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Table 1. Clinical results of stereotactic radiotherapy for primary lung cancer

Author (year) Tota} dose (Gy) Daily dose (Gy)

Reference point Local control Median follow-up

Uematsu (2001) 50-60 10
Arimoto (1998) 60 7.5
Timmerman (2003) 60 20
Onimaru (2003) 48-60 6-7.5
Wulf (2004) 45-56.2 15-154
This study (2005) 48 12

80% margin 94% (47/50) 36 months
Isocenter N% (22/24) 24 months
80% margin 87% (30/37) 15 months
Isocenter 80% (20/25) 17 months
80% margin 95% (19/20) 10 months
Isocenter 97% (44/45) 30 months

The primary indication for stereotactic radiotherapy in
lung cancer could be a Stage Ia (TINOMO) patient. Very
early stage lung cancer can now be detected by screening
CT examination, and these cases are also good indications
for SRT. However, the issue of these cases is histologic
confirmation. In our clinical experience, 7 of 95 total SRT
cases could not be finally confirmed histologically. Of
course, these seven cases are not included in this study.
They could not be histologically confirmed because of the
failure or difficulty in CT-guided biopsy or transbroncho-
scopic lung biopsy. CT screening has revealed very early
staged lung cancer with ground glass opacity and some
patients with severe emphysema could be contraindicated
for biopsy. Therefore, the indication for SRT for these cases
without histologic confirmation should be discussed in the

future. When the tumor becomes larger than 3 cm in diam-
eter, which corresponds to Stage Ib (T2ZNOMO), SRT is
possible. However, the intratumor dose becomes less ho-
mogeneous, and the rate of occult distant metastases may
increase. Therefore, the extension of the indication of this
technique for T2 tumors requires more consideration for
dose escalation or adjuvant chemotherapy.

CONCLUSION

The feasibility and accuracy of 3D conformal radiother-
apy using a stereotactic body frame was evaluated. 3D SRT
using a stereotactic body frame is a safe and effective
treatment method for solitary lung tumors. Thus further
clinical studies are warranted in future.
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Purpose: To analyze the stereotactic radiotherapy (SRT) plans in terms of internal target volume (ITV) and
organs at risk (OARs).

Methods and Materials: Treatment planning and dose distributions were analyzed using dose—volume histo-
grams (DVHs) of ITV and OARs in 37 patients, who were treated for a solitary lung tumor with SRT. The
stereotactic body frame (SBF) was used for immobilization and accurate setup. Prescription dose was 48 Gy in
four fractions at the isocenter.

Results: Use of SBF limits the extent of the noncoplanar beam directions to prevent a collision with the Linac
gantry. DVH analyses showed that the homogeneity index, defined as the ratio of maximum and minimum dose
to ITV, ranged from 1.03 to 1.25 (mean, 1.12). The volume irradiated with 20 Gy or more (V) of the lung ranged
from 0.3 to 11.6% (mean, 4.4%) of the whole lung volume. The maximum dose to the other OARs ranged from
0 to 11.8 Gy (mean, 0.5-2.7) per fraction. No clinically significant complications were encountered.
Conclusions: Despite the limitation of the beam arrangement, a homogeneous target dose distribution, while

avoiding high doses to normal tissues, was obtained. © 2005 Elsevier Inc.

Stereotactic radiotherapy, Lung tumor, Treatment planning, Dose—veolume histogram, Normal tissue.

INTRODUCTION

Stereotactic radiotherapy (SRT) has recently been applied to
patients with small lung tumors. Initial clinical results in-
cluding ours were favorable, and local control rates around
90% have been reported (1-9).

Few reports, however, have been made about details of
treatment planning—such as beam arrangement, dose dis-
tribution to the target, and tolerance dose of normal tissues.
Regarding normal tissue, the use of a single high dose rather
than a conventional dose in consideration of the biologic
effect may increase the risk of complication. However, few
cases with severe toxicity have been reported.

At Kyoto University, we have treated more than 80
patients with this method since July 1998, with the approval
of our institutional review board and written informed con-
sent provided by all patients. Our initial reports on daily
setup accuracy and clinical results have already been pub-

lished (5, 10). This article reports on our treatment planning
procedures and results, especially in terms of doses to
internal target volume (ITV) and organs at risk (OARs)
using dose—volume histograms (DVHs) for the first half of
cases.

METHODS AND MATERIALS

Treatment planning procedure

A stereotactic body frame (SBF) (Elekta AB, Stockholm, Swe-
den) was used as an immobilization device. We have previously
reported the details of its use and its effect on daily setup accuracy
and reduction of respiratory tumor motion (10).

The following describes the flow chart of our treatment planning
procedures. First, the body of the patient was fixed by means of a
vacuum pillow in SBF. The patient was set in the supine position
with both arms raised using a T-shaped holding bar, The patient
and SBF were set on the couch of an X-ray simulator to measure
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tumor movement during free breathing using fluoroscopy. When
the tumor moved more than 10 mm in the craniocaudal (C-C)
direction, a small abdominal pressing plate called a “diaphragm
control” was applied before computed tomography (CT) scanning,
which suppresses the movement of the diaphragm and reduces
tumor movement during respiration. CT images were then sequen-
tially scanned from the neck to the upper abdomen with a CT
simulator. The CT slice thickness and pitch were 1 to 3 mm each
in the area of the tumor and 10 mm each in the other areas. Each
CT slice was scanned with an acquisition time of 4 s to include the
whole phase of one respiratory cycle. A series of CT images,
therefore, included the tumor and its respiratory motion. The
isocenter coordinate was defined using a three-dimensional radia-
tion treatment planning system (3D RTPS) (CADPLAN R.6.0.8,
Varian Associates, Palo Alto, CA). Anteroposterior (A-P) and

lateral films for verification were then obtained using the X-ray’

simulator at a designated isocenter. Because the CT simulator and
the X-ray simulator employed the same couch in our integrated
system, the patient’s position on verification films was the same as
that on CT images in relation to SBF (10).

The outlines of the target were delineated on 3D RTPS using
lung CT window settings (window width 2000 Hounsfield units
(HU) and window level —700 HU, typically). A physician delin-
eated both the solid area (tumor itself), which could be seen even
using mediastinal CT window settings (window width 350 HU and
window level 40 HU, typically), and the surrounding obscure area,
which could be seen only under lung CT settings. The obscure area
is important because it indicates either tumor microscopic invasion
or respiratory tumor motion. This target volume corresponded to
the ITV in International Commission on Radiation Units and
Measurements Report 62. The outlines of gross tumor volume and
clinical target volume were included in the ITV, and gross tumor
volume and clinical target volume could not be delineated on the
planning CT in our system because the CT images already in-
cluded the internal motion. Spiculation and pleural indentation
were included within the ITV. Neither mediastinal nor hilar lymph
nodes were included within the ITV.

The physician also delineated the outline of the following
OARs: lung, spinal cord (canal), pulmonary artery, heart, and
esophagus. The outline of the lung included that of the target. The
pulmonary artery, heart, and esophagus were delineated with each
outer contour and included both the wall and content of each
organ. The pulmonary artery was delineated from its origin to the
pulmonary hila. The esophagus was delineated from the level of
the sternal notch to the esophagocardial junction.

Treatment planning was performed using the 3D RTPS, and
5-10 noncoplanar static ports were selected. Edges of the multileaf
collimator (MLC) were located 8~10 mm outside of the ITV in the
C-C direction and 5 mm in the A-P and lateral directions. The
distance in the C-C direction was larger than that in the other
directions, because the former was set to compensate for an irreg-
ular respiratory motion which could not be included in the ITV
using the CT scan with the acquisition time of 4 s. The prescribed
dose was 12 Gy per fraction at the isocenter, and the total dose was
48 Gy with four fractions. The dose was delivered by a linear
accelerator (CLINAC 2300 C/D, Varian medical systems) with
6-MV photons. Each MLC had a 1-cm leaf width at the isocenter.
One of the planning goals was to maintain a dose homogeneity of
ITV within 10%, which meant a dose to ITV ranging from 90% to
110% of the isocenter dose. Another goal was to maintain V,, (the
volume irradiated with 20 Gy or more) of the bilateral lung at less
than 25%. Beam arrangement was also selected to minimize doses
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to OARs. The use of the beam that passed directly through the
spinal cord was avoided. -

Beam arrangement

The applicable area of noncoplanar beam directions is more
limited in SRT for extracranial tumors compared with intracranial
tumors. There are three main causes: (1) risk of collision of the
couch and the gantry; (2) blockade of the contralateral posterior
beams by the supporting metal bar at the couch center; and (3)
usage of the SBF that might cause the additional collision with the
gantry. Figure 1 shows examples of the applicable gantry angle -
range that varies depending on the couch angle. We usually shift
the position of the supporting couch and SBF in the lateral direc-
tion to avoid the metal bar on the center of the couch for a posterior
beam, as shown in Fig. 2a. The figure shows the scheme of the
couch and SBF shift from the foot-side view, in which the couch
is shifted to the left side by 16.5 cm, and the SBF is shifted to the
right side by 6.5 cm to put the center of the right-sided target on
the isocenter. To find the applicable beam directions on the 3D
RTPS more easily, we made diagrams that indicated applicable
combinations of couch and gantry angles (11). Fig. 2b shows the
diagram for the right-sided tumor. The area between an upper line
and a lower line presents the applicable combination of the gantry
and couch angles in each different isocenter height from the SBF
base that determines the couch height. The diagrams were very
useful in finding applicable beam directions at the time of treat-
ment planning.

Gantry angle Gantry angle

Couch-angle Couch angle

Fig. 1. Limitation of the couch and gantry angles. The left figure
shows the applicable gantry position when the couch is set to the
standard position (0° of the couch angle) and the tumor is in the
right lung. The beam from the left direction cannot be used either
because of the collision of the gantry and the couch or SBF. The
beam from the posterior direction cannot be used either because of
the interference of the supporting bar that lies in the center of the
couch. Therefore, the applicable gantry angles are limited in the
range of the thick arrow. Larger we set the couch rotation angle
(e.g., 30° as shown in the right figure of Fig. 1), wider gets the zone
in which the gantry and either the couch or stereotactic body frame
mutually interfere. The range of the applicable gantry angle, there-
fore, is limited further as the thick arrow shows in the right figure.
The supporting bar at the couch center is shown as a black square.
The outer stiff frame of the stereotactic body frame consists of
bilateral “side” walls, a “bottom” wall, and “slope” walls between
the side and the bottom.
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Fig. 2. Diagrams of beam arrangements. (a) Scheme of the couch
and stereotactic body frame shift, which is necessary to avoid the
metal bar on the center of the couch for a posterior beam. Isocenter
height from the stereotactic body frame base is the parameter
determining the couch height. (b) The applicable area of beam
arrangement at the different isocenter heights. The area between
each sequential line presents the applicable combination of the
ganiry and couch angles.

The procedure for choosing the optimal beam arrangement was
forward planning based on our experiences. The beam arrange-
ment used in our planning consisted of 5-10 beams, which in-
cluded 1-4 coplanar beams and 2-6 noncoplanar beams. The
alignment of the beams was chosen to be geometrically homoge-
neous wherever possible within the limitation. The use of opposing
beams was avoided. The use of the beam that passed directly
through the spinal cord was also avoided, although just one of the
beams is allowed to pass directly through the spinal cord in recent
planning. After checking the dose distribution by means of both
DVH and dose distribution on axial images, modification of the
beam alignment, number of beams, and weight of each beam was
made to create an optimal dose distribution, which showed ho-
mogenous distribution to the target and low dose distribution to the
normal tissues. A typical beam arrangement and the dose distri-
bution are shown in Fig. 3 and Table 1.

Dose correction

There are two important issues for dose correction in SRT for
lung tumors. One is lung inhomogeneity correction; the other is
correction for dose attenuation caused by SBF.

We use the generalized Batho method to calculate the dose
distribution with lung inhomogeneity correction. The center dose
of lung tumors calculated by 3D RTPS without lung inhomoge-
neity correction were higher than the dose calculated with a
house-made Monte Carlo simulation by 6% as an average (range
1-14%) in our institutional experiment. In contrast, the dose cal-
culated with the generalized Batho method almost corresponded to
the dose calculated with the Monte Carlo simulation. When the
radiation field became too small, the dose calculated with the
generalized Batho method did not correspond to the actual dose.
Therefore, we did not use a radiation field smaller than 3 cm X
3 cm.

Another experiment revealed that the beams passing through
the SBF showed a considerable dose reduction, although the
frame, which has a honeycomb structure with a center of paper
and surrounding glass fiber surface with edgings of pure birch,
absorbs fewer X-rays compared with other materials. The outer
stiff frame of the SBF consists of bilateral side walls, a bottom
wall, and sloped walls between the side and bottom, as shown

Fig. 3. A typical beam arrangement and the dose distribution. (a)
A three-dimensional figure of a typical beam arrangement consist-
ing of two coplanar beams and four noncoplanar beams. The detail
of the gantry and the couch angles are shown in Table 1. (b) The
two-dimensional dose distribution using this beam arrangement.

in Fig. 1. In the experiment, the mean dose attenuation ratio
through each part of the frame was 7.5% for the side wall,
10.6% for the sloped wall, 9.5% for the bottom wall, 11.9% for
transitional part between the side and sloped wall, and 11.8%
for the transitional part between the sloped and bottom wall.
The dose attenuation ratio ranged from 6.0 to 15.4%, and the
mean value was 9.3%. Therefore, we used a uniform dose
correction of 9.3% for beams passing through SBF in clinical
use. According to another experiment using a phantom, the
uniform dose correction of 9.3% minimized the dose difference
from the actual dose by less than 3% (11).

Analysis of treatment planning

We analyzed the plans of 37 consecutive patients who un-
derwent hypofractionated single high-dose SRT for small lung
tumors at our institute between October 1998 and December
2000. All tumors were located at periphery of the lung and were
of sizes smaller than 4 cm in the largest diameter on a diag-

Table 1. A typical beam arrangement

Port no. Gantry angle Couch angle (degrees)
1 180 0
2 260 0
3 340 40
4 30 40
5 35 320
6 295 320

-~ 284 -



1568 1. J. Radiation Oncology @ Biology ® Physics

nostic CT image or radiograph. In the analysis of target dose,
we evaluated maximum dose, minimum dose, 90% coverage
volumes, and homogeneity index. Homogeneity index was de-
fined as the ratio of maximum dose to minimum dose. In the
analysis of dose to the lung, we evaluated the V,, as an index
related to the risk of radiation pneumonitis. In the analysis of
dose to the other normal tissues, we evaluated maximum dose
and mean dose to the spinal cord, heart, esophagus, and pul-
monary artery. The median (range) clinical follow-up was 32
(3—-63) months.

RESULTS

Target dose

The ITV ranged from 0.3 to 41.3 mL (mean, 13.4 mL).
The ITV maximum dose ranged from 100.0 to 107.5%
(mean, 102.6%), and the ITV minimum dose ranged from
82.5 to 99.2% (mean, 92.0%). The homogeneity index
ranged from 1.03 to 1.25 (mean, 1.12). Figure 4 shows the
relationship of the target volume with minimum dose, max-
imum dose, and homogeneity index for all patients. The
minimum dose generally decreased as the target volume
increased (coefficient of determination: * = 0.53). On the
other hand, the homogeneity index increased as well, be-
cause the index nearly equaled to the inverse number of the
minimum dose (# = 0.59). When the ITV exceeded 30 mL,
the minimum dose was less than 90% and the homogeneity
index was more than 1.2 in all cases. The percentage of the
target volume irradiated with a dose of 90% or more of the
isocenter dose (90% coverage volumes) exceeded 99.5% in
all patients but one, whose ITV exceeded 40 mlL.

Dose to the normal tissues

Doses to the normal tissues were analyzed for the lung,
spinal cord, esophagus, heart, pulmonary artery, and bron-
chus. The results are summarized in Table 2, except for the
dose to the lung.
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Fig. 4. Correlation with the internal target volume (ITV) and the
dose to the ITV. Minimum and maximum doses to the ITV and
homogeneity indices in each patient are presented in association
with the value of ITV. Minimum dose had the tendency to decrease
as the target volume increased (** = 0.53). Homogeneity index
had also a tendency to increase (¥ = 0.59).
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Table 2. Dose to the normal tissues

Mean dose

Max dose

Mean (range) Gy/fraction

Esophagus 0.5 (0.0-1.3) 1.9 (0.1-5.2)
Bronchus 0.8 (0.0-5.0) 1.8 (0.1-7.9)
Pulmonary artery 0.8 (0.1-1.5) 2.6(0.1-11.8)
Heart 0.3 (0.0-1.5) 2.7 (0.1-10.6)
Spinal cord 0.1 (0.0-0.2) 0.5 (0.0-2.2)

Mean and maximum doses of the normal tissues in each plan are
summarized in this table. The values outside and between paren-
theses represent the average and the range for all patients,
respectively.

Lung. V., of the whole lung ranged from 0.3% to 11.6%
with a mean value of 4.3%. There were 3 patients whose
V,, exceeded 10%. One of them had only one lung because
of tuberculosis. The other 2 patients had larger tumors than
all other patients. Figure 5 shows the relationship of the
target volume with V,q of the whole lung in all patients. In
most of the patients, V,, increased in proportion to the
target volume. Some patients, however, showed much
larger V., than patients with the same target volume when
the tumor was located near the center of the lung. On the
other hand, some patients showed smaller V,, when the
tumor was located near the chest wall. Regarding pulmo-
nary toxicity, only 2 patients (5%) had Grade 2 radiation
pneumonitis in the National Cancer Institute - Common
Toxicity Criteria (NCI-CTC), and no patients had more than
Grade 2 pneumonitis. Thirty-four patients (92%) showed
Grade 1 radiation pneumonitis, and most of them were
asymptomatic and had only pneumonitis changes on CT
images.

Spinal cord. A low dose to the spinal cord was main-
tained, because the use of beams that pass through the cord
directly was intentionally avoided. The maximum dose in
all patients was only 2.2 Gy per fraction. No patients
showed cord toxicity.

Esophagus. The maximum dose to the esophagus in all
patients was 5.2 Gy per fraction. The dose to the esophagus
exceeded 5 Gy per fraction (20 Gy in total dose) only for
the patient who showed the maximum dose. No severe
esophageal toxicity greater than NCI-CTC Grade 2 was
encountered.

Heart. The maximum dose to the heart in all patients was
10.6 Gy per fraction. The maximum volume of the heart
irradiated over 5 Gy per fraction was 7.2 mL in the same
patient. There were 5 patients whose maximum dose to the
heart exceeded 5 Gy per fraction. In 3 of the 5 patients,
more than 1 mlL was irradiated with 5 Gy per fraction, and
DVHs are shown in Fig. 6a. No severe cardiovascular
toxicity greater than NCI-CTC Grade 2 was encountered.

Pulmonary artery. The maximum dose to the pulmonary
artery in all patients was 11.2 Gy per fraction. The patient
who showed the maximum dose to the pulmonary artery had
a tumor near the pulmonary hilum. The volume irradiated
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Fig. 5. Correlation with the internal target volume (ITV) and the
volume irradiated with 20 Gy or more (V,,) of the lung. V,, had
a tendency to increase as ITV increased (#° = 0.50). However, Vao
also depended on the total lung volume and tumor position.

with 5 Gy or more was 5.13 mL, and the volume irradiated
with 10 Gy or more was 0.86 mL in this patient. Dose to the
pulmonary artery exceeded 5 Gy in 14 patients, the volume
irradiated with 5 Gy or more exceeded 1 mL in 7 patients,
whose DVH are shown in Fig. 6¢. No clinical toxicity such
as pulmonary bleeding or pulmonary artery obstruction was
encountered.

Bronchus. Maximum dose to the bronchus in all patients
was 7.9 Gy, and the maximum volume irradiated with 5 Gy
or more was 2.92 mL. Figure 6b shows the DVH of the
patient who was irradiated with the maximum dose to the
bronchus. Though dose to the bronchus exceeded 5 Gy in 5
patients, the volume irradiated with 5 Gy or more did not
exceed 1 mL except in the patient previously mentioned. No
clinical toxicity such as symptomatic bronchitis or bronchial
stenosis was encountered.

DISCUSSION

Stereotactic body frame was originally developed by
Blomgren and Lax at Karolinska Hospital in Sweden (12,
13). It gives the following advantages: (1) Effective patient
immobilization during treatment; (2) greater daily setup
accuracy; (3) easy setup correction because of measuring
scales on the frame; and (4) successful reduction of the
respiratory tumor movement with a small abdominal press-
ing plate. Daily setup accuracy is much more important for
SRT than for conventional radiotherapy, because a setup
error in single treatment causes a larger error in total dose
distribution. Its accuracy has been proven to be high enough
in many articles, although verification and repositioning at
every treatment are recommended (10, 12, 14). Its effec-
tiveness on the reduction of respiratory tumor movement
has also been proven in some articles (10, 14). On the other
hand, this frame has the following disadvantages: excessive
time required to arrange stereotactic coordinates; inappro-
priate application for obese patients; or limited availability
of beam arrangement. The last disadvantage was considered
an issue that should be solved before starting the practice of

SRT with SBF. Therefore, we made the diagrams for avail-

able combinations of couch and gantry angles to use in

routine clinics (11). We configured 5~10 noncoplanar
beams using the diagrams, aiming for a practicable and
balanced arrangement under the limitation. The diagrams
were helpful in avoiding the selection of unusable beams in
actual treatment.

We routinely use noncoplanar multiple static ports. The
number of ports depends on the tumor size and location and
is selected from 5 to 10 in our plan. Although a large
number of ports makes dose distribution more conformal
compared with a small number in general, our simulation
revealed that it has made little difference in the increase of
the number of ports more than 10 under the limitation of the
couch and gantry arrangement. Moreover, because radio-
therapy staff member enter the treatment room for checking
that there is no collision when the gantry or the couch are
moved, the large number of ports increases both treatment
time and workload of the staff. These are the reasons why
we use 5-10 static ports. Despite the limitation of the beam
arrangement because of usage of the body frame and the
supporting metal bar in the center of the couch, appropriate
dose distributions were successfully achieved. Dose homo-
geneity indices for ITV were very small, and 90% dose
coverage volumes were more than 99.5% in all cases except
one.

The multiple arc technique is applied to SRT for extracra-
nial tumors in a few institutes (15). However, there were
some problems using this technique in our institute. Be-
cause the available beam range was limited by the SBF and
couch structure, sufficient gantry rotational angles were not
available. Also, the dose attenuation correction was practi-
cally impossible for an arc that contained both beams that
passed and those that did not pass through the SBF. In our
fundamental experiment for comparing the dose distribution
between multiple static ports (6, 8, or 10 ports) and multiple
arcs (3, 5, or 7 arcs, 300°), few differences were observed
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Fig. 6. Dose—volume histogram of the normal tissues. The dose—
volume histogram of patients irradiated with more than 5 Gy to 1
mL or more of each normal tissue. (a) Heart. (b) Bronchus. (c)
Pulmonary artery.
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between both techniques in SRT for extracranial tumors
under the constraints mentioned here. Therefore, we rou-
tinely use noncoplanar multiple static ports.

In regard to normal tissues, Emami et al. reported toler-
ance doses at a 5% complication rate in 5 years (TD 5/5)
when irradiated with 2 Gy per fraction (16). This result,
however, may not be applicable to hypofractionated, single,
high-dose radiotherapy. Some recent articles reported on
normal tissue complications in SRT for lung tumors. Severe
toxicities are summarized in Table 3 (3, 4, 6, 13, 17). There
are, however, few articles that have reported on the rela-
tionship between doses to normal tissues and their compli-
cations.

For lung doses, Graham et al. compared the total lung
DVH parameters with the incidence and grade of pneumo-
nitis after treatment for non—small-cell lung cancer. They
concluded that V,, might be useful in comparing competing
treatment plans to evaluate the risk of pneumonitis (18). We
have used V,, of the total lung volume as a dose constraint
for the lung. V,, was sufficiently lower than the dose
constraint (25%) in our planning. We have encountered
only 2 patients who showed radiation pneumonitis of Grade
2 in the NCI-CTC version 2.0, and no patients who showed
Grade 3 or more. It is, however, controversial whether V,,
can be applied to SRT in the same way as it is applied to
conventional radiotherapy. We must follow this up carefully
and analyze other parameters when severe toxicity occurs in
the future.

A low dose to the esophagus was maintained in our
planning, and no toxicity has yet been seen. Onimaru et al.
have reported a patient who died because of a radiation-
induced esophageal ulcer after receiving 48 Gy in eight
fractions (6). The review of the planning revealed that 1 mL
of the esophagus might have received 42.5 Gy with a
maximum dose of 50.5 Gy. Though the case of this patient
may have indicated the tolerance dose, they could not de-
termine the essential maximum tolerance dose of the esoph-
agus because of uncertainty in the contouring.

Wulf et al. reported fatal bleeding from the pulmonary
artery 9 months after stereotactic irradiation (Grade 5) in a
patient who received a previous conventional irradiation
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with a total dose of 60 Gy and stereotactic irradiation with
a total dose of 30 Gy per 10 fractions. In our study, dose to
the pulmonary artery was relatively higher when the tumor
was located near the pulmonary hilum. Five Gy per fraction
in more than 1 mL was irradiated in 5 of 7 patients. Severe
toxicity has not yet been presented. The true volume of a
pulmonary arterial wall irradiated with 5 Gy in the patients
was smaller than the volume containing arterial blood used
in our analysis. This might be one of the reasons why there
has been no severe toxicity. However, the true tolerance
dose to the pulmonary artery is still unknown.

Dose to the bronchus using brachytherapy has been re-
ported to be from 4 to 6 Gy at a reference point per fraction
with four fractionations in some typical protocols in other
institutes. The reference point was typically located at a 5-mm
depth from the mucosal surface, and more doses were irradi-
ated at the mucosal surface. Our dose to the bronchus was
considered to be much safer in comparison with these reports.

A low dose to the spinal cord was maintained in our
planning because the use of the beam that included the
spinal cord in the beam pathway was avoided. No patient
with radiation myelitis has been reported after SRT. We
changed the strategy of the beam arrangement and allowed
just one of the beams to pass directly through the spinal cord
in recent planning to improve the dose distribution for the
target. One beam delivered a dose of about 2 Gy or less per
fraction to the cord, when the fractional dose of 12 Gy was
evenly delivered by six ports.

There is no report to be referred to regarding severe
toxicity of the heart after stereotactic single high dose
radiotherapy. In our study, although part of the heart was
irradiated with a high dose in some patients, no severe
complication has been encountered. However, the effect of
high-dose irradiation to the coronary artery remains unclear,
and the risk of severe toxicity may increase when a patient
suffers from arterial atherosclerosis. Therefore, we must
follow patients carefully over a long period. In regard to
skin reaction, 7 patients (19%) showed erythema or pigmen-
tation denoting Grade 1 acute toxicity at the entrance of a
beam. No patient showed skin toxicity with Grade 2 or more.

Tolerance dose to OARs in SRT is a great concein for

Table 3. Severe toxicities (Grade 3 or more)

No. of targets

Authors (patients) Dose/fraction at isocenter Severe toxicities
Blomgren et al. 17 (13) 23-68 Gy/1-3 Fr. Grade 3: Chronic cough (6%)
Hara et al. 23 (19) 20-30 Gy/1 Fr. (minimum to GTV) Grade 3: Respiratory symptom (O, supply) (4%)
Onimaru et al. 57 (45) 48-60 Gy/8§ Fr. Grade 5: Esophageal ulcer (2%)
Wulf et al. 27 45 Gy/3 Fr. Grade 3: Esophageal ulcer (4%)
Grade 5: Pulmonary artery bleeding (4%)
Gomi et al. 38 (35) 40-62.5 Gy/4-5 Fr. Grade 4: Pneumonitis (3%)

Grade 4: Dermatitis (3%)
Grade 3: Esophagitis (3%)

Abbreviations: Fr. = fraction; NCI-CTC = National Cancer Institute - Common Toxicity Criteria.
Severe toxicities of Grade 3 or more in NCI-CTC are summarized in this table. All of the authors in the table used three-dimensional
conformal radiotherapy for lung tumors using hypofractionation or single fractionation shown in the table.
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radiation oncologists. However, it could not be determined in
our study, because we did not encounter any severe toxicity.

Verification is a very important process, especially in
hypofractionated stereotactic radiotherapy. Negoro et al.
previously reported the details of our verification method
and the results of setup error (10). We used A-P and lateral
verification films obtained by a X-ray simulator after CT scan,
to compare linacography (A-P and lateral port films) immedi-
ately before irradiation. X-ray simulation fitms have a higher
resolution than digital reconstructed radiography, especially in
the C-C direction. X-ray simulation films can be easily taken
using our integrated system, in which the CT simulator and the
X-ray simulator are employed on the same couch. Therefore,
we used X-ray simulation films to verify patient setup.

Dose correction for lung inhomogeneity is still a contro-
versial issue. The application of the Monte Carlo calculation
method to routine clinics in the future is one of the solu-
tions. In the present situation, we consider that dose correc-
tion using a method such as the generalized Batho method
should be performed to deliver the true prescribed dose.

Target delineation and definition are other important is-
sues in SRT for lung tumors. Interobserver variation in
target delineation is not negligible in some cases. There has
been no universal target definition for small solitary lung
tumor in SRT. Although the only concept is proposed by
International Commission on Radiation Units and Measure-
ments Report 62, details of target definition depend on the
treatment methods, such as the way to scan the CT of the
tumor and the verification method. Further discussions on
these issues are necessary.

In conclusion, the use of multiple noncoplanar static ports
achieved homogeneous target dose distribution and avoided
high dose to normal tissues, despite the limitation of the
beam arrangement from the use of the body frame and
couch structure. Tolerance doses to the normal tissues are
yet unknown when using single high-dose irradiation.
Therefore, we should continue to make treatment plans
carefully. In addition, further follow-ups of clinical cases
are required to know the tolerance dose to the normal tissues
in stereotactic radiotherapy.
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Background: Although breast-conserving surgery followed by definitive irradiation is an established
treatment for patients with early breast cancer, the role of breast-conserving therapy (BCT) for patients
with bilateral breast cancer has not been well studied and the radiation therapy technique is still under
investigation. We examined the feasibility of breast-conserving therapy for bilateral breast cancer and pre-
sent here our radiation therapy technique with CT simulator.

Methods: Between July 1990 and December 1998, we treated 17 patients with bilateral breast cancer
who underwent bilateral breast-conserving surgery followed by definitive irradiation. Seven patients had
synchronous bilateral breast cancer and ten had metachronous bilateral breast cancer. Radiation therapy
consisted of 50 Gy to the bilateral whole breast in all patients but one. A CT simulator was used to plan a
tangential radiation field to the breast in all patients. Boost irradiation of 10 Gy was administered to 8
tumors with close or positive margins.

Results: With a median follow-up periods of 95 months from each operation, no patients showed loco-
regional recurrence on either side, and none suffered distant metastasis. Furthermore no serious late
adverse effects were observed.

Conclusion: This study demonstrated that BCT is feasible for bilateral breast cancer and the CT sim-
ulator is useful for determining the radiation field, especialy when lesions are metachronous.

Breast Cancer 12:135-139, 2005.

Key words: Bilateral breast cancer, Breast-conserving therapy, BCT, Breast-conserving surgery,
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The incidence of clinically observed bilateral
breast cancer is reported to range from 1.4 to
11.8%*®, small but significant. Although breast-
conserving surgery followed by irradiation is an
established treatment for patients with early breast
cancer, the frequency of patients receiving bilater-
al breast irradiation ranges from 0.4% to 5.5%*%.
The role of breast-conserving therapy for patients
with bilateral breast cancer has not been well
studied and scant attention has been devoted to
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the techniques for radiation therapy. We herein
present our technique, which utilizes a CT simula-
tor, and analyze the outcome of treatment for
patients with bilateral breast cancer treated with
breast-conserving therapy (BCT).

Materials and Methods

Between July 1990 and December 1998, a total
of 1036 patients with breast cancer were treated
with BCT, defined as breast-conserving surgery
and axillary lymph node dissection followed by
definitive radiation therapy at the Department of
Radiology at Kyoto University Hospital. Among
them, 35 patients (3.4%) had bilateral breast can-
cer, and 17 of them were treated with bilateral
BCT (Fig 1). Therefore, 17 patients treated with
bilateral BCT were analyzed in the present study.

135
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BCT for Bilateral Breast Cancer

L Total Patients : 1036 |

|

, Bilateral : 35 (3.4%)

l
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Fig 1. Total patients treated between July 1990 and December 1998.

Table 1. Patient Characteristics

Synchronous Metachronous
(7 Pt) (10 Ppt)
Age at diagnosis Median 53 Median 45
(43-68) (28-54)*
Family history
1st degree 0 3
2nd degree 1 0
Menstrual status
Premenopausal 2 8
Perimenopausal 0 0
Postmenopausal 2 2
Unknown 1

* age at the diagnosis of the 1st tumor

Seven patients had synchronous bilateral breast
cancer and 10 patients had metachronous bilateral
breast cancer. They developed the newly diag-
nosed contralateral breast cancer 4 to 70 months
after the first BCT with a median interval of 29
months. Synchronous breast cancer was defined
as the diagnosis of both tumors within 1 month.
The patients’ characteristics and the characteris-
tics of the 34 breast cancers are summarized in
Tables 1 and 2.

As regards conservative surgery, 14 tumors
were treated by quadrantectomy, while 20 tumors
were treated by wide excision. All patients under-
went axillary dissection bilaterally. Twenty-six
tumors had negative margins of resection, 6 had
close margins of resection, that is, within 5 mm

136

Table 2. Tumor Characteristics of the 34 Treated
Breasts

Number %
Pathology
DCIS 1
Invasive ductal 32 94
Invasive lobular 1
Clinical T Stage .
TO 1 3
T1 22 65
T2 11 32
Clinical UICC Stage
I 22 65
oA 9 26
B 3 9
Pathologic N stage
NO 31 91
N1 3 9
Estrogen receptor status
Negative 11 32
Positive 13 38
Not done/unknown 10 30

from the resected margin, and 1 had positive mar-
gins of resection, defined as microscopic involve-
ment at the resected margin on the histological
examination.

Following breast conserving surgery, a total
dose of 50 Gy in daily fractions of 2 Gy was deliv-
ered over 5 weeks to the whole breast via oppos-
ing tangential fields. We used a CT simulator (Shi-
madzu Corp. CT-S, Kyoto) to plan the tangential
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fields. We selected the beam energy for the tan-
gential fields according to the breast size: twenty-
seven unilateral breasts were treated with cobalt-
60 gamma rays, 1 with 4-MV photons, and 5 with
6-MV photons for the tangential fields. One breast
was irradiated with an en-face electron beam.
Seven patients with simultaneous breast cancer
were treated by matched midline technique with
bilateral tangential fields using the CT simulator
(Fig 2). On the other hand, we referred to the CT
simulation images of the first tumors to avoid field
overlapping when we determined the tangential
fields for the second tumors in the patients with
metachronous breast cancers (Fig 3). The prima-
ry site was boosted in the 7 patients with close or
positive surgical margins. This boost irradiation
comprised to a total dose of 10 Gy in 5 fractions of
electron beams through a field 6 to 8 cm in diame-
ter, including the tumor bed. The ipsilateral supra-
clavicular and ipsilateral internal mammary nodal
areas were not included in the target volume.

All patients received oral 5-fluorouracil (5-FU)

or its derivatives, and also received tamoxifen for
2 years after the operation, regardless of the axil-
lary node status or estrogen receptor (ER) status.

Fig 2. A case of simultaneous breast cancer: It is confirmed
that there is no overlap by the skin markings.

Fig 3. A case of metachronous breast cancer. (a) Radiation field for the first treatment. (b) Radiation field for the second freat-

ment. Identifying the first field by the skin reaction is impossible. (c) We could recognize the first field accurately with the use of

images from the previous CT simulation.
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The patients were periodically followed-up at our
clinic. They were examined every 3 to 6 months in
the first 2 years, and every 6 to 12 months there-
after according their pathological status. Loco-
regional recurrence, distant metastasis, complica-
tions and cosmetic outcomes were evaluated.

Results

Of 17 patients, 15 patients were irradiated with
matched tangential fields without overlapping, 1
patient was irradiated iwith matched tangential
fields with overlapping of 1.2 cm, and 1 patient
with a medially located metachronous tumor rece-
ived en-face electron beam alone because overlap-
ping with the previous field could not be avoided
with tangential field (Fig 4).

No patients were lost to follow-up. The median
follow-up period after each operation was 95
months. No patients showed loco-regional recur-
rence on either side or distant metastasis.

Regarding complications associated with treat-
ment, severe arm edema was observed in one
patient whose upper arms showed a 4 cm differ-
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Fig 4. Another case of metachronous breast cancer. (a) The
first field crossed the midline. (b) The second tumor existed in
the inner quadrant. Surgical clip shows the location of the
tumor bed. If we avoided overlapping with the previous field
using a tangential field, the tumor bed would not be included in
the field. (c) In this case, only the tumor bed was irradiated
with 9 MeV electron beams.

ence in circumference. One patient developed
moderate fibrosis at the site of overlapping, but
this did not affect cosmetic outcome. The patient
who was irradiated with overlapping of 1.2 cm did
not develop any skin or soft tissue complications.
In other cases, complications were none or slight.

We also evaluated cosmetic outcome using the
cosmetic score”. Six patients (35%) were scored as
excellent and 10 (59%) were scored as good. Only
one patient (6%) was graded fair because of unilat-
eral breast contracture.

Discussion

Although as many as 10% of the patients with
breast cancer may develop bilateral cancer*® and
radiation therapy is essential to breast conserving
therapy, there is scant information on the techni-
cal aspects of such irradiation®®. To minimize late
damage to skin and soft tissue, overlapping of
bilateral tangential fields should be avoided. On
the other hand, maintaining good coverage of
breast tissue is important to minimize the risk of
intra-breast recurrence. In the patients with meta-
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chronous breast cancer patients, which account
for 2/3 of all bilateral cases, it is necessary to
reproduce the previous tangential field before
planning the contralateral tangential beam. In a
conventional X-ray simulator, it is almost impossi-
ble to reproduce the medial margin accurately.
Tattooing, which is commonly used in Western
countries and might be useful in such situations,
is seldom used in Japan. CT-simulation is quite
useful because the overlapping of bilateral tangen-
tial fields can be evaluated much more accurately
than conventional simulation, although there are
some limitations derived from the change of the
patient’s figure and the difference in positioning.
In patients with thick subcutaneous tissue at the
midline, or those with tumors located very near to
the midline, overlapping may be unavoidable
despite the use of a CT simulator. However, it is
still possible to explore the use of a CT for plan-
ning tangential fields for irradiation of metachro-
nous breast cancer patients.

Conclusion

This study demonstrated that BCT is feasible
for bilateral breast cancer and the CT simulator is
useful for determining the radiation field, especial-
ly when they are metachronous. It is helpful in
minimizing overlap of the radiation fields and pro-
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vides the best possible treatment plan.
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Abstract

Background. Three radiotherapy treatment planning
(RTTP) protocols for definitive external-beam radiation for
localized prostate cancer, designed and clinically applied at
Kyoto University, were compared.

Methods. Treatment plans were created according to
three different RTTP protocols (old three-dimensional
conformal radiotherapy [3D-CRT], new 3D-CRT, and
intensity-modulated radiotherapy [IMRT]) on computed
tomography (CT) data sets of five patients with localized
prostate cancer. The dynamic-arc conformal technique was
used in the 3D-CRT protocols. Differences in dose distribu-
tion were evaluated and compared based on dose-volume
histogram (DVH) analyses.

Results. The coverage of the clinical target volume (= pros-
tate alone) was comparable among the three RTTP proto-
cols. However, the average values for the percent volume
that received at least 95% of the prescription dose (V95),
the percent of the prescription dose covering 95% of the
volume (D95), and the conformity index of the planning
target volume (PTV) were 99%, 97%, and 0.88 for the
IMRT; 93.9%, 94.5%, and 0.76 for the new 3D-CRT; and
59.6%, 82.9%, and 0.6 for the old 3D-CRT protocol, respec-
tively. Inhomogeneity of doses to the PTV was larger with
the IMRT protocol than with the new 3D-CRT protocol.
Doses to both the rectal wall and bladder wall were almost
comparable with the new 3D-CRT and IMRT protocols,
but were lower with the old 3D-CRT protocol, due to the
lowest prescription dose and incomplete dose coverage of
the PTV.

Conclusion. The old 3D-CRT protocol could not achieve
the goals for the PTV set in the IMRT protocol. The new
3D-CRT and IMRT protocols were generally comparable
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in terms of both the PTV coverage and normal tissue-
sparing, although the IMRT protocol achieved the most
conformal dose distribution to the PTV, in return for a
larger, but acceptable, dose inhomogeneity.

Key words Intensity-modulated radiotherapy - Dynamic-
arc conformal radiotherapy - Prostate cancer - Radio-
therapy treatment planning

Introduction

Although external-beam radiotherapy with definitive intent
is widely applied in patients with localized prostate cancer
in Western countries, surgical treatment had been the main-
stream in Japan for a long time. However, this situation has
gradually changed as the outcomes of radiotherapy were
reported to be comparable to those of surgery."* At Kyoto
University, three-dimensional conformal radiotherapy (3D-
CRT) was initiated in 1997 as definitive treatment for local-
ized prostate cancer (T1-2NOMO), with a prescription dose
of 70Gy (old 3D-CRT protocol). However, this radio-
therapy treatment planning (RTTP) protocol was designed
by adding relatively small multileaf collimator (MLC) mar-
gins directly to the clinical target volume (CTV), because
the first priority was given to reducing the rectal toxicity, in
order to recruit patients from the surgical side. As a matter
of fact, if the planning target volume (PTV) were to have
been created according to the definition set in the current
RTTP protocols (new 3D-CRT and intensity-modulated
radiotherapy [IMRT] protocols), the dose coverage of the
PTV in the old 3D-CRT protocol would be regarded as
insufficient.

Recently, several dose escalation studies have suggested
that escalating the dose to 72-78 Gy would be beneficial for
patients with localized prostate cancer, in terms of prostate-
specific antigen (PSA) failure-free survival rate.>” In addi-
tion, an even higher dose can be delivered safely with the
latest sophisticated radiotherapy technique, IMRT, in
which a higher local control rate was achieved by higher
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Table 1. Patients’ characteristics

Stage (UICC 2002)

Tle n=3
T2b n=1
T2c n=1

Prostate (CTV) volume, in ml

Rectal wall volume, in ml

Median, 29.2 (24-62.5)
Median, 41.9 (35.9-55.7)

PTV volume, in mt Median, 91.5 (73.3-155.5)

Figures in parentheses in Tables 1 and 3 are ranges

dose delivery, based on pathological evaluations of biopsy
specimens after radiation to the prostate.” ™

In November 2000, we started applying IMRT in pa-
tients with localized prostate cancer as a pilot study, fol-
lowed by a phase I dose escalation study. By December
2002, we had established RTTP protocols using IMRT
(IMRT protocol) and a dynamic-arc conformal 3D-CRT
technique (new 3D-CRT) with a prescription dose of 74 Gy.

In the present study, details of the three RTTP protocols
are described, and differences in the target coverage and
doses to the normal tissues among the three RTTP proto-
cols are compared by analyzing the dose distributions and
dose-volume histograms (DVH).

Patients and methods
Patients’ characteristics

The Planning computed tomography (CT) data sets of five
patients randomly chosen from the clinical data pool of
patients with localized prostate cancer treated by external-
beam radiotherapy at our institution were used in the
present study. The patients’ characteristics are indicated in
Table 1.

Planning CT scans and contouring of structures

All planning CT scans were obtained by using a CT simula-
tor (CTS-20; Shimadzu, Kyoto, Japan) with 5-mm slice
thickness, without a gap from the iliac crest to 8cm below
the ischial tuberosities. Patients were instructed to void the
bladder and rectum about 1-1.5h before the CT simulation,
according to their individual urinary conditions. Target de-
lineations and treatment planning were performed with the
Eclipse-Helios system (Ver. 7.1.35; Varian Medical System,
Palo Alto, CA, USA).

The prostate, outer rectal wall, outer bladder wall, bilat-
eral femurs, small bowel, and large bowel were contoured.
The CTV was defined as the prostate alone and contoured
in reference to the findings on magnetic resonance imaging
(MRI) and/or retrograde urethrography. The PTV was
created by adding the following margins in a 3D setting: a
9-mm margin universally, except for a 6-mm margin
posteriorly and a 10-mm margin superiorly (in the cranial
direction). The rectal wall was generated from the outer
rectal wall, using a wall-extraction function with a wall
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thickness of 4mm on every CT slice from 10mm below the
apex of the prostate to 10mm above the tips of the seminal
vesicles. The bladder wall was generated from the outer
bladder wall in the same manner as the rectal wall, with a
wall thickness of 4mm. All plans were designed according
to each planning protocol with 15-MV photon beams of
Clinac 2100C or 2300 C/D (Varian Medical System). The
final dose distributions for all plans were calculated using a
pencil-beam convolution algorithm with a calculation grid
resolution of 2.5mm by 2.5mm, in which the Modified
Batho heterogeneity correction was applied.

Descriptions of the three RTTP protocols
Old 3D-CRT protocol

For the old 3D-CRT protocol, 46Gy in 23 fractions was
given by the four-field box technique, with MLC conforma-
tion to the CTV, followed by an additional 24 Gy in 12
fractions, with the dynamic-arc conformal technique. A
PTV was not created in this RTTP protocol. In the four-
field irradiation, the MLC edges were placed directly to the
CTV with the margins of 12mm in the superior/inferior
directions and 7mm in the remaining directions, based on
the beam’s eye-view of each field. If part of the posterior
rectal wall was included in the lateral opposing fields, the
MLC positions were manually adjusted to completely shield
the posterior wall from the area irradiated by the bilateral
fields. In dynamic-arc conformal radiotherapy, two lateral
arcs of 100° of rotation (from 36° to 136°, and 226° to 326°)
were used with dynamic conformal fitting of MLCs to the
CTV with a 7-mm margin. This technique enables continu-
ous beam delivery with dynamic changing of the MLC posi-
tions conforming to the target as the gantry rotates.”” The
prescription dose in the old 3D-CRT protocol was 70 Gy in
35 fractions at the center of the CTV, which was the
isocenter of the fields. Patients were placed in the supine
position without any fixation devices.

New 3D-CRT protocol

For the new 3D-CRT protocol, two lateral dynamic arcs
with 100° of rotation (from 36° to 136° and 226° to 326°)
were used by dynamic conformal fitting of MLCs to the
PTV, in which a 3-mm margin was generally placed from
the edge of the PTV to the tips of the MLCs. Seventy-four
Gy was prescribed to the center of the CTV (= isocenter of
the fields). Patients were placed in the supine position with-
out any immobilization devices.

IMRT protocol

For the IMRT protocol, a five-field dynamic multileaf colli-
mator (DMLC) technique was used. The beam arrange-
ment was as follows: a posterior (0°), right posterior oblique
(75°), right anterior oblique (135°), left anterior oblique
(225°), and left posterior oblique field (285°). Inverse treat-
ment planning by computer optimization*"* was used with
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the Helios system (Varian Medical System). Inverse optimi-
zations were performed until the following planning goals
were completely satisfied. As for the PTV, D95 (see
definition under “methods for plan comparison and evalua-
tion”) should generally be 95% (at least 90%) of the pre-
scription dose, maximum dose should be 110% or less, V90
(sec definition under heading cited above) should be 98%
or higher, and the mean dose will generally be 102% of the
prescription dose. For the rectal wall, no more than 1% of
the rectal wall volume should receive more than the pre-
scription dose, no more than 25% of the rectal wall volume
should receive more than 70 Gy, no more than 35% of the
rectal wall volume should receive more than 60 Gy, and no
more than 60% of the rectal wall volume should receive
more than 40 Gy. With respect to the bladder wall, no more
than 60% of the bladder wall volume should receive more
than 40Gy and no more than 35% of the bladder wall
volume should receive more than 70 Gy. With regard to the
femoral head, the maximum dose to any point should be
less than 60 Gy. For the small and large bowel, no more than
0.5¢cc of the volume should receive more than 60Gy and
more than 65 Gy, respectively. In addition to the hard con-
straints described above, the following soft constraints were
applied to the final dose distribution. (a) The anterior rectal
wall should receive 90%-100% of the dose (the 95% iso-
dose-line usually lies very close to the anterior border of the
rectal wall). (b) No significant hot spots exist outside the
PTV. (c) The 50% isodose-line of the prescription dose
should generally not exceed the posterior wall of the rectum
posteriorly. Patients were immobilized in the prone position
using thermoplastic shells (Hip Fix System; Med-Tec,
Orange City, IA, USA) covering {rom the mid-thigh to the
upper-third of the leg, with the combination of a vacuum
pillow (Vac-Lok system; Med-Tec) and a leg support.

Methods for plan comparison and evaluation

The old 3D-CRT, new 3D-CRT, and IMRT plans were
created according to each RTTP protocol for the five plan-
ning CT data sets. All plans were experimentally created on
CT data sets used for the corresponding IMRT plan
scanned with the patient in the prone position, so that the
comparison among the three plans could be done based on
the same CT data set. Therefore, the beam arrangements in
the old 3D-CRT and the new 3D-CRT protocols were re-
versed in the ventral-dorsal direction in order to duplicate
the planned dose distribution for the supine position on the
CT data scanned in the prone position. Doses to the targets
(CTV and PTV) and organs at risk (rectal and bladder wall)
were evaluated and compared among the three different
RTTP protocols, based on DVH analyses. V95 was defined
as the percent volume that received at least 95% of the
prescription dose. D95 was defined as the percent of the
prescription dose covering 95% of the volume. Inhomoge-
neity in doses of the PTV was defined as (D5 — Dgs)/D,c0n.
The dose conformity to the PTV was calculated using the
conformity index (CI) equation advocated by Van’Riet et
al.'* Here, the Cl is defined as the product of the fraction of

the PTV receiving at least 95% of the prescription dose and
the ratio of the volume of the PTV receiving at least 95% of
the prescription dose to the volume receiving at least 95%
of the prescription dose, as shown in the equation: confor-
mity index = Veryose,/Very * Vervess/ Vi Here, Vpryosy, is the
PTV volume covered by 95% of the prescription dose, Vpp,
is the volume of the PTV, and V, is the body volume cov-
ered by 95% of the prescription dose. Therefore, the CI

- accounts for both any normal tissue volume receiving at

least 95% of the prescription dose and for any volume of the
PTYV receiving less than 95% of the prescription dose.

Results
Coverage of the target volumes

Figure la indicates the mean DVHs of the CTV for the
three different RTTP protocols. The CTV doses are sum-
marized in Table 2. The CTVs were completely covered by
95% of the prescription dose in all protocols. In addition,
the D95 values were 100%, 98.4%, and 97.6% for the

100
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80

40

% Volume

20 r

o L. 1 1
0 20 40 60
b % Dose

Fig. 1a,b. Mean dose-volume histograms (DVHs) of five patients for
the clinical target volume (CTV; a) and planning target volume (PTV;
b) by radiotherapy treatment planning (RTTP) protocols. The pre-
scription dose was 70 Gy for the old three dimensional conformal ra-
diotherapy (3D-CRT; dashed line) and 74Gy for the new 3D-CRT
(thin continuous line) and intensity-modulated radiotherapy (IMRT;
thick continuous line) protocols
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Table 2. RTPP results for the CTV

401

IMRT New 3D-CRT Old 3D-CRT

(mean * SD) (mean + SD) (mean * SD)
V95 (%) 100+ 0 100£0 99.9+0.1
D95 (%) 100 + 0.9 984 +0.7 97.6 £ 0.6
Minimum dose (%) 981+12 97 +£0.6 953+1.1
Maximum dose (%) 1083+ 1.8 102.6 £ 0.4 101205
Mean dose (%) 103.7 £ 0.7 100.7 £ 0.7 99.6 £ 0.3

V95, The percent volume receiving at least 95% of the prescription dose; D95, the least percent
of the prescription dose covering 95% of the target volume; old 3D-CRT: 46-Gy box-fields +
24Gy dynamic-arc conformal radiotherapy; new 3D-CRT, 74-Gy dynamic-arc conformal radio-
therapy; IMRT, intensity-modulation radiotherapy

Table 3. RTPP results for the PTV

IMRT New 3D-CRT Old 3D-CRT

(mean + SD) (mean * SD) (mean £ SD)
V95 (%) 99 £0.5 93.9£0.9 59.6+6.8
D95 (%) 97+0.5 94.5+0.3 829+t15
Minimum dose (%) 87.7+£48 87.5+0.7 60+33
Maximum dose (%) 1085+ 1.8 102.6 £ 0.4 1013 £ 0.5
Dose inhomogeneity (%) 88x+1 72+07 182 +1.6
Mean dose (%) 102.3 £ 0.7 99.5+0.3 949 +1
Conformity index 0.88 (0.87-0.89) 0.76 (0.72-0.78) 0.60 (0.52-0.65)

Conformity index = Vpryese/Very * Vervess/ VE; dose inhomogeneity = (D5 — D95)/Mean dose * 100;
V95, the volume receiving at least 95% of the prescription dose; D95, the least percentage of the
prescription dose covering 95% of the target volume; old 3D CRT, 46 Gy box-fields + 24 Gy
dynamic arc conformal radiotherapy; new 3D CRT, 74Gy dynamic-arc conformal radiotherapy;

IMRT, intensity modulation radiotherapy

IMRT, new 3D-CRT, and old 3D-CRT protocols, respec-
tively. Therefore, the coverage for the CTV of the three
protocols was considered to be almost comparable,
although the mean dose of the CTV was higher in IMRT
cases compared with that in the 3D-CRT cases. Figure 1b
shows the mean DVHs of the PTV for the three protocols.
The PTV coverage was apparently worse with the old 3D-
CRT protocol compared with the other two protocols, in
which less than 60% of the PTV had received more than
95% of the prescription dose; only 83% of the prescription
dose was delivered to 95% of the PTV; the dose inhomoge-
neity was more than double that in the other two protocols,
and the conformity index was the worst (0.6 on average).
The DVH statistics of the PTV are summarized in Table 3.
Both V95 and D95 for IMRT and the new 3D-CRT plans
were considered to be acceptable, because 95% of the PTV
was covered by 95% of the prescription dose, although both
indexes were slightly better in the IMRT protocol. The dose
inhomogeneity of the PTV in the IMRT protocol was larger
than that for the new 3D-CRT plan (Table 3). On the other
hand, the conformity index of the IMRT plan was the high-
est (0.88 on average) among the three RTTP protocols,
indicating that the dose distribution for the IMRT protocol
was most conformal to the target among the three RTTP
protocols evaluated in the present study.

Doses to organs at risk

Figure 2a,b shows the mean DVHs of the five cases for the
rectal wall (Fig. 2a) and bladder wall (Fig. 2b). The percent

Table 4. Comparison of the percent rectal wall volumes at each dose
level for the IMRT, new 3D-CRT, and old 3D-CRT protocols

Dose (Gy) IMRT New 3D-CRT 0Old 3D-CRT
(mean * SD) (mean * SD) (mean * SD)

25 83.1+117 61.8+93 50.2+£23.2

40 46.9 £10.7 42557 319155

60 209 6.1 233 %3.0 175+9.0

70 9.1+4.0 10.6£1.5 0

Table 5. Comparison of the percent bladder wall volumes at each
dose level for the IMRT, new 3D-CRT, and old 3D-CRT protocols

Dose (Gy) IMRT New 3D-CRT Old 3D-CRT
(mean £ SD) (mean % SD) (mean * SD)

25 543 £15.6 65.4 +18.9 502+232

40 39.2 £11.6 514 £18.1 31.9+15.5

60 248 +7.6 346154 : 17.5+9.0

70 16.8£5.0 22.8 £ 109 0

volumes of the rectal and bladder walls receiving 25, 40, 60,
and 70 Gy or higher with each protocol are listed in Tables
4 and 5, respectively. Both the rectal and bladder wall doses
in the cases with the old 3D-CRT were lowest, due to the
lowest total prescription dose and insufficient dose cover-
age of the PTV. The percent rectal wall volume irradiated
to 25 Gy for the IMRT cases was higher than that for the
cases with the new 3D-CRT. The differences in the percent
rectal wall volumes irradiated to 40, 60, and 70 Gy between
the cases with IMRT and the cases with new 3D-CRT were
very small (1%-3% differences). Table 5 demonstrates that
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Fig. 2a,b. Mean DVHs of five patients for the rectal wall (a) and
bladder wall (b) by RTTP protocols. The prescription dose was 70 Gy
for the old 3D-CRT {dashed line), and 74 Gy for the new 3D-CRT (thin
continuous line), and IMRT (thick continuous line) protocols

the doses to the bladder wall in IMRT cases were lower
than those in the new 3D-CRT cases.

Evaluation of the dose distribution

Figure 3 shows examples of the dose distribution in the
three protocols. Even with the IMRT protocol, there was no
significant hot spot outside the PTV, despite the well-
balanced dose distribution between the PTV and the
normal structures. In addition, the dose conformity was
apparently better with the IMRT compared with the other
protocols.

Discussion

The data of this study corroborate findings that the design
of the old 3D-CRT protocol was not able to generate the
qualified dose coverage to the PTV that is currently applied
at our institute. The main reason for this is that the protocol
was originally designed to set relatively smaller MLC mar-
gins directly to the CTV without creating the PTV, because
the old 3D-CRT protocol was designed during the period of

Fig. 3a—c. Examples of dose distribution with the old 3D-CRT (a), new
3D-CRT (b), and IMRT protocols (c)

transition from two-dimensional treatment planning to 3D-
CRT, and aimed to give first priority to reducing normal-
tissue doses in order to recruit patients from the surgery
side.

On the other hand, the new 3D-CRT protocol achieved
the RTTP goals set in the IMRT protocol, including cover-
age of the PTV. The dynamic-arc conformal radiotherapy
technique has been developed in Japan, and is widely used
all over the country. It automatically changes the MLC
shape to conform to the target as the gantry rotates.
Through trial and error, we found that the two arcs of
36°-136° and 226°-326° were the most appropriate beam
arrangements for localized prostate irradiation, as a class
solution. Therefore, the planning process is not as heavily
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dependent on the planner’s expertise as is the other 3D-
CRT technique. Because the new 3D-CRT technique can
realize better PTV dose coverage than the old 3D-CRT
does (Fig. 1b; Table 3), it is hoped that a higher biochemical
control rate at 3 and 5 years can be achieved for this group
of patients to be treated by the new 3D-CRT technique.
Our data showed that the PTV coverage of the new 3D-
CRT was slightly inferior to that of the IMRT protocol.
However, the planning and delivery time with the IMRT
protocol is longer than that with the new 3D-CRT protocol.
The approximate times required for treatment planning,
including contouring, optimization, and dose calculation for
the old 3D-CRT, new-3D-CRT, and IMRT were 1.5-2h,
1.0-1.5h, and 1.5-2h, respectively. The approximate times
for each delivery, including patient setup, gantry rotation,
and beam-on time, were 6-10min, 5~7min, and 10-15min
for the old 3D-CRT, new-3D-CRT, and IMRT protocols,
respectively. In addition, as the process of quality assurance
for the IMRT protocol is very labor-intensive at this
point, the available IMRT resources at our institution are
currently very limited. Therefore, we decided to mainly
apply IMRT to intermediate- or high-risk groups of patients
who were expected to receive a greater benefit from higher-
dose irradiation to both the prostate and the seminal
vesicles, for which IMRT is expected to demonstrate its true
abilities.

Our current PTV definition was created based on expe-
riences at other institutions reported in the literature,»"'™*
in combination with our experiences with the old 3D-CRT
protocol. In fact, the margins added to the CTV to create
the PTV (PTV margins) were almost the same as those
applied at the Memorial Sloan-Kettering Cancer Center
(MSKCC). Although a report from the MSKCC has indi-
cated that the current PTV margins are not enough to in-
clude the CTV all the time,"” high-dose irradiation with the
present PTV margins can be justified by the very promising
clinical outcomes achieved at the MSKCC.*"

There is a trade-off in the IMRT protocal between the
target dose inhomogeneity and the sparing of organs at
risk.’® In fact, the IMRT protocol achieved slightly better
dose coverage of the PTV, but resulted in higher dose inho-
mogeneity within the PTV, than the new 3D-CRT protocol,
as indicated in the present study (Fig. 1; Tables 2-5). Con-
ceptually, IMRT can generate dose distribution for the PTV
that is at least comparable, in terms of both dose homogene-
ity and coverage, to that generated by the conventional 3D-
CRT protocol, as long as other constraints to organs at risk
are the same. However, in most of the patients in whom our
IMRT protocol was used, the first priority was usually given
to the sparing of organs at risk over achieving better homo-
geneity in the target dose, which resulted in a higher dose
heterogeneity in the PTV for the IMRT protocol than for
the 3D-CRT protocol. However, the maximum limit of
110% of the prescription dose in our IMRT protocol is a
widely accepted limit for both the 3D-CRT and IMRT
protocols.

As for the methods of evaluation of the planning results,
DVH analyses alone is not enough, because DVH itself
cannot account for the doses to the nondelineated tissues,

403

which may result in undetected hot spots outside the con-
toured regions. In addition, DHV cannot indicate the
location of hot spots or cold spots within the delineated
volumes. If a hot spot is deposited in the tumor-bearing
region, it may contribute to improving the tumor control.
On the other hand, when hot spots happen to reside in the
urethra, they may cause urinary toxicity. The consequences
of this issue are still controversial and are not fully under-
stood in the actual clinical situation." In addition, continued
technological advances in biological-based image-guided
therapy may provide the capacity to point the dose to the
tumor-bearing region without creating hot spots in normal
structures.

Our results demonstrated that our dynamic-arc confor-
mal approach is not apparently inferior to the IMRT proto-
col, in terms of rectal sparing when irradiating the prostate
alone. However, our pilot evaluation suggested that, for the
treatment of both the prostate and seminal vesicles, IMRT
can provide a much better solution, in terms of target cover-
age and rectal sparing, than dynamic conformal-arc 3D-
CRT (data not shown). In fact, Zelefsky et al." compared a
3D-CRT protocol of six co-planar fields with a five-field
dynamic multileaf collimator IMRT protocol for delivering
81 Gy to both the prostate and entire seminal vesicles, and
demonstrated that IMRT could significantly reduce the
percent volume of the rectal wall at doses between 50
and 77 Gy.

In conclusion, dynamic-arc 3D-CRT (new 3D-CRT pro-
tocol) is generally comparable to the IMRT protocol in
terms of both target coverage and rectal sparing when irra-
diating the prostate alone. Therefore, dynamic-arc con-
formal radiotherapy can be a good alternative to IMRT,
although long-term results for tumor control and complica-
tion rates still need to be verified to confirm whether the
results of this planning study can be extrapolated to clinical
outcomes. Our IMRT and dynamic-arc 3D-CRT ap-
proaches are much superior to the old 3D-CRT protocol in
terms of the PTV coverage, and these newer approaches are
expected to lead to better probability of tumor control.
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