi -5 (2.18)

The average surface S for all fractions of all patients can be calculated as

$=5,+D@ (2.19)
where
1 N
D@ — Nz Dl(a)_ (2.20)
i=1

Therefore, the systematic displacement &; (k) along the surface normal vector n;(k) at the k-
th vertex, which is distributed on the average surface S; of the i-th patient, can be calculated as (van der
Wielen et al. 2008)
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F
1
i) = 5= > (@5} (0, (k) (2.21)
=1

where (°,”) denotes the inner product. The corresponding SDs of the random displacement along the

surface normal vector can be obtained by

F
1 —
0i(k) = === > (@) = &), my(e))*. (2.22)
j=1

17



Chapter 3 Computational analysis of interfractional anisotropic shape variations of the

rectum in prostate cancer radiation therapy

3.1 Clinical study
This study was performed with the approval of the Institutional Review Board of our university hospital.

The clinical data used in this study were obtained from 11 patients (range: 60-75 years; median age: 64
years; stage T1-T3a, NO, M0), who had undergone intensity-modulated radiation therapy (IMRT) for
prostate cancer. The planning computed tomography (CT) images were acquired from a CT scanner
(Mx 8000, Philips, Amsterdam, Netherlands) with 512 x 512-pixel dimensions, 0.98 mm in-plane pixel
size and 2.0 mm slice thickness. Each patient received a dose of 76 Gy at 38 fractions using an

accelerating voltage of 10 MV on a linear accelerator (Varian Medical Systems Inc., Palo Alto, USA).

The analyses of systematic and random errors of interfractional anisotropic shape variations of
the rectum were derived from contours delineated on the planning CT and cone-beam CT (CBCT)
images at 80 fractions of 11 patients. CBCT scans were performed just before irradiation at 5-9 fractions
(mean: 7.3) of each patient. The CBCT data were used for correcting target localization at each fraction
and only acquired at the beginning of the week to reduce the dose received by the patients. A kilovoltage
CBCT scanner (On-Board-Imager, Varian Medical Image Systems Inc., Palo Alto, USA) was used to
perform the scans which produced images with 384 x 384-pixel dimensions, 1.17 mm in-plane pixel
size and 2.5 mm slice thickness. The delineations of the rectum contours were based on a consensus
between a radiation oncologist (S.0.) and a medical physicist (T.H.) using a commercially available
radiation treatment planning (RTP) system (Eclipse version 6.5 and 8.1, Varian Medical System Inc.,

Palo Alto, USA).

3.2 Pre-processing
The original planning CT and CBCT images were converted into isotropic images with an isovoxel size

of 1.17 mm using a cubic interpolation method. The rectum structures delineated on both planning CT
and CBCT images were also extracted and converted using a shape-based interpolation method

(Herman, Zheng, and Bucholtz 1992).
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In this study, we focused on the errors introduced by the inter-fractional organ motions of the
rectum. To reduce the effect of intraobserver variation, uniform-length rectums were used for all cases.
The reference length was equal to the shortest length (7 cm) of a rectum between starting and ending
slices (around anus to sigmoid positions) delineated on the CBCT images among all cases (Hoogeman

et al. 2002).

3.3 Calculations of errors due to shape variations
This study evaluated the local errors of the shape variations by dealing with them separately along each

axis, as illustrated in Fig. 3.1. The x, y and z axes are each separated along their positive and negative
directions corresponding to the anterior, posterior, superior, inferior, left and right directions. The local
errors were calculated as the displacements of position vectors at points on 3D surfaces of the rectum
(Fig. 3.2). The rotation errors of the rectum were included as shape variations since the errors also

introduced the displacements of the surface points (Shibayama et al. 2017).

Superior
4z

IS view

Fig. 3.1 Hllustrations of anatomical directions describing rectum orientation. The "x", "y" and "z"
axes correspond to the right-left (RL), anterior-posterior (AP) and inferior-superior (IS) directions,

respectively.
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Rectum registration | | Surface triangulation
using centroid matching| |and vertices reduction

v

reference rectum

| Construction of

Rectum PDMs*

Determination of correspondences
— between reference rectum
and rectum PDMs

Reference rectum l

Reference rectum Rectum PDMs

v
Calculation of errors
for shape variations

Fig. 3.2 A flowchart to calculate systematic and random errors of the rectum due to shape variations
using a statistical point distribution models (PDMs).

The flowchart to calculate errors due to shape variations from planning CT and CBCT images
were described in Fig. 3.2. First, all rectums were registered using a centroid matching technique. Then,
the surfaces of the registered rectums were triangulated using a marching cubes algorithm to obtain a
3D surfaces of the rectum (Lorensen and Cline 1987). The produced surfaces consisted of many vertices,
which were reduced to a similar number of vertices (~1000) using a quadric error metric method
(Garland and Heckbert 1997). Thin-plate spline robust point matching (TPS-RPM) algorithm was

applied to determine the correspondences between two surface structures.

In this study, the systematic error of a patient due to shape variations was defined as the average
deviation of a reference rectum from the planning rectum surface. The term “planning” rectum surface
refers to the rectum surfaces derived from rectum structures on planning CT, while “reference” rectum
surface refers to the average rectum surface determined from rectum surfaces at all fractions. The
algorithm to construct a reference surface was described in a paper by Shibayama et al. (Shibayama et

al. 2017). On the other hand, the random error of a patient was defined as the SDs of the daily deviations
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of the rectum surface at each fraction from the reference rectum surface (ICRU 2010; Wu et al. 2001;

Witte et al. 2004; Arimura et al. 2017).

3.3.1 Systematic error

Figure 3.3(a) illustrates the point distribution image of all the vertices on the reference rectum. To obtain

the SDs of systematic and random errors due to shape variations along each direction, the rectum was

split into two halves (anterior and posterior regions, left and right regions, superior and inferior regions)

with respect to its centroid, depending on whic

h direction was evaluated. The example is shown in Fig.

3.3(b), where the anterior half vertices were used to calculate the SDs of the systematic and random

errors along the anterior direction.

Superior

Posterior Anterior

Inferior

(a)

Superior

Posterior Anterior

Inferior

(b)

RL view

Fig. 3.3 Point distribution images consisting of reference rectum vertices which are used to evaluate

shape variations viewed from RL direction: (a) the PDM of whole vertices while, (b) only the anterior

part of the rectum vertices split at the centroid remains to be used in evaluating the shape variations

along the anterior direction.

Figure 3.4 illustrates the determinations of the local systematic and random errors due to the

shape variations. Let R;,.r be the

reference rectum of the i -th patient (i=1,

2, ..., N; N:number of patients ) which corresponded with the rectum at each fraction. Accordingly,

the vector p; ; (k) of the k-th vertex (k = 1,2,

..., M; M: number of vertices) of the rectum at the j-th
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fraction (j = 1,2, ..., F; F: number of fractions) of the i-th patient is corresponded to the vector of the

k-th vertex (P; rer (k) = Direrx (k) Direry(k), Direr.(k))T) at the reference rectum.

s{k)

pi,r:g](k) Pf,pfan(k)

(a) (b)

Fig. 3.4 lllustrations of the determinations of local systematic error and local random error due to
shape variations: (a) local systematic error was calculated between reference rectum (e) and planning
rectum (o) while, (b) local random error was calculated between reference rectum and rectum at each
fraction (A).

The correspondence between the 3D vector at the k-th vertex (p; pian(k) = (Dipianx (k).
Dipian,y (k) Pi,pzan,z(k))T) on the planning rectum R; ,,;,, and the vector of the k-th vertex p; ,..r (k)
on the reference rectum R; .. was determined in a similar way. The local systematic error s;(k) can

be calculated as:
Si(k) = pi,ref(k) - pi,plan(k) = (Si,x(k)v Si,y(k)' Si,z(k))T)' (3-1)

where s; «(k), s;, (k) and s; ,(k) represent the x, y and z components of the local systematic error

vector in the inquired half, respectively. The average deviation &gy ; 4 for a patient along the anterior
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direction, in this study, can be calculated as (Stroom and Heijmen 2002; Arimura et al. 2017; Strbac

and Jokic 2013; Dzierma et al. 2015):

1
esvia =37 ). Sy () (32)
k=1

Here, M, denotes the number of vertices in the anterior half of the rectum surfaces. Then, the
population SDs for all patients along the anterior direction can be obtained by (Stroom and Heijmen

2002; Arimura et al. 2017; Strbac and Jokic 2013; Dzierma et al. 2015):

N
1 p—
Esv,a = NE(‘SSV,LA — &v.a)? (3.3)
1=1

where

1

Esva = N2, Esvia (3.4)

M-

The population SD of the systematic error along the other directions were also calculated in a

same way. The SDs of the local systematic error 7;(k) at each vertex were calculated as:

7.(k) = Jsgx(k) + 52, (k) + 52, (k). (3.5)

3.3.2 Random error

The SDs of the interfractional random error due to shape variations were calculated by using a PDM-

based covariance matrix. Let a point distribution column vector q; ; of rectum R;; given by the

elements of p; ; (k) be:
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qij = 0ijxD), s D jxc (M), 01y (D), oo, 01y (M), Py j (1), o, 1 (M) T (3.6)

The covariance matrix at all fractions of the i-th patient can be obtained by calculating:

F
1 _ _
V= FZ(CIU s DICT DA (3.7)
=1
where
F
. 1
q; = Fz qi;- (3.8)
j=1

Here, the term g; denotes the mean vector of q; ;. The covariance matrix V; consisted of

diagonal elements which represent the square of SDs (variance) of the local random error at each vertex

of the rectum. These elements can be defined as:

Vgy,i = (O-S?V,i,x(l)l ---'Us?v,i,x(M)'Us?v,i,y(l)' ""O-gv,i,y(M)'o-SZV,i,z(l)' ---'Uszv,i,z(M))T- (3.9)

The variances on all vertices of the rectum were used to calculate the individual SD of the
random error along each direction. The individual SD of a patient along the anterior direction (ogy ; 4)

can be calculated as:

Mgy

1
Osv,ia = M—Z 0y (K), (3.10)
A
k=1
where agy ;,, (k) denotes the local SD of the random error in the anterior half of the rectum and M,
represents the number of vertices in the anterior half. The population SD of random error for all patients
along the anterior direction (osy 4) is defined as the root-mean-square (RMS) of the individual SDs of

each patient in the group and calculated by (Stroom and Heijmen 2002; Strbac and Jokic 2013; Dzierma

et al. 2015):

24



(3.12)

The population SDs along the other directions (left, right, posterior, superior and inferior) can
be obtained using the same method. The SDs of the local random error on the k-th vertex (osy ;(k))

were calculated as:

o5y (k) = J 02y (k) + 02y 1, () + 02y, (K). (3.12)

3.4 Calculations of errors at ROP regions
The regions in which the rectum overlapped with the PTV along the anterior wall (referred to as ROP

regions) may be included in high dose distributions which could lead to rectum toxicities such as rectal
bleeding (Prabhakar et al. 2016). Therefore, the shape variations of the ROP regions were analyzed to
improve the determination of the anisotropic PRV margins. The vertices of the rectum which were
detected to be inside the PTV were selected. Then, the calculation of errors was conducted using similar
principles described in Section 3.3.

3.4.1 Determination of ROP regions

The overall procedure for determining the ROP regions of the rectum is described in Fig. 3.5. The
determination of correspondence between rectum at each fraction and a reference rectum will produce
the corresponding rectum R; i » where j represents the fraction number ( j=
1,2, ..., F; F:number of fractions) of the i-th patient (i = 1,2, ..., N; N:number of patients). A
reference PTV T; of each patient was constructed by selecting the overlapped pixels between each PTV

binary images at all fractions.
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Determination of correspondence
between rectum at each fraction
and reference rectum

Determinaticn of
reference PTV

!

Determination of vertices that
overlapped with PTV at each rectum

(

Correspondence checking
on each overlapping vertex

Overlapped vertex
have correspondence
at all fractions?

Yes

Select as ROP region

All overlapped
vertices checked?

Yes

Calculation of errors on
ROP region

Fig. 3.5 A flowchart to calculate systematic and random errors of rectum-overlapped-with-PTV

(ROP) regions due to shape variations using a statistical point distribution models (PDMs).

The overlapped vertices of the rectum Rov,i,j at the j-th fraction of the i-th patient were
identified by finding the vertices whose coordinates were identical with those of the reference PTV T;.

The process can be intuitively described as:
ﬁOV,i,j =R

LN T (313)

Then, an ROP region at each fraction of a patient can be obtained by selecting overlapped

vertices that have correspondences at all fractions as illustrated in Fig. 3.6.
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Fig. 3.6 An illustration of the determination of the ROP regions of the rectum. An overlapped vertex
(@) would be included as ROP region (red border) if the correspondences with overlapped vertices

at all fractions were found.

3.5 Dose evaluation study
In order to demonstrate the impacts of the proposed method on prostate cancer treatment, the treatment

plans with an anisotropic PRV margin were designed as simulations on the CBCT images to calculate
the dose evaluation indices, clinical target volume (CTV) Dqg and V5, Vo, Vs, Ve and V,, of the
rectum. Dog Was defined as the percentage of dose received by 98% of the CTV, while V,, was defined
as the rectum volume receiving x Gy. These dose evaluation indices were selected since V-, and V5
for the rectum were associated with Grade 2 or higher complications (E. H. Huang et al. 2002), while
in another reports Vg for the rectum was also associated with late toxicity (Pederson et al. 2012;
Chennupati et al. 2014; Someya et al. 2014) and V-V, for the rectum were found to be more relevant

to the occurrence of severe late rectal bleeding (Michalski et al. 2010; Coates and El Naga 2016).

Four new cases were employed as test cases for validation of the PRV margin determined based
on the shape variations, which were obtained by the proposed method in this study. The anisotropic
PRV margin was derived along each direction by using the McKenzie’s margin recipe of 1.3¢ + 0.50

to the rectum (McKenzie, Van Herk, and Mijnheer 2002). Here, € and o denote the population SDs of
27



the systematic error (Eq. (3.3)) and random errors (Eq. (3.11)), respectively, which were calculated by
the proposed method. The test cases were treated with IMRT with a total number of 21 fractions. A
treatment plan based on the PRV margin was generated for each patient by applying plan constraints to
the rectum PRV using a commercially available RTP system (Eclipse version 10.0, Varian Medical
Systems Inc., Palo Alto, USA). The constraints were V5, < 5%, Vg < 10%, Vg < 20% and Vo <
40%, which are based on QUANTEC recommendations to have been used in clinical practice
(Michalski et al. 2010; Buschmann et al. 2016). A Wilcoxon signed-rank test was employed to compute

the statistical difference between dose evaluation indices in original and PRV-based plans.

3.6 Results
Figure 3.7 shows the population SDs of the systematic and random errors of the rectum due to shape

variations along each anatomical direction of all patients. The population SDs for systematic errors were
0.6 mm along the left direction, 0.3 mm along the right direction, 1.0 mm along the anterior direction,
0.7 mm along the posterior direction, 2.1 mm along the inferior direction and 2.4 mm along the superior
direction. The population SDs for random errors were 1.2 mm along the left direction, 1.2 mm along
the right direction, 1.6 mm along the anterior direction, 1.6 mm along the posterior direction, 1.9 mm

along the inferior direction and 1.7 mm along the superior direction.
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Fig. 3.7 The population SDs in mm of (a) systematic errors and (b) random errors of all patients due

to shape variations along each anatomical direction.

Figure 3.8 shows the comparisons for the population SDs for shape variations between the

whole rectum and the ROP regions along each direction. For systematic errors of the ROP regions, the

population SDs were smaller along all directions except along the left and right directions compared

with the population SDs of the whole rectum. For random errors of the ROP regions, only the population

SDs along the left direction was not changed, while along the other directions the population SDs were

smaller compared with population SDs of the whole rectum. The population SDs was shown along the

posterior direction indicating that the ROP regions were not limited to the anterior side of the rectum.
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Fig. 3.8 The population SDs in mm of whole rectum and ROP regions of the rectum: (a) systematic
error and (b) random errors of all patients due to shape variations along each direction.

The population SDs of systematic errors for the ROP regions were 0.8 mm along the left
direction, 0.8 mm along the right direction, 0.9 mm along the anterior direction, 1.9 mm along the
inferior direction and 1.3 mm along the superior direction. The population SDs of random errors for
ROP regions were 1.1 mm along the left direction, 0.8 mm along the right direction, 1.1 mm along the
anterior direction, 0.1 mm along the posterior direction, 1.8 mm along the inferior direction and 1.6 mm

along the superior direction.

In summary, the population SDs of the random errors for the whole rectum along all directions
were larger than 1.0 mm. On the other hand, the population SDs of the systematic errors for the whole
rectum were smaller than 1.0 mm along the posterior, left and right directions. The deviations along the
superior direction was largest for the systematic errors, while the deviation along the inferior direction
was largest for the random errors. The population SDs of systematic error for the ROP regions were
larger than 1.0 mm along the superior and inferior directions, while the population SDs of random errors

for the ROP regions were larger than 1.0 mm except along the right and posterior directions.
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Figure 3.9 shows the comparison of average dose evaluation indices between original and PRV-
based plans for the four test patients. The V5 for the rectum in PRV-based plans was significantly
smaller (p < .001) than those of the original plans. However, the V,, for the rectum in PRV-based
plans were significantly larger (p < .001) than those of the original plans. On the other hand, the Dyg

to the CTV showed no statistical significant difference between original and PRV-based plans (p >

.001).
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Fig. 3.9 Comparisons of average dose evaluation indices of the rectum (rectum Vs, V5, Ves, Vo and
V40) between original and PRV-based plans.

3.7 Discussion

The deviation along the superior, inferior and anterior directions were dominant for systematic and
random errors. Brierley et al. and Nuyttens et al. noted similar observations of large deviations along
superior and inferior directions of the rectum (Brierley et al. 2011; Nuyttens et al. 2002). The deviations
were affected largely by the variabilities of other organ proximal to the rectum such as small bowel

(Nuyttens et al. 2002).
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Figures 3.10 and 3.11 illustrate the SDs of the local systematic and random errors visualized on
the reference rectum for a patient. The calculations of the magnitudes of the local systematic errors and
local random errors were performed by Equations (3.5) and (3.12), respectively. Large variations (>
3.0 mm) occurred in the upper-left and upper-anterior sides of the rectum for systematic errors. For
random errors, beside the upper-left and upper-anterior side of the rectum, the lower-left and lower
anterior side of the rectum also had variations larger than 3.0 mm. Hoogeman et al. reported that their
study also resulted in the largest variations occurred in the upper-anterior side of the rectum and
uniformly distributed in the lower half of the rectum for random errors. The smaller variations in the
posterior side of the rectum were indicating the possibilities of the sacrum limiting rectal wall movement
(Hoogeman et al. 2004). The various SDs distributed on the rectum surface, as visualized in Fig. 3.10
and Fig. 3.11, showed that our method had more advantage in analysing rectum shape variations than

volume-based methods since our method considered every voxel on the surface in the calculation.

(a)

Fig. 3.10 lllustrations of the local systematic error SDs visualized on the reference rectum of a patient:

(a) LR view, (b) AP view and (c) RL view of rectum.
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Fig. 3.11 Illustrations of the local random error SDs visualized on the reference rectum of a patient:
(a) LR view, (b) AP view and (c) RL view of the rectum.

Figures 3.12 (a) and (b) illustrate the SDs of the local systematic and random errors of ROP
region visualized on the reference rectum for a patient. Large variation (> 3.0 mm) for systematic errors
occurred in the upper part of the ROP regions. On the other hand, the variations (> 2.0 mm) were
uniformly distributed in the ROP regions for random errors. Aside from rectal gas and peristalsis
activity (Shibayama et al. 2017), the lower part of the rectum was also suggested to be affected from
the contraction and relaxation of the muscle system of the pelvic floor (Hoogeman et al. 2004).
Variation larger than 3.0 mm in the ROP regions indicated that more portions of the rectum were
exposed by the high dose region, consequently increasing the chance of acute toxicity in the rectum

(Prabhakar et al. 2016).
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Fig. 3.12 Illustrations of the SDs of the local systematic and random errors of an ROP region
visualized on the reference rectum of a patient: (a) local systematic and (b) local random error.
Figures 3.13 and 3.14 show the relationship between the SDs of dose evaluation indices and
the individual SDs of systematic and random errors of rectum shape variations along the anterior
direction, respectively. These results indicate that rectum shape variations affected variations of dose
evaluation indices, but there were no statistical significances between them along all directions (p >

.05, Pearson correlation test).
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Fig. 3.13 Relationships between the SDs of dose evaluation indices and the individual SDs of

systematic errors of rectum shape variations for 15 cases along the anterior direction.
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Fig. 3.14 Relationships between the SDs of dose evaluation indices and the individual SDs of random

errors of rectum shape variations for 15 cases along the anterior direction.

The high dose to the ROP regions and large regions receiving low doses need to be studied in

details to reduce rectum late toxicities and late gastrointestinal (GI) quality of life (QOL) in IMRT for

prostate cancer in future studies. The ROP region is defined as the region in which the rectum

overlapped with the PTV along the anterior wall and may be included in high dose distribution.
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Chennupati et al. reported that a high dose to the anterior rectal wall was associated with a low scoring
of late Gl QOL (Chennupati et al. 2014). On the other hand, as for large regions receiving low doses,
dose constraints such as V,, < 65 — 80% were recommended to reduce the incidence rate of fecal
incontinence to 1 — 2% (Landoni et al. 2016). Since V,, obtained by the proposed method was smaller

than 60%, the risk of fecal incontinence may be negligible for the cases used in this study.

The smaller population SDs of the ROP regions than for the whole rectum may be used to
improve the anisotropic PRV margins used in prostate cancer radiation treatment. A large margin for
PRV of parallel organs such as the rectum could become problem if the PRV is used for dose evaluation
and criteria determination (Stroom and Heijmen 2006). Since the rectal motion was reported to be
occurring mainly along the anterior direction (Muren et al. 2004; Dias et al. 2011), the solution for
providing a more compact margin can be obtained by deriving the PRV margins from the errors of the
ROP regions especially along the anterior direction. By deriving the PRV margins based on the errors
of the ROP regions, a smaller margin can be produced without neglecting the variations of the rectum
wall proximal to the high dose regions. Smaller margins have also been indicated to be useful in

predicting late morbidity of the rectum (Thor et al. 2010)

There are some limitations in this study. A larger number of cases is necessary to improve the
statistical estimation of shape variations of the rectum. Since the TPS-RPM does not consider
preserving the geometrical features of the surface, a more advanced correspondence determination
method would also enhance the precision of the calculation of errors (Morooka and Nagahashi 2005;
Miyauchi et al. 2013). Nevertheless, this study will be useful as a means to study the shape variations
of the rectum. The results are envisioned as a means to derive anisotropic PRV margins for the rectum

which can be utilized for general RTP systems.
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Chapter 4 Conclusions

In this thesis, we analysed the interfractional anisotropic rectum shape variations in prostate cancer
radiation therapy. We proposed a computational framework to calculate the shape variation of the

rectum and the ROP region by using a statistical PDM.

In Chapter 1, we introduced the potential of shape variation analysis of the rectum and

introduced the ROP region of the rectum and the concept of PRV margin.

In Chapter 2, we introduced the basic theory related to the use of a statistical PDM to calculate

the geometrical uncertainties in radiation therapy.

In Chapter 3, we proposed a computational framework for analysis of interfractional anisotropic
shape variations of the rectum in prostate cancer radiation therapy. We evaluated the results by using a
dose evaluation study to compare the original plan and the plan which used PRV margin derived from
our proposed method. We concluded that that the anisotropic shape variations analysis, especially in
the ROP regions, should be considered in the analysis of rectum uncertainties and the determination of

PRV margins for the rectum associated with the acute toxicities.
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