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institutions performed ILBT, only 14% of all patients re-
ceived ILBT combined with EBRT, indicating that this
treatment modality was used only in selected cases because
the effect of ILBT is limited to the area surrounding the
lumen of the biliary tract and improvement in local control
can therefore be expected only for small tumors [9].

The optimal radiation field for BTC remains to be de-
fined. The majority of relapses after resection with cura-
tive intent occur at the primary tumor site [13], which
suggests that it may be reasonable to limit RT to the pri-
mary tumor (bed). Only 23% of the patients included in
this survey received radiation to the tumor (bed) as well
as the regional lymph nodes, regardless of the lymph
node status. Although limiting the radiation field to the
tumor (bed) has tended to become prevalent in Japan,
the definition of clinical target volume included regional
lymph nodes as well as the tumor (bed) in a recent
meta-analysis of 14 selected papers with detailed infor-
mation on adjuvant RT after surgery [3], as well as in
many reports on unresectable BTC published since 2000
[14-17]. Collectively, these findings indicate that the ra-
diation field for BTC is not yet standardized due to the
lack of a large randomized control trial and that add-
itional studies investigating the optimal radiation field
should be conducted.

The study presented here showed that chemotherapy
is frequently administered in combination with RT (47%
of all patients). Chemotherapy was most often adminis-
tered during RT, followed by after RT. Several trials have
examined the efficacy of adjuvant chemoradiation after
surgery [18] or of chemoradiation for unresectable cases
[19]. The National Comprehensive Cancer Network
(NCCN) reported that most CCRT for BTC involved the
use of 5-FU, and that CCRT with gemcitabine is not
recommended due to the limited experience with and
potential toxicity of this treatment. However, the use of
CCRT combined with gemcitabine-containing regimens
increased in Japan during the period covered by the
current survey, which suggests that additional studies
should be undertaken to establish the optimal sequen-
cing of RT and chemotherapy with drugs such as
gemcitabine. For chemotherapy for advanced BTC, the
recent randomized control phase III ABC-02 study
showed that a combination of gemcitabine and cisplatin
improved overall and progression-free survival by 30%
over gemcitabine alone [20]. Based on these results, the
combination of gemcitabine and cisplatin can now be
considered to be the standard of care as first-line
chemotherapy for patients with advanced or metastatic
BTC. In Japan, however, oral anticancer drugs such as
TS-1 or UFT also tend to be used as adjuvant chemo-
therapy after RT, and only two patients in the current
study were treated with a combination of gemcitabine
and cisplatin after RT.
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Conclusions

Patients with BTC should continue to be enrolled in
prospective studies of RT with radiosensitizing agents or
of RT with dose escalation methods using techniques
such as IMRT. Further surveys and comparisons with re-
sults from other countries are needed for development
and optimization of RT for patients with BTC in Japan.
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The purpose of this study was to develop a computer-aided method for determination of beam arrangements
based on similar cases in a radiotherapy treatment-planning database for stereotactic lung radiation therapy.
Similar-case-based beam arrangements were automatically determined based on the following two steps.
First, the five most similar cases were searched, based on geometrical features related to the location, size
and shape of the planning target volume, lung and spinal cord. Second, five beam arrangements of an ob-
jective case were automatically determined by registering five similar cases with the objective case, with
respect to lung regions, by means of a linear registration technique. For evaluation of the beam arrange-
ments five treatment plahs were manually created by applying the beam arrangements determined in the
second step to the objective case. The most usable beam arrangement was selected by sorting the five treat-
ment plans based on eight plan evaluation indices, including the D95, mean lung dose and spinal cord
maximum dose. We applied the proposed method to 10 test cases, by using an RTP database of 81 cases
with Iung cancer, and compared the eight plan evaluation indices between the original treatment plan and
the corresponding most usable similar-case-based treatment plan. As a result, the proposed method may
provide usable beam arrangements, which have no statistically significant differences from the original
beam arrangements (P> 0.05) in terms of the eight plan evaluation indices. Therefore, the proposed method
could be employed as an educational tool for less experienced treatment planners.

Keywords: radiotherapy treatment planning; similar planning cases; computer-assisted method; beam
arrangements; stereotactic lung radiotherapy

INTRODUCTION potentially comparable to that for surgery [2]. The key to

successful implementation of SBRT is appropriate beam ar-

Stereotactic body radiotherapy (SBRT) has been actively  rangement, which generally consists of a large number of
performed for early stage lung cancers in recent decades  coplanar and non-coplanar beams [3]. However, the deter-
[1]. The survival rate for SBRT has been encouraging, and  mination of beam arrangements in SBRT is a substantial

© The Author 2012. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Therapeutic
Radiology and Oncology.
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and demanding task for inexperienced treatment planners,
as well as experienced treatment planners, and affects
the critical dose distribution with steep dose gradients.
Treatment planning skills are developed by repeated plan-
ning in clinical practice, often under the guidance of experi-
enced planners or appropriate textbooks. In this way,
treatment planners should memorize many planning pat-
terns and construct an evolving ‘database’ in their memory,
which can then be searched for past cases similar to the
case under consideration. However, although a number of
automated methods for determination of beam arrange-
ments have been developed [4, 5], there are currently no
such methods for determining beam arrangements based on
similar past cases. On the other hand, in the field of diag-
nostic radiology, the presentation of similar cases as a diag-
nostic aid has been suggested for diagnosis of chest images
[6], lung computed tomography (CT) images [7, 8], and mam-
mography images [8—11]. These studies have indicated the
feasibility of the usage of similar cases as a diagnostic aid.
However, to the best of our knowledge, there are no studies
on the feasibility of determination of beam arrangements
using similar planning cases in the radiation therapy field.
The purpose of this study was to develop a computer-aided
method for determination of beam arrangements based on
similar planning cases in a radiotherapy treatment-planning
(RTP) database for stereotactic lung radiotherapy. The beam
arrangement includes not only beam directions but also accel-
erating voltages, collimator angles, beam weights etc.

MATERIALS AND METHODS

Figure 1 shows the overall scheme of the proposed method,
which consists of two main steps. First, similar cases to an
objective case were searched, based on geometrical features
related to structures such as the location, size, and shape of
the planning target volume (PTV), lung and spinal cord.
Second, beam arrangements of the objective case were
automatically determined by registering similar cases with
the objective case, in terms of lung structure regions using
a linear registration technique, i.e. an affine transformation

Objective case

L

Selection of similar cases

based on geometrical features

i
i
v

Determination of beam arrangements
based on linear registration technique

U

| Similar-case-based beam arrangements

Fig. 1. Overall scheme for the determination of similar-case-
based beam arrangements.
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[12]. Finally, the similar-case-based beam arrangements
were evaluated by plan evaluation indices. Details of the
proposed method are described in this section.

Clinical cases

This study was performed under a protocol approved by the
institutional review board of the University Hospital. We
selected 96 patients with lung cancer (right lung: 52 cases,
left lung: 44 cases) who were treated with SBRT from
November 2003 to April 2010. The patients (60 males and
36 females) had a median age of 76 years (range, 42-92
years), and their mean effective diameter of PTV was
4.0 £0.7 cm. Treatment planning was performed by experi-
enced radiation oncologists on a commercially available
RTP system using a pencil beam convolution algorithm
(Eclipse version 6.5 and 8.1; Varian Medical Systems Inc.,
Palo Alto, USA). Contours of the gross tumor volumes
of lung cancers were manually outlined on planning CT
images acquired on a 4-slice CT scanner (Mx 8000;
Philips, Amsterdam, The Netherlands) with 16-bit gray
levels, a slice thickness of 2.0 mm (95 cases) or 5.0 mm
(1 case), and a pixel size of 0.78 mm (29 cases), 0.86 mm
(1 case), 0.88 mm (10 cases) or 0.98 mm (56 cases). The
internal target volume (ITV) was created individually
according to the internal respiratory motion, which was
measured with an X-ray simulator (Ximatron; Varian
Medical Systems Inc., Palo Alto, USA). The setup margins
between the ITV and PTV were 5 mm in all directions.
Seven to eight beams, including beams in the coplanar and
non-coplanar directions, were arranged, depending on each
patient. All patients received a dose of 48 Gy, prescribed at
the isocenter in 4 fractions, with accelerating voltages of 4,
6 or 10 MV on linear accelerators (Clinac 21EX; Varian
Medical Systems Inc., Palo Alto, USA).

All cases were randomly separated into three datasets, i.e. a
dataset comprising the RTP database, a dataset of 5 training
cases (right lung: 3 cases, left lung: 2 cases), and a dataset of
10 test cases (right lung: 3 cases, left lung: 7 cases). The RTP
database thus included 81 cases (right lung: 46 cases, left
lung: 35 cases). The S training and 10 test cases were used to
determine the parameters for selection of similar cases and for
the evaluation of our method, respectively.

Selection of similar planning cases using
geometrical features

Beam arrangements are generally determined by considering
the geometrical features in an objective case including the
tumor, organs at risk (OAR) (such as spinal cord), and normal
tissue structures. The geometrical features relevant in making
an SBRT treatment plan for lung cancer include the PTV
location, the PTV shape, the PTV size, the lung dimension,
and the geometrical relationship between the PTV and the
spinal cord. Therefore, it was considered reasonable to define
similar cases with respect to these geometrical features.
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In the first step the RTP database was searched for the 5
cases most similar to the objective case by considering the
weighted Euclidean distance of geometrical feature vectors
between the objective case and each case in the RTP data-
base. The weighted Euclidean distance was thus considered
a similarity measure. The weights of geometrical features
were needed in order to consider the importance of the geo-
metrical features from the treatment planning point of view.
When applying the proposed method to their own databases,
each institute should determine the appropriate weights of
the geometrical features based on their own philosophy or
policy of treatment planning. The weighted Euclidian dis-
tance d;mqg. Was calculated by the following equation:

dimage =

where G is the number of geometrical features, w; is the
weight of the i-th geometrical feature, ¢ is the i-th geomet-
rical feature for the objective case, and f; is the i-th geomet-
rical feature for each case in the RTP database. Note that
each geometrical feature was divided by standard deviation
of all cases in the RTP database for normalizing the range of
each feature value. In this study, we defined 10 geometrical
features, i.e. the PTV centroid in the left-right (LR), anterior-
posterior (AP), and superior-inferior (SI) directions, the ef-
fective diameter of the PTV, the sphericity of the PTV, the
lung dimension in the LR, AP, and SI directions, the dis-
tance between the PTV and spinal cord in the isocenter
plane, and the angle from the spinal cord to the PTV in the
isocenter plane. The weights for geometrical features were
empirically set as follows based on the institution’s policy of
treatment planning by using the 5 training cases with a trial
and error procedure so that cases more similar to the object-
ive case could be selected in terms of appearance relevant to
the features: the PTV centroid = 0.3, effective diameter of
the PTV=0.1, sphericity of the PTV=0.1, lung
dimension =0.3, distance between the PTV and spinal
cord = 1.0, and angle from spinal cord to the PTV =1.0. In
our program, the weights for geometrical features were nor-
malized when the similarity measure was calculated.
However, we believe that it would be more logical for users
to set the weights from O to 1.0, than to set the sum of the
weights equal to 1.0. The PTV centroid was determined by
registering the lung structure image of each case in the RTP
database with that of a reference case based on the following
linear registration technique, i.e. affine transformation [12]:

/

P Uir Uz U3 U4 p
g | _ | ua um upz un q 2)
Y U3l Uz U3z Uy r|’
1 0 0 0 1 1
where the transformation parameters u;;...uz,; were
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determined based on feature points. We used a special case
of an affine transformation including only the translation and
scaling due to two feature points, where the affine transform-
ation parameters Uy, i3, Uz;, Uzs, U3;, and uz, were resulted
to zero. The remaining transformation parameters were
determined by analytically solving simultaneous equations
based on two feature points. The vertices of a circumscribed
parallelepiped of a lung, including left and right lung
regions, were automatically obtained as feature points for
calculation of parameters of the affine transformation matrix
as follows. First, the minimum and maximum x, y and z
coordinates, Xmins Xmaxs Ymin» Ymax> Zmin and Zmax,» WEIC
obtained in the original coordinate system of the planning
CT image from the lung segmented by a treatment planner,
and then six planes of X=X, X=Xpmaee Y= Ymins ¥ =Ymaxs
2= Zpin and Z = 7,4, Were determined as those of the circum-
scribed parallelepiped. Finally, two vertices of the circum-
scribed parallelepiped of the lung region (X, Ymins Zmin)
and (Xax Ymax Zmax) Were used as feature points for deter-
mination of parameters in the affine transformation matrix.
In this study, the circumscribed parallelepiped was chosen to
reduce the calculation time for finding the feature points of
the lung. As the registration, the PTV centroid of each case,
located at (p, ¢, r), would move to the position (p’, ¢, r’) in
the coordinate system of a reference case by Equation 2. The
effective diameter was defined as the diameter of a sphere
with the same volume as the PTV. The sphericity was
defined as the roundness of the PTV without a directional
dependence, and given by the ratio of the number of logical
AND voxels between the PTV and its equivalent sphere
with the same centroid and volume as the PTV to the
number of PTV voxels. In fact, we employed the sphericity
in this study as a similarity measure for finding similar cases
in terms of tumor roundness. In future, when determining
beam directions, we should take into account the direction of
tumor regions as one of the shape features for retrieving
similar cases.

Lung dimensions were defined as three side-lengths of
the circumscribed parallelepiped of the lung regions in the
LR, AP and SI directions. The distance between the PTV
and the spinal cord was measured between the centroid of
the PTV and that of the spinal cord in the isocenter plane.
The angle from the spinal cord to the PTV was defined
in the 2D coordinate system with the origin at the centroid
of the spinal cord in the isocenter plane, and ranged from
-7 (clockwise) to & (counterclockwise) for a baseline of the
posterior-anterior direction. Although only the PTV cen-
troid was determined in a fixed reference coordinate system
by registering the lung regions of each case in the RTP
database with those of a reference case; other features were
calculated on each original coordinate system. This was to
consider the relative similarity of the tumor in lung regions,
as well as the absolute similarity such as lung dimensions
and spinal cord position.
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Determination of beam arrangements based on the
linear registration technique

In the second step, five beam arrangements (each of which
had seven or eight beam directions) for an objective
case were automatically determined by registration of
five similar cases with the objective case in terms of lung
regions using a linear registration technique, i.e. affine
transformation [12]. The beam arrangement of the similar
case was modified to fit the objective case with respect to
lung regions. Please note that linear registration maps
straight lines to straight lines, and thus the beam directions,
which can be considered as lines with the origin at the iso-
center, are uniquely and automatically determined by the
registration of the lung regions. First, the affine transform-
ation matrix of Equation 2, registering the lung regions of
each similar case with those of the objective case, was cal-
culated based on two feature points, which were automatic-
ally selected for the registration in vertices of the
circumscribed parallelepiped of the lung regions. Second, a
beam angle, i.e. beam direction vector, based on a gantry
angle 6 and couch angle ¢, was transformed from a spheric-
al polar coordinate system to a Cartesian coordinate system
as unit direction vector (a, b, ¢) as follows:

a sinf cos¢
b= —cosf |. (3)
c sinf sing

Third, each beam direction vector of the similar case in the
Cartesian coordinate system was modified by using the
same affine transformation matrix of Equation 2 as a regis-
tration in terms of lung regions. Finally, the resulting direc-
tion vector (a’, b’, ¢’) in the Cartesian coordinate system
was converted into the spherical polar coordinate system as
the gantry angle 6’ and the couch angle ¢’ as follows:

¢ = tan~! (—C-ZI_;_%C,) ; (4)

¢ =tan”! (g) (5)

Evaluation of beam arrangements using plan
evaluation indices

Five treatment plans were manually made, based on the
beam arrangements with other planning parameters (accel-
erating voltages, collimator angles, beam weight, etc.)
derived from treatment plans of similar cases in a radiation
treatment-planning system. Users of our system can manu-
ally select among the treatment plans provided by the pro-
posed method with their own policies, depending on patient
performances. In this study, however, the most usable treat-
ment plan of the objective case was automatically selected

by sorting the five plans based on an RTP evaluation
measure with eight plan evaluation indices (which was the
Euclidean distance in a feature space between each treatment
plan and an ideal treatment plan) for evaluation of beam
arrangements determined by the similar cases. The beam ar-
rangement of the similar case except beam directions was
used for that of an objective case as they are or after a minor
modification of the accelerating voltage if needed.

In this study, the ideal treatment plan was assumed to
produce perfectly uniform irradiation, with a prescription
dose in the PTV and no irradiation in the surrounding OAR
and normal tissues. The usefulness of each treatment plan
was estimated by the following Euclidean distance d,, of
the plan evaluation vector between the ideal treatment plan
and each treatment plan determined by a similar case, and
designated the ‘RTP evaluation measure’:

d plan =

where J is the number of plan evaluation indices, X; is the
Jj-th plan evaluation index for the ideal treatment plan, and
Y; is the j-th plan evaluation index for the treatment plan
based on the five most similar cases. Each plan evaluation
index was normalized by the standard deviation in the
same manner as the geometrical features based on the RTP
database including 81 cases. The eight evaluation indices
consisted of the D95, the homogeneity index (HI), the
conformity index (CI) for the PTV, V5, V10, V20, mean
dose for the lung, and maximum dose for the spinal cord,
and their values for the ideal treatment plan were set to
48 Gy (prescription dose), 1.0, 1.0, 0%, 0%, 0%, 0 Gy, and
0 Gy, respectively. We evaluated similar-case-based beam
arrangements suggested by the proposed method using
Equation 6 based on the Euclidean distance of eight
plan evaluation indices. Although we could have applied
weights to plan evaluation indices based on planners’ pre-
ferences, in this study we decided to give a constant weight
to each plan evaluation index.

The plan evaluation indices for the PTV calculated in
this study were the D95, HI and CI, which are described
below:

D95: minimum dose in the PTV that encompasses at
least 95% of the PTV.

HI: dose uniformity in the PTV, defined as the ratio of
the maximum dose to the minimum dose in the PTV [13].

CIL: degree of conformity, defined as the ratio of the
treated volume to the PTV. The treated volume is defined
as the tissue volume that is intended to receive at least the
selected dose, and is specified by the radiation oncologist
as being appropriate to achieve the purpose of the treatment
[14]. In this study, the treated volume was defined as the
volume receiving the minimum target dose.
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The plan evaluation indices for normal tissues, i.e. the
lung and spinal cord, were calculated as described below.
For the lung volume, which was defined as the total lung
volume minus the PTV, a V5, V10, V20, and mean dose
were calculated. The Vk was defined as the percentage of
the total lung minus the PTV receiving >k Gy. The
maximum dose for the spinal cord was also calculated.

Assessment of the proposed method

The proposed method was assessed with an RTP database
including 81 cases with lung cancer (right lung: 46 cases,
left lung: 35 cases) by comparing the original beam arrange-
ments of 10 test cases (right lung: 3 cases, left lung: 7
cases), which were randomly chosen from all 96 cases, with
the corresponding most usable beam arrangements deter-
mined from similar cases. The test cases were not included
in the RTP database, and were not used for determination of
the weights of geometrical features. The similar cases were
selected from cases that have ipsilateral lung cancers with
the test case. The same beam weights and wedges of the
similar cases were used for the objective cases. The irradi-
ation fields were adjusted to the tumor using a multi-leaf col-
limator with an additional margin of 5 mm around the PTV.

RESULTS

Figure 2 shows an objective case with a tumor on the lung
wall (Fig. 2a) and the first to fifth most similar cases
(Fig. 2b—f) to the objective case. The similar cases geomet-
rically resemble the objective case (Fig. 2a), especially in

terms of the geometrical relationship between the tumor
and the spinal cord. Moreover, the tumors are located on
the lung wall, because the relative location of the PTV in
the reference lung regions was used for the selection of
similar cases. Figure 3 shows a treatment plan obtained by
the original beam arrangement (Fig. 3a), and five treatment
plans determined by similar-case-based beam arrangements
(Fig. 3b-f), which were sorted in descending order, based
on the RTP evaluation measure. The treatment plans of
Fig. 3b, c, d, e and f were derived from similar cases, as
shown in Fig. 2b, c, e, f and d, respectively. In this case,
the beam arrangements consisted of 7-8 beams, including
3—4 coplanar beams and 3—4 non-coplanar beams. The ob-
jective case (Fig. 3a) received an oblique lateral beam,
which passed close to the spinal cord in order to increase
the conformity of the PTV. On the other hand, the most
usable similar-case-based beam arrangement (Fig. 3b) had
no lateral beams for avoiding the exposure of the spinal
cord, but the second to fifth usable cases (Fig. 3c—f) had
lateral beams due to prioritizing the PTV conformity over
the sparing of the spinal cord. Figure 4 shows the dose
volume histograms (DVHs) of the original treatment plan
(Fig. 3a) and the first to third most usable treatment plans
determined by the RTP evaluation measure (Fig. 3b-d).
The first most usable treatment plan resulted in better PTV
conformity, as well as better sparing of the lung tissue and
spinal cord, compared with the original treatment plan.
DVH curves of the second and third most usable treatment
plans were not always better than those of the original treat-
ment plan.

Fig. 2. An objective case (a) with a tumor on the lung wall, and the first to fifth most similar cases (b—f), which geometrically
resemble the objective case, especially in terms of the geometrical relationship between the tumor and the spinal cord. Red lines indicate

the planning target volumes.
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Fig. 3. A treatment plan obtained by the original beam arrangement (a), and 5 treatment plans determined by similar-case-based beam

arrangements (b—f), which were sorted in descending order based on the RTP evaluation measure. The treatment plans of (b), (c), (d),
(e), and (f) were derived from the similar cases as shown in Fig. 2 (b), (c), (e), (f), and (d), respectively.
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Table | shows the mean + standard deviation (SD) of the and similar-case-based beam arrangements (of the most
plan evaluation indices in 10 test cases obtained from the  usable treatment plans, as determined by the RTP evaluation
dose distributions produced by original beam arrangements  measure). There were no statistically significant differences
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Table 1. Mean+standard deviation of the plan evaluation
indices in 10 test cases obtained from the dose distributions
produced by original and similar-case-based beam arrangements

Original beam Similar-case-based

arrangement beam arrangement

PTV

D95 (Gy) 45.5+0.47 45.8+0.62

Homogeneity index 1.13+0.03 1.13+0.04

Conformity index 1.70+£0.15 1.74 +0.18
Lung

V5 (%) 16.0x£6.30 14.4 +4.98

V10 (%) 9.96+4.52 9.10+3.08

V20 (%) 3.98+1.46 4.06+1.29

Mean dose (Gy) 3.03x1.11 2.90+0.93
Spinal cord

Maximum dose 6.13+3.62 8.21+723

(Gy)

There were no statistically significant differences between the
original beam arrangements and similar-case-based beam
arrangements (P > 0.05).

between the original beam arrangements and the similar-
case-based beam arrangements (P>0.05) in terms of the
eight plan evaluation indices.

DISCUSSION

In general, the RTP database in each hospital has been
generated, intentionally or unintentionally, by experienced
planners after many trials, and incorporates a lot of their
knowledge and skills. The aim of this study was to make
use of these records of knowledge and skills. Therefore, we
proposed a computer-aided method for determination of
beam arrangements using similar past cases in an RTP
database. The proposed method could provide several
usable beam arrangements based on similar cases in the
RTP database. In Fig. 3b—f, the 5 usable similar-case-based
beam arrangements are presented. Although the plan
evaluation indices were calculated for the evaluation of the
treatment plans based on the similar-case-based beam
arrangements, the indices may not cover all aspects of the
dose distribution. Therefore, users can manually select one
of the treatment plans within their own policies, instead of
the most usable treatment plan being selected aufomatically
using plan evaluation indices.

Although SBRT has been widely used for the treatment
of lung cancer in clinical practice, treatment-planning skills
are required for determination of the appropriate beam dir-
ection for SBRT, which consists of a number of beams
with coplanar and non-coplanar directions. Our proposed
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method can automatically determine beam arrangements
based on the treatment plans of similar cases. If inexperi-
enced, or less trained, treatment planners with respect to
SBRT employ the proposed system using an RTP database
of experienced planners, the quality of radiotherapy could
be normalized among planners with different levels of ex-
perience. The proposed system could thus be used as an
educational tool for treatment planners with limited SBRT
experience.

Figure 5 shows the histograms of djue. in three test
cases with right lung cancers (Fig. 5a) and left lung cancers
(Fig. 5b). The means x SDs of dj,,4,. for right and left lung
cancer cases were 1.03 +0.37 and 1.28 +0.39, respectively.
There are the small number of more similar (smaller d;;,qq.)
cases to the test cases with the RTP database used in this
study. In addition, the dj,qe. was distributed with almost
the same SD in the right and left lung cancer cases.
Figure 6 shows the distribution of the d,,, for 50 treatment
plans in 10 test cases. The mean=SD of the dp,, was
6.54+1.95. The distribution of the d,, ranged widely
from 3.0 to 12.0. Figure 7 shows the relationship between
the djyag. and the d,, for 50 similar-case-based treatment
plans in 10 test cases. The total correlation coefficient
between the djy,qq. and the d,y,, was —0.52, but there seems
to be little correlation between them in each test case. The
mean + SD of the correlation coefficient in each test case
was 0.13 +0.37. The reason for this would be related to the
dependence of similar-case-based beam arrangements on
the quality of the treatment plans in the RTP database. In
each test case, the most similar case did not always suggest
the most usable beam arrangement. Therefore, we should
study a similar-case-based optimization method for beam
arrangements, including beam weights and wedges for the
objective case, in future work.

The number of similar cases to be presented to planners
can be determined by the preference of treatment planners.
However, if planners used a relatively larger number
of similar cases than 5 cases, dissimilar cases could be
selected as ‘similar’ cases due to limited number of cases
in the RTP database. In addition, it would be time-
consuming for treatment planners to determine the suitable
beam arrangement from too many options in routine clinic-
al use of the proposed method. Therefore, treatment plan-
ners could change the number of similar cases, which is a
flexible parameter, to adapt to each clinical situation.

The essential parameters in the proposed method were
the weights of the geometrical features in Equation 1,
which were needed for considering the priority of the
various geometrical features from the treatment-planning
point of view. In this study, we empirically determined the
weights for the geometrical features as follows, based on
the institution’s policy of treatment planning. We used five
training cases with a trial and error procedure so that the
cases most similar to the objective case could be selected
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in terms of appearance relevant to the features: the PTV
centroid = 0.3, the effective diameter of the PTV =0.1, the
sphericity of the PTV =0.1, lung dimension =0.3, the dis-
tance between the PTV and spinal cord = 1.0, and the angle
from the spinal cord to the PTV =1.0. We gave greater im-
portance to the geometrical features related to the spinal
cord in order to reduce the extra dose to the spinal cord,
whereas shape features were given lower importance,
because we believe that shape should play a more minor
role in selection of similar cases. The weights were empiric-
ally determined using five training cases, so that the cases
most similar to the objective case could be selected based
on the planning viewpoints, i.e. the philosophies and pol-
icies regarding treatment planning, of a radiation oncologist
(YS) and a medical physicist (HA). Therefore, when apply-
ing the proposed method to their own databases, treatment
planners should first determine the appropriate weights
of the geometrical features based on their own philosophies
or policies regarding treatment planning. Nevertheless, it
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Fig. 7. Relationship between the dj,g. for selection of similar
cases and dpy,, for evaluation of similar case-based beam
arrangements.

would be useful to develop the optimization method for the
weights in Equation 1 so as to reduce planning time in
future work, so that the planners’ philosophies and policies
can be incorporated into the optimization method, while
retaining flexibility.

It would be very important to evaluate the results of the
proposed method displayed in Table 1 from a clinical
standpoint. According to our results, the proposed method
may provide usable beam arrangements with little statistical
difference from cases in the RTP database, as shown in
Table 1. However, 56% of the plan evaluation indices were
improved by the proposed method, compared with those of
the original treatment plans. From the clinical point of
view, the proposed method might not always suggest the
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most usable treatment plans, because the quality of
similar-case-based treatment plans depends on that of treat-
ment plans in the RTP database. Therefore, the quality of
the database might influence similar-case-based beam
arrangements; if inappropriate treatment plans were
included in the database this could be one of the limitations
of the proposed method. In this study the original beam
arrangements were determined by experienced radiation
oncologists in our hospital, and the radiation oncologists
approved all treatment plans as clinically acceptable. Even
so, we need to consider some threshold values for the RTP
evaluation measure to avoid selection of inappropriate treat-
ment plans. In future works, we would like to build a more
reliable RTP database by reviewing the clinical outcome of
each case, and/or adding the treatment plans that were
developed by the experienced radiation oncologists in re-
gional center hospitals, and develop a method for avoiding
selection of inappropriate treatment plans.

Many kinds of similarity measures have been developed
for identifying similar cases in the field of diagnostic radi-
ology [15]. We used the weighted Euclidean distance, which
is one of the simple similarity measures [15], for selection of
similar treatment plans, because the users of the proposed
method can easily change the weights of the various geomet-
rical features, depending on their treatment philosophies.
However, other similarity measures may identify more
similar treatment plans. Therefore, in future work we should
investigate the efficient similarity measure for the selection
of similar cases from the treatment-planning point of view.
Moreover, for the assessment of the proposed method, the
beam weights and wedges were set at the same values as the
similar cases, but this may not be optimal for the objective
case. Therefore, it will be necessary to optimize beam
weights and wedges for the objective case in future work.

CONCLUSIONS

We have proposed a technique to determine computer-aided
beam arrangement for stereotactic lung radiotherapy based
on similar planning cases in an RTP database of experienced
planners, and have investigated its feasibility. The results
have shown that the proposed method provides usable beam
arrangements with little statistical difference from cases in
the RTP database. Therefore, our proposed method could be
used as a tool for educating less-experienced treatment plan-
ners from an RTP database of more experienced planners.
The quality of radiotherapy could thus be normalized among
planners having different levels of experience in SBRT.
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Can a Belly Board Reduce Respiratory-induced
Prostate Motion in the Prone Position? — Assessed
by Cine-magnetic Resonance Imaging
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The purpose of this study is to evaluate the real-time respiratory motion of the prostate
and surrounding tissues/organs in the supine and prone positions and to investigate, using
cine-MRI, whether a belly board can reduce respiratory-induced motion in the prone posi-
tion. Cine-MRI scans were made of 13 volunteers in the supine and prone positions on a
flat board and in two different prone positions using a belly board. Images in cine mode
were recorded for 20 seconds. For each session, the points of interest (POls) were located
at the apex, base, mid-anterior surface and mid-posterior surface of the prostate; the tip of
the seminal vesicle; the pubic symphysis; and the sacrum. The maximum range and stan-
dard deviation (SD) of the displacement from the mean value were calculated. The SDs for
each of the four different positions were compared using a paired t-test. Respiratory-induced
prostate motion was significantly larger in the prone position than in the supine position.
However, when a belly board was used in the prone position, motion in the prostate and
surrounding tissues/organs was significantly reduced. There were no significant differences
between the two different positions using a belly board in any of the POls.

Key words: Prostate cancer; Radiotherapy; Intrafraction motion; Cine-MRI; Belly board.
Introduction

Although it is well known that the prostate position varies in response to changes
in bladder and rectal filling (1), respiratory-induced motion of the prostate has
not traditionally been considered in prostate cancer radiotherapy. However, it
has recently become clear that prostate motion occurs in accordance with the
respiratory cycle (2-5). Therefore, the respiratory-induced motion of the prostate
may be considered a factor in locating and reducing intrafraction motion during
treatment planning.

In the published literature, variations have been shown in the results between
the use of the prone and supine positions for prostate cancer radiotherapy. Sev-
eral authors have demonstrated that the rectal irradiation dose was reduced in the
prone position (6, 7), though it may be that the daily setup reproducibility is less
accurate for the prone position, primarily due to systematic setup variations (7).
In particular, it has been shown, using implanted radiopaque prostate markers and
fluoroscopy, that ventilatory movement in the prostate is substantial in the prone
position (2-4). A study using cine-magnetic resonance imaging (cine-MRI) also
demonstrated that the amplitude of the respiratory-induced motion in the supine
position is smaller than that in the prone position (5).

Abbreviations: POIls: Points of Interest; SD: Standard Deviation.
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A belly board is frequently used as a positioning device
when patients are irradiated in the prone position (8-10).
Several studies have shown that the volume of irradiation
to the small bowel during pelvic radiotherapy was reduced
by using the prone position with a belly board (8, 9), even
in cases in which the treatment was combined with inten-
sity-modulated radiotherapy (10). However, it is not clear
whether a belly board can reduce respiratory-induced
motion in the prostate.

This study aimed to evaluate the real-time respiratory motion
in the prostate and surrounding tissues/organs in the supine
and prone positions, and to investigate using cine-MRI
whether a belly board can reduce respiratory motion in the
prone position.

Materials and Methods
Patients

Thirteen normal male volunteers were included in this
study. Their median age was 66 years (range 28-67 years).
Those who had a history of abdominal surgery or prostatic
disease were excluded from this study. All volunteers gave
their informed consent before the investigation began, after
being provided with a detailed explanation of the scope and
methods to be used. Each volunteer was asked not to empty
his bladder for 1 h before the imaging sessions. No rectal pro-
tocol was specified before the imaging sessions. Volunteers
were asked to breathe normally during the examination. This
study was approved by the Institutional Review Board of
Kyushu University Hospital.

MRI

Cine-MRI scans were made of each volunteer in the prone
and supine positions on a flat board and then in two dif-
ferent prone positions using a belly board. The belly board
was constructed of polyurethane foam and measured
157.5-cm long, 45.5-cm wide, and 8.3-cm thick and had a
quadrangular opening in the center with longitudinal and
transverse dimensions of 30.5cm. To detect the influence
of different belly board positions, the belly board was
placed in two different positions. The positioning of the
patient on the belly board can be described as follows: the
lower edge of the opening of the belly board was placed
near the anterior superior iliac spine (BB1 position), and
near the pubic symphysis (BB2 position). A body coil
was loosely applied. The scans were performed with a
1.5-T system (Magnetome Essenza; Siemens Medical
Systems, Erlangen, Germany) using a single-slice seg-
mented True-FISP cine sequence (repetition time/echo
time of 4.25 msec/1.69 msec, 56° flip angle). To detect the
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respiratory motion of the prostate, real-time cine images

. (6-mm slice thickness) were acquired on the mid-sagittal

plane every 1 second for 2 minutes. An image data acqui-
sition matrix of 256 X 256 was used with a rectangular
field of view of 250 mm, which resulted in a pixel size of
0.98 X 0.98 mm. In order to focus on evaluating the respi-
ratory-induced motion, cine mode images of consecutive
20 seconds, in which there considered to be least peristal-
tic motion in the rectum and the body position was consid-
ered most stable, were chosen.

Points of Interest

For each session, the points of interest (POIs) were identified
anatomically by one observer (K.T.). They were located at
the apex, base, mid-anterior surface and mid-posterior sur-
face of the prostate; the tip of the seminal vesicle; the pubic
symphysis; and the sacrum (Figure 1).

The positions of the POIs were recorded on each cine-MRI
image using the automatic measurement software PV Studio
2D (OA Science, Miyazaki, Japan). The maximum range and
standard deviation (SD) of the displacement from the mean
value were calculated based on the absolute values of mea-
surements in the anteroposterior and craniocaudal dimen-
sions. Finally, the SDs for the four different positions (supine,
prone, BB1, BB2) were compared using a paired #-test. All
statistical analyses were carried out using JMP Version 6
(SAS Institute, Cary, NC). P < 0.05 was considered statisti-
cally significant.

Figure 1:

Location of points of interest on the mid-sagittal plane; apex,
base, mid-anterior surface and mid-posterior surface, tip of the seminal
vesicle (SV), pubic symphysis, and sacrum.
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Results

The real-time cine-MRI sequences demonstrated that the
prostate and surrounding tissues/organs moved synchro-
nously with respiration in all 13 volunteers. Examples of
subtraction images between inspiration and expiration are
shown in Figure 2. The meanings of these images are that the
area in which the structures were still recognized indicates
more motion and the area in which the structures were almost
disappeared indicates less motion.

In the prone position, respiration caused significant motion
in the prostate and abdominal tissues/organs. In contrast, the
prostate motion was weaker in the supine position, although
motion in the abdominal tissues/organs was observed. As for
the BB1 and BB2 positions, the motion of the prostate was
reduced compared to that in the prone position.

The maximum ranges for each volunteer’s POIs are pre-
sented in Figure 3.

There was individual variation in the motion of the pros-
tate, including the tip of the seminal vesicle, in all positions.

(mm)

Figure 2:
(D) BB2 positions. The original images were acquired at the ends of the
inspiration and expiration phases, and the individual pixel values were sub-
tracted. Differences in position show up as black and white areas. The dotted
line indicates the position of the belly board.
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Figure 3: Box and whisker plot of the maximum range of all volunteers for each point of interest over 20 seconds. The central boxes represent values from
the lower to upper quartile (25th to 75th percentiles). The middle line represents the median. The vertical line extends from the minimum to maximum values
and shows the presence of outliers. The values beside the boxes indicate the means of the maximum ranges for each POIs. Abbreviations: mid-a = Mid-anterior
surface; mid-p = Mid-posterior surface; SV = The tip of the seminal vesicle.
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On the other hand, at the pubic symphysis, there was little
motion or individual variation in any of the positions. As for
the sacrum, there was little motion or individual variation in
the supine position, although more individual variation was
observed in the other positions.

The distribution of the SDs of the POIs is summarized in
Figure 4.
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Respiratory-induced prostate motion was significantly larger
in the prone position than in the supine position at any POIs
(p <0.01). However, when a belly board was used in the
prone position, compared the prone position to the BB1 or
BB2 positions, the motion of the prostate and surrounding
tissues/organs was suppressed significantly (p < 0.05) at
any POlIs. In the supine position, there was significantly less
motion than in the BB1 and BB2 positions at the mid-anterior

Apex Base
{mm {mm)
J n.s.
14 ns. W1 1
| | s
1.2 1 P=0,0458 1.2 1 | |
i | P<0.0001
1- 11 D 5 l .
0.8 A 0.8
06 4 0.6
0.4 - 04 4
0.2 1 0.2 4
T o
0 . 0y T
supine prone 881 882 supine prone 881 882
mean 0.18 0.31 0.23 0.19 mean 0,18 0.46 0.23 0.24
Mid-anterior surface Mid-posterior surface
{mm) {mm)
141 P=0.0006 14 4 P=0.0036
2] [ p-00002 I L | " ns. | l
| ] ’

1 - I P=0,0002 ] 1 I P=0.0031 1
04 - P<0.0001 P=0.0002 .S, 08 | r.LQ-ﬂﬂﬂﬁ.}" ’-Ummll = r—-ﬂ-h—-]
0.6 - 0.6 - >
0.4 0.4 -

0.2 - 0.2 - /
0 ~ . 0 . ———
suplne prone Ba1 BB2 suping prone BBl 882
mean  0.07 0.29 0,16 0.13 mean 0.18 0.43 0.24 0.28
. . . Public
The tip of the seminal vesicle {mm)
{mm)
1.4
14
1.2 4
1.2 1
14 1

08 4 0.8 -

05 0.6 -

04 - 04 4

0.2 - 0.2 -

0 1 0 -
supine prone 881 BB2 suplne prone 881 BBZ “““““
mean . 0.15 038 .37 0.30 mean  0.06 g.15 0.06 6.05
Figure 4: (Continued).
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