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Abstract The X-ray source or focal radiation is one of the
factors that can degrade the conformal field edge in stereo-
tactic body radiotherapy. For that reason, it is very important
to estimate the total focal radiation profiles of linear acceler-
ators, which consists of X-ray focal-spot radiation and extra-
focal radiation profiles. Our purpose in this study was to
propose an experimental method for estimating the focal-spot
and extra-focal radiation profiles of linear accelerators based
on triple Gaussian functions. We measured the total X-ray
focal radiation profiles of the accelerators by moving a slit in
conjunction with a photon field p-type silicon diode. The slit
width was changed so that the extra-focal radiation could be
optimally included in the total focal radiation. The total focal
radiation profiles of an accelerator at 4-MV and 10-MV
energies were approximated with a combination of triple
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Gaussian functions, which correspond to the focal-spot radi-
ation, extra-focal radiation, and radiation transmitted through
the slit assembly. As a result, the ratios of the Gaussian peak
value of the extra-focal radiation to that of the focal spot for 4
and 10 MV were 0.077 -and 0.159, respectively. The peak
widths of the focal-spot and extra-focal radiation profiles were
0.57 and 25.0 mm for 4 MV, respectively, and 0.60 and
22.0 mm for 10 MV, respectively. We concluded that the
proposed focal radiation profile model based on the triple
Gaussian functions may be feasible for estimating the X-ray
focal-spot and extra-focal radiation profiles.
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1 Introduction

Stereotactic body radiation therapy (SBRT) is a precise
irradiation method for an extracranial lesion by use of a small
number of high-dose fractions [1]. The advantages of SBRT
for treating lung tumors are a shortened treatment course that
requires fewer trips to the clinic than does a conventional
treatment, and the improvement of tumor coverage and
normal tissue sparing allowed by greater precision of the
setup [2]. Therefore, steep dose gradients outside a target
volume must be required with higher precision, because a
high dose per fraction should be delivered to a small tumor
within a conformal irradiation field in SBRT.

The X-ray source or focal spot is one of the factors
which can degrade the conformal field edge in the SBRT.
Wang and Leszczynski [3] reported that the dose profile
penumbra depends on the X-ray focal-spot size and shape.
Therefore, if the focal-spot size became wider, the dose
profile penumbra would be larger. As a result, the con-
formal edge would be blurred. On the other hand, radiation
treatment planning (RTP) algorithms based on Monte
Carlo simulation have been widely used in several com-
mercial RTP systems [4-8]. In Monte Carlo simulations,
the X-ray focal-spot size and shape of each linear accel-
erator are required for estimation of a more accurate three-
dimensional dose distribution in lung cancer patients for
SBRT. For that reason, it is very important to estimate the
focal-spot radiation of linear accelerators.

Some researchers hypothesized that the total focal
radiation consisted of focal-spot radiation and extra-focal
radiation [9-11]. Because the characteristics of the focal-
spot and extra-focal radiations differ from each other, many
methods for determination of extra-focal radiation have
been investigated based on (1) direct measurement [9-11],
(2) indirect measurement [12-16], and (3) Monte Carlo
simulations [7, 17, 18]. However, further studies are nee-
ded for investigation of the experimental methods for the
total focal radiation and more accurate modeling for them.
Therefore, our purpose in this study was to develop a
method for measuring the total focal radiation including
focal-spot radiation and extra-focal radiation, and then
estimating the focal and extra-focal radiation profiles of
linear accelerators separately based on Gaussian modeling.

2 Methods and materials

2.1 Total X-ray focal radiation profile model
based on Gaussian functions

The total X-ray focal radiation profile measured by a slit
assembly has been modeled by double Gaussian functions
representing a direct focal-spot radiation and an extra-focal

radiation [9-11]. In this study, the extra-focal radiation is
considered the scatter source, which is produced mainly by
Compton scattering in the field-flattening filter and primary
collimator [19]. However, the radiation transmitted through
the slit assembly has not been taken into account in the
total focal radiation profile model. Therefore, we propose a
total focal radiation profile model approximated with triple
Gaussian functions, which is given by

F(x) = G(x) + Ge(x) + Gi(x) + b (1
and
Gi(x) = a;exp (—%g—) (i=f,e0 (2)

where f, e, and t correspond to the focal-spot radiation,
extra-focal radiation, and radiation transmitted {[20]

- through and around the edge of the slit assembly (slit
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corner), respectively, a; as well as o; are the peak height
and width parameters of each Gaussian function, respec-
tively, and b is the background signal. Because the peak
width parameter o, is related to the spread of each radiation
profile rather than the statistical standard deviation (SD),
the parameter o; of a Gaussian function is called a “peak
width” of the Gaussian function in this study. It is common
knowledge that the full width at half maximum is 2+/2In2
o. All parameters in Eq. | were determined by following
two steps so that the approximate model of Eq. | can fit the
experimental data of the total focal radiation profile
obtained by a method described in the next section. In the
first step, the peak width oy of the focal-spot radiation
profile was determined by fitting of Eq. ! with the narrow
total focal radiation profile obtained by use of a 0.1-mm
slit. In the second step, all other parameters in Eq 1 except
the peak width o of the focal-spot radiation profile, i.e., the
peak heights (as, a., and a,) and peak widths (o, 0,), were
determined by fitting of Eq. | with the broad total focal
radiation profile obtained by use of a 0.4-mm slit.

2.2 Measurement of total X-ray focal radiation profiles

The total X-ray focal radiation profiles of a linear accel-
erator were measured by moving a collimator-slit assembly
in conjunction with a photon field p-type silicon diode.
Figure 1 shows an illustration of the experimental setup for
measurement of a total focal radiation profile of the linear
accelerator. A megavoltage linear accelerator (Clinac 21
EX; Varian, Palo Alto, USA) producing 4-MV and 10-MV
photon beams was used as the radiation source in our
experiments. The irradiation field was set to 5.0 x 5.0 cm?
at an isocenter of 100 cm. The collimator-slit assembly
consisted of one to five sheets of paper (each thickness:
0.1 mm) sandwiched by two solid iron blocks [6 cm



Estimation of focal and extra-focal radiation profiles

175

X-ray target

éf X-ray

.

2 1000 mm

Steel blocks
(Hight,200 mm)
Yy
Acrylic board

(8 cm(W)x8 cm(D)x 1 em(H))

N
Electrometer

~
~
<

p-type
S~ Silayer
(50 pm)

—

Total signal profile

Fig. 1 Tllustration of the experimental setup for measurement of total
focal radiation profiles of a linear accelerator

W)y x 6cm (D) x 20cm (H), PLAT-SSB-A200-B60-
T60, MISUMI, Japan], whose flatness was 200 £ 0.2 mm.
The collimator-slit assembly in conjunction with a photon
field detector (PFD; Scanditronix Medical AB, Uppsala,
Sweden) was moved in a horizontal direction by use of a
stepping motor (Suruga Seiki stepping motor controller
Model D70) across the focal spot. The PFD was mounted
below the center of the collimator-slit assembly. The other
end of the PFD was connected to an electrometer (RAM-
TEC 1000 plus TOYO MEDIC, Japan). The PFD has an
effective diameter of 2.0 &£ 0.1 mm and a 50-pm thick
p-type Si layer, and can be used for 1-50 MV.

For investigation of the dependence of slit width on the
total focal-spot radiation profiles, the total focal radiation
profiles were scanned by a slit assembly with slit widths of
0.1, 0.2, 0.3, 0.4, or 0.5 mm within ££10 mm from a beam
axis with a scanning pitch of 0.2 mm for 10-MV X-rays.
For determination of the Guassian parameters in Eq. 2, two
types of total focal radiation profiles, i.e., narrow and broad
total focal radiation profiles, were measured by use of two
slit widths of 0.1 and 0.4 mm, respectively. The narrow
total focal radiation profile was scanned within £5 mm
from a beam axis with a slit width of 0.1 mm and a
scanning pitch of 0.1 mm, but a 1-mm pitch outside
45 mm. The broad total focal radiation profile was mea-
sured within =15 mm from a beam axis with a slit width of
0.4 mm and a scanning pitch of 0.2 mm.
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Fig. 2 Total focal radiation profiles measured for 10-MV X-rays by a
slit assembly with slit widths of 0.1, 0.2, 0.3, 0.4, or 0.5 mm. The
open symbols correspond to the signal measured by a PFD, and the
dotted lines indicate the approximated models

Because both profiles contained the background signal,
the background signal was subtracted from the measured
profiles for determination of the net profiles, which were
used in this study. We considered the background signal as
diode dark signal and very weak radiation transmitted
through the iron block used for the slit assembly, which
would not include the radiation transmitted through and
around the edge of the slit assembly. The background
signal was measured by moving an iron block without a slit
under the same conditions as those of the profile mea-
surement at a scanning pitch of 1 mm.

3 Results

Figure 2 shows the total focal radiation profiles measured
by a slit assembly with slit widths of 0.1, 0.2, 0.3, 0.4, or
0.5 mm for 10-MV X-rays. The approximate models
indicated by dotted lines were fitted with the measured
signal. However, the tail data in the radiation profile
obtained by the 0.1-mm slit fluctuated greatly. Figure 3
shows the relationship between the slit width and the
average fluctuation of the measured data around the tail.
The average fluctuation of the measured data was defined
by the average difference between the measured data and
the approximate model around the tail (—9.8 to —7.2 mm,
7.2 to 9.8 mm). The data measured by the 0.1-mm slit
were the most unstable because of the very small number
of photons. Therefore, this result suggested that the
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Fig. 3 Relationship between the slit width and the average fluctu-
ation of the measured data around tail outside %2 standard deviations

parameters of the extra-focal radiation profile and the
transmitted radiation would be considered to be inaccurate
when the parameters were determined for such inaccurate
tail data. Consequently, we decided to use the 0.1-mm slit
only for determination of the peak width o of the focal-
spot radiation.

Figure 4 shows the relationship between the slit width
and the ratio (a./ap of the Gaussian height of the extra-
focal radiation (a,) to that of the focal-spot radiation (a) in
the approximate model expressed by Eq. 2. Figure 5 shows
the relationship between the slit width and the peak widths
of the focal-spot (op), extra-focal (o.), and transmitted
radiation (o,) profiles expressed by the Gaussian function in
Eq. 2. According to Fig. 4, slits with a width larger than
0.4 mm would be better, because the ratio (a./ay did not
change from the 0.4-mm width to the 0.5-mm width. In
addition, because the extra-focal radiation and transmitted
radiation contribute to the tail region of the total radiation
profile, we need stable experimental data in the tail region,
which was fitted by the approximate model. The data
fluctuation around the tail region of the total focal radiation
profile shown in Fig. 3 seems to be small for slit widths
larger than 0.4 mm. Furthermore, as shown in Fig. 5, the
peak width of the extra-focal radiation profile seems to
become constant for slit widths larger than 0.4 mm.
Therefore, we considered that the 0.4-mm slit width would
be proper for determination of the peak heights and peak
widths for the extra-focal radiation and transmitted radia-
tion profiles.

Figure 6 shows the measured signal (solid circle) and
the approximate model (solid line) of the narrow total
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Fig. 4 Relationship between the slit width and the ratio (a/ap) of the
Gaussian height of the extra-focal radiation (a,) to that of the focal-
spot radjation (ap) in the approximated model expressed by Eq. 2
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Fig. 5 Relationship between the slit width and the peak widths of
focal-spot (o), extra-focal (o,), and transmitted radiation (o;) profiles
expressed by the Gaussian function in Eq. 2

X-ray focal radiation profile with use of a 0.1-mm slit
obtained for 4-MV and 10-MV X-ray beams. The mea-
sured data fluctuate on the tail of the total X-ray focal
radiation profile outside £5 mm, because the number of
photons decreases on the tail of the radiation profile
obtained with a 0.1-mm narrow slit.

Figure 7 shows the relative error in the total focal
radiation profile within &5 mm between the measured
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Fig. 6 Measured signal (solid 10° : . 10°
circle) and the approximated (a)
model (solid line) of the narrow
total X-ray focal radiation
profile with a 0.1-mm slit [}
obtained for (a) 4-MV and & 10 10
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Fig. 7 Relative error (dotted 10°

line) in the total focal radiation
profile within 5 mm between
the measured signal and
approximated model for a 0.1-
mm slit obtained for (a) 4-MV
and (b) 10-MV X-ray beams.
The solid circles and solid lines
indicate the measured signal and
the approximated model,
respectively, which are the same
data as shown in Fig. 6

Normalized signal by PFD

Relative error (%)

Relative slit position (mm)

signal and the approximate model for a 0.1-mm slit,
obtained for 4-MV and 10-MV X-ray beams. The solid
circles and solid lines indicate the measured signal and the
approximated model, respectively, which are the same data
as shown in Fig. 6. The relative error (%) was defined by
the measured value minus the approximated value divided
by the measured value. The relative error was smaller than
50% for 4 MV, but was 20% for 10 MV.

Figure 8 shows the measured signal (solid circle) and
the approximate model (solid line) of the broad total focal
radiation profile measured and approximated by the pro-
posed method with a slit width of 0.4 mm for 4-MV and
10-MV X-rays. Figure 8 also shows the relative error in the
total focal radiation profile between the measured signal
and the approximated model. The relative errors for 4 and
10 MV were smaller than 20 and 10%, respectively.

Table | shows the parameters in Gaussian models,
which were obtained by the proposed method, approxi-
mated for total focal radiation profiles for 4 and 10 MV. As
a result, the ratios of the Gaussian peak value of the extra-
focal radiation to that of the focal spot for 4 and 10 MV
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were 0.077 and 0.159, respectively. The peak widths of the
focal-spot and extra-focal radiations were 0.57 and
25.0 mm for 4 MV, respectively, and 0.60 and 22.0 mm
for 10 MV, respectively.

4 Discussion

We have developed an experimental method for measuring
the total focal radiation distribution including focal-spot
radiation and extra-focal radiation, and then estimating the
focal and extra-focal radiation profiles of linear accelera-
tors separately based on a triple Gaussian model. Sham
et al. [11] published a study similar to ours, and they
proposed an experimental method for measurement of the
total focal radiation profile using a slit width of 0.3 mm,
where the profiles were approximated by two Gaussian
functions. On the other hand, we used an approximate
model of triple Gaussian functions, taking into account
radiation transmitted through and around the edge of the
slit assembly. Furthermore, we proposed a two-step method
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Fig. 8 Measured signal (solid
circle) and the approximated
model (solid line) of the total
broad X-ray focal radiation
profile with a 0.4-mm slit
obtained for (a) 4-MV and
(b) 10-MV X-ray beams. This
figure also shows the relative
error (dotted line) in the total
focal radiation profile within
+15 mm between the measured
signal and the approximated
model for a 0.4-mm slit
obtained for (a) 4-MV and

Normalized signal by PFD

(b) 10-MV X-ray beams

Relative slit position (mm)

Table 1 Parameters in a Gaussian model approximating total focal
radiation profiles obtained by the proposed method

X-ray energy Triple-Gaussian model parameters

(MV)
a  ay a, O, a, a, aJ/ay
(mm) (mm) (mm)
4 3.00 0.57 0.23 25.0 0.65 4.20 0.077
10 3.47 0.60 0.55 22.0 1.23 6.10 0.159

Table 2 Peak width: comparisons of the focal-spot radiation profile
and extra-focal radiation profile between our study and other studies

X-ray oy C, aJay
energy (mm) (mm)
MV)
Jaffray et al. [9] 6 0.30-1.45 0.93 0.020
Sharpe et al. [10] 6 0.43-0.85 - 0.120
Sham et al. [11] 6 0.65 9.93 0.162
Our study 4, 10 0.57,0.60 25.0,22.0 0.077,0.159

for determination of Gaussian parameters of the focal-spot
radiation profile and the extra-focal radiation profile using
narrow and broad total focal radiation profiles measured by
slits with two widths.

Gaussian models of the focal-spot radiation profile and
the extra-focal radiation profile based on experimental data
are useful and necessary for Monte Carlo simulations for
estimating accurate dose distributions at penumbral area
[3]. If the focal radiation profiles were incorrect, the dose
profiles at the penumbral area obtained by the Monte Carlo
simulation could not be consistent with measured data. In
particular, the discrepancy could become large in the
SBRT, where steep dose gradients outside a tumor should
be required in a small irradiation field.

Table 2 shows a comparison of the peak widths of the
focal-spot radiation profile and the extra-focal radiation
profile between our study and other studies based on
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experimental methods. Jaffray et al. [9] obtained nine
focal-spot radiation profiles of linear accelerators using a
computed tomography reconstruction technique. The peak
width of the focal-spot radiation profile ranged from 0.30 to
1.45 mm, the peak width of the extra-focal radiation profile
was 0.93 mm, and the a./ay ratio was 0.02. Sharpe et al.
[10] measured the extra-focal radiation for a 6-MV X-ray
beam, where the peak widths of the focal-spot radiation
profiles were from 0.43 to 0.85 mm, and the a./a,ratio was
approximately 12%. Sham et al. [11] evaluated the total
focal radiation profiles using a simplified moving slit
technique in conjunction with a diode detector for a meg-
avoltage 6-MV linac. They reported that the peak widths of
the focal-spot and extra-focal radiation profiles were 0.65
and 9.93 mm, respectively, and the a./as ratio was 0.162.
On the other hand, the a./asratios obtained based on Monte
Carlo simulation ranged from 0.065 to 0.088 according to
Mohan et al. [[8], and from 0.03 to 0.09 according to
Chaney et al. [17]. As a result, our data on the focal-spot
radiation profile and the a,./asratio were close to the data of
Sharpe et al. except for the peak width of the extra-focal
radiation profiles. Because few data on the peak width of
the extra-focal radiation profiles were reported in past
studies, we should continue to investigate the methods for
measurement of the extra-focal radiation profiles.

5 Conclusions

We have proposed an experimental method for estimating
focal-spot and extra-focal radiation profiles of linear
accelerators based on triple Gaussian functions. As a result,
the ratios of the Gaussian peak height of the extra-focal
radiation to that of the direct focal spot, which were
measured by this proposed method, were close to previous
results. Therefore, we conclude that the proposed focal-
profile model based on the triple Gaussian functions may
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be feasible for estimating the X-ray focal-spot and extra-
focal radiation profiles.
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Objective: To quantify the cold spot under geometrical uncertainties in field-in-field tech-
niques for whole breast radiotherapy.

Methods: Ten consecutive patients from both the left- and right-sided treatment site groups
who received whole breast radiotherapy with the field-in-field technique were included. Virtual
plans were made with moving isocenters to the posterior direction having two amplitudes
(5 and 10 mm) and prescribing the same monitor unit as the original plan (FIF_5 and
FIF_10). The planning target volume for evaluation was defined by subtracting the areas
within 5 mm from the skin and within 5 mm from the lung from the whole breast. The differ-
ences in V90, V95 and D98 of planning target volume for evaluation were measured between
the original and virtual plans. As a reference, the same measurements were taken for the
wedge techniques (Wedge_5 and Wedge_10).

Results: The differences in V95 were —0.2% on FIF_5, —1.7% on FIF_10, —0.5% on
Wedge_5 and —1.5% on Wedge_10. The differences in V90 were —0.02% on FIF_5, —0.3%
on FIF_10, —0.05% on Wedge_5 and —0.1% on Wedge_10. The differences in D98 were
0 Gy on FIF_5, —0.1 Gy on FIF_10, —0.2 Gy on Wedge_5 and —0.4 Gy on Wedge_10. The
differences in D98 between the original plans and virtual scenarios for field-in-field techniques
were significantly smaller than those for wedge techniques, but there were no statically signifi-
cant differences in V90 and V95.

Conclusions: The quantity of the cold spots caused by the geometrical uncertainties in field-
in-field techniques was similar to that for the wedge techniques and was acceptable.

Key words: breast cancer — radiotherapy — whole breast radiotherapy — field-in-field technique —
geometrical uncertainty

INTRODUCTION

Several groups have reported that the field-in-field (FIF)
technique can reduce dose inhomogeneity in whole breast

Whole breast radiotherapy has been widely used after breast-
conserving surgery to prevent local recurrence in patients
with early breast cancer. A tangential parallel-opposed tech-
nique is used for whole breast radiotherapy. Achieving
acceptable dose homogeneity across the whole breast volume
is difficult because of the continuous change in breast shape
across multiple planes and the effect of the lung tissues that
are included in the irradiated volume (1, 2).

radiotherapy (3—7). FIF is a forward planning intensity mod-
ulating technique. Fields are created using multileaf collima-
tor (MLC) leaves such that the leaves are strategically placed
in areas where the dose to the breast is considerably higher
than the prescription dose, otherwise known as hot spots (7).
However, geometrical uncertainties arising from set-up
errors and respiratory motion are not considered in this

© The Author (2011). Published by Oxford University Press. All rights reserved.
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(a)

Figure 1. (a) An example of a reduction field to eliminate the hot spots. (b) A virtual field tilted to the posterior direction by 1 cm. In each figure, 107%

isodose cloud is shown in blue.

strategy. If the MLC leaves are tilted to the posterior direc-
tion because of the geometrical uncertainties, cold spots
where the dose to the breast is considerably lower than the
prescription dose may arise.

We evaluated the quantities of cold spots caused by geo-
metrical uncertainties in FIF techniques for whole breast
radiotherapy compared with wedge plans.

PATIENTS AND METHODS

Ten consecutive patients from both the left- and right-sided
treatment site groups who received whole breast radiotherapy
with the FIF technique at St Luke’s International Hospital
were included in this study. Computed tomographic scans
were performed with a LightSpeed RT16 (GE Healthcare)
helical scanner and 5 mm slice thickness without breath
holding. All patients were treated with 4 MV X-ray. All
patients were treated with four fields, two of which were
reduction fields to eliminate hot spots where the doses are
higher than 107—110% of the prescription dose (Fig. 1). The
treatment machine was CLINAC21EX (Varian) which has
1 cm thick MLCs. The treatment planning system (TPS) was
Pinnacle ver. 8.0 m (Phillips).

We have in-house regulations to ensure the accuracy of
the TPS when we use FIF techniques: do not put MLC
leaves within 1 cm from the reference point, the minimum
monitor unit (MU) in each field is 5, do not make any part
of the field narrower than 2 cm, and the proportion of field
blocked by MLC leaves must be <50%.

Virtual plans were made on the TPS by moving isocenters
to the posterior direction with two amplitudes (5 and
10 mm) and prescribing the same MU as in the original plan

Figure 2. An example of delineation of the planning target volume for
evaluation (PTV_EV), defined by subtracting the areas within 5 mm from
the skin and within 5 mm from the lung from the whole breast.

(FIF_S and FIF_10) (Fig. 1). The planning target volume for
evaluation (PTV_EV) was defined by subtracting the arcas
within 5 mm from the skin and within 5 mm from the lung
from the whole breast (Fig. 2). The differences in the percen-
tages of the volume of the PTV_EV which receive more
than 90 and 95% of the prescribed dose (V90 and V95) and
the doses received by 98% of the PTV_EV (D98) were com-
pared between the original and virtual plans. As a reference,
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Table 1. V95, V90 and D98 of the planning target volume for evaluation (PTV_EV) on ﬁeld—in:ﬁeld (FIF) techniques for each patient

Patient # Monitor unit (a) V95 (%) V90 (%) D98 (Gy)

FIF_0 FIF_5 FIF_10 FIF_0 FIF_5 FIF_10 FIF_0 FIF_5 FIF_10

R-1 237 (14) 922 90.3 90.6 99.3 99.3 99.9 45.8 45.8 46.0
R-2 231 (11) 934 96.2 95.5 100.0 100.0 100.0 46.9 47.2 47.1
R-3 234 (12) 99.5 99.6 99.6 100.0 100.0 100.0 48.3 48.4 48.4
R-4 238 (12) 99.3 99.3 99.3 100.0 100.0 100.0 482 48.2 48.2
R-5 233 (16) 96.4 96.2 93.4 100.0 100.0 100.0 47.3 473 47.0
R-6 227 (14) 83.2 82.3 77.5 95.4 95.3 92.5 44.1 44.0 43.8
R-7 237 (15) 98.3 98.2 97.8 100.0 100.0 100.0 47.6 47.6 47.5
R-8 228 (12) 91.8 91.6 89.2 99.0 99.0 99.0 45.6 45.6 455
R-9 240 (13) 88.6 88.4 86.1 98.3 98.3 98.2 45.2 45.2 45.2
R-10 237 (12) 95.4 95.4 94.3 99.9 99.9 99.9 46.6 46.6 46.4
L-1 232 (12) 92.1 92.2 88.0 99.9 99.9 99.9 46.0 46.2 46.0
L-2 239 (12) 72.2 71.3 66.7 94.9 94.8 94.4 44.1 44.1 44.0
L-3 250 (15) 87.9 87.9 87.7 100.0 100.0 100.0 46.2 46.2 46.2
L-4 232 (10) 99.5 99.5 99.5 100.0 100.0 100.0 483 48.3 48.3
L-5 240 (18) 87.0 86.1 82.7 98.3 98.3 97.8 452 452 45.0
L-6 235 (14) 89.4 87.3 85.9 99.4 99.3 96.3 45.7 45.6 44.8
L-7 238 (12) 94.9 94.9 94.9 99.9 99.9 99.9 46.8 46.9 47.0
L-8 238 (12) 97.3 973 97.3 99.9 99.9 99.9 47.4 47.4 47.3
L-9 243 (15) 92.0 91.8 90.9 99.0 99.0 99.0 45.6 45.6 45.6
L-10 232 (10) 97.4 97.5 97.4 100.0 100.0 100.0 474 475 47.4
Average 232(13) 924 92.2 90.7 99.2 99.1 98.8 46.4 46.4 46.3

V95 (90) is the percentage of the PTV_EV that receives more than 95% (90%) of the prescribed dose; D98 is the dose received by 98% of the PTV_EV;
FIF_0, FIF_5 and FIF_10 are the virtual plans for FIF techniques with moving isocenters to the posterior direction with O (original plan), 5 and 10 mm,
respectively; numbers are shown in italics when the values are smaller than those on FIF_0.

*Monitor unit of the reduction fields.

virtual plans using a physical wedge with a 15° angle were
made and the same measurements were taken on the same
20 patients (Wedge 5 and Wedge_10).

The calculation algorithm was CC Convolution. The grid
size of the calculation matrix was 2 mm.

We used GraphPad Prism version 5 (GraphPad Software
Inc.) for statistical analysis. The paired z-test was used
to compare the results for FIF and wedge techniques.
Differences were deemed significant when two-tailed
P values were <0.05.

RESULTS

The mean total MU was 236 (range: 227—250) per 2 Gy.
The mean percentage of MU of the reduction fields was
5.5% (4.3=7.5). The mean V90, V95 and D98 of the
PTV_EV on FIF techniques were 99.2% (94.9—100), 92.4%
(72.2-99.5) and 46.4 Gy (44.1—48.3), respectively, whereas

300

the mean V90, V95 and D98 on wedge plans were 99.8%
(97.9—-100), 96.5% (82.8—100) and 47.4 Gy (45.0—49.0),
respectively (Tables 1 and 2). The differences in D98
between the original plans and virtual scenarios for FIF tech-
niques were significantly smaller than those for wedge tech-
niques (Table 3). No statistically significant differences were
observed in the differences in V90 and V95 between plans
for FIF techniques and those for wedge techniques
(Table 3).

DISCUSSION

To the best of our knowledge, this is the first report to focus
on the dosimetric impact of geometrical uncertainties in FIF
techniques for whole breast radiotherapy. Several groups have
reported that geometrical uncertainties have a considerable
impact on intensity-modulated radiation therapy (IMRT) dose
distributions (8—11). Although the FIF technique is a kind of
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Table 2. V95, V90 and D98 of the PTV_EV on wedge plans for each patient

Patient # Monitor unit V95 (%) V90 (%) D98 (Gy)
Ww_0 W_5 W_10 Ww_0 W_5 W_10 W_0 Ww_s5 W_10

R-1 322 96.1 96.4 96.1 99.9 100.0 100.0 46.6 46.8 46.8

R-2 316 97.4 96.7 95.2 100.0 100.0 100.0 474 47.3 47.1

R-3 318 100.0 99.9 99.8 100.0 100.0 100.0 49.0 48.8 48.4

R-4 323 99.9 99.9 99.9 100.0 100.0 100.0 49.0 48.8 48.6

R-5 317 99.4 98.8 97.5 100.0 100.0 100.0 48.0 47.7 47.5

R-6 310 88.1 85.8 82.6 97.9 97.4 96.7 45.0 44.9 44.6

R-7 322 99.7 99.7 99.6 100.0 100.0 100.0 48.5 48.3 48.1 g

R-8 293 96.2 95.7 95.0 100.0 100.0 100.0 46.9 46.8 46.6 §_
8

R-9 326 94.8 94.0 92.5 99.6 99.5 99.4 46.3 46.2 46.0 g

R-10 323 98.4 98.1 97.6 100.0 100.0 100.0 47.7 47.6 47.4 2

L-1 316 99.1 98.3 96.8 100.0 100.0 100.0 47.9 47.6 47.3 :_35

L-2 325 82.8 82.0 80.1 98.3 97.9 97.3 45.1 45.0 44.8 j:f

L-3 340 97.3 97.7 97.6 100.0 100.0 100.0 474 47.5 475 ‘:§

L-4 317 99.9 99.9 99.7 100.0 100.0 100.0 489 48.7 48.4 é

L-5 324 92.7 91.7 90.1 99.8 99.7 99.6 46.4 46.2 46.0 ;g"

L-6 321 96.3 95.1 92.8 100.0 100.0 100.0 472 47.0 46.7 2

L-7 324 99.1 98.7 98.1 100.0 100.0 100.0 479 47.7 47.6 é

L-8 322 99.2 99.0 98.5 100.0 100.0 100.0 48.1 47.9 47.7 2

L9 328 95.4 94.5 93.2 100.0 100.0 100.0 46.7 46.5 46.3 g

L-10 314 97.4 97.2 96.6 100.0 100.0 100.0 474 474 47.4 3

Average 320 96.5 96.0 95.0 99.8 99.7 99.7 474 47.2 47.0 ;:‘
J

V95 (90) is the percentage of the PTV_EV that receives more than 95% (90%) of the prescribed dose; D98 is the dose received by 98% of the PTV_EV; =

Wedge_0, Wedge_5 and Wedge_10 are the virtual plans for a physical wedge, moving isocenters to the posterior direction by 0, 5 and 10 mm, respectively; é

numbers are shown in italics when the values are smaller than those on Wedge_0. g
=

Table 3. The mean differences (range) of V95, V90 and D98 between original plans and virtual scenarios g
=1
=

V95 V90 D98 %

3.

FIF_5 —0.2% (—2.1 to +2.8) —0.02% (—0.1 to 0) 0 Gy (—0.1to +0.3) 5

Wedge_5 —0.5% (—2.3 to +0.4) -0.05% (—0.5 to +0.1) —0.2Gy (—0.3t00.2) :%

P 0.28 03 <0.01

FIF_10 =1.7% (=5.7 to +2.1) —0.3% (—3.1 to +0.6) —0.1 Gy (—0.9 to +0.2)

Wedge_10 =1.5% (—5.5 to +0.3) —0.1% (—1.2 to +0.1) —04Gy(—0.6t00.2)

P 0.76 0.38 ' <0.01

V95 (90) is the percentage of the volume of the PTV_EV which receives more than 95% (90%) of the prescribed dose; D98 is the dose that 98% of the
PTV_EV receives; FIF_5 (FIF_10) is the virtual plan for FIF techniques with moving isocenters to the posterior direction with 5 (10 mm); Wedge_5
(Wedge_10) is the virtual plan for a physical wedge, moving isocenters to the posterior direction by 5 (10 mm). The bold values indicate statistically
significant differences.

IMRT, our results showed that the quantity of the cold spots  reduction fields, but caution might be needed when the
caused by geometrical uncertainties in FIF techniques for  proportion of the reduction fields is a little larger.

whole breast radiotherapy was similar to that in wedge plans. Several groups have reported that the FIF technique can
This might be partly because the proportion of the reduction  reduce dose inhomogeneity in whole breast radiotherapy
fields was quite low. Most patients do not need a high MU for ~ compared with that using physical wedge techniques (3—7).
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An additional benefit of using the FIF technique is that FIF
techniques can reduce MU and dose in the contralateral
breast. Lee et al. (3) have reported that the volumes in the
contralateral breast that receive more than 2 Gy with a pre-
scription dose of 50.4 Gy were 0.3% for FIF techniques, but
2.0% for physical wedge techniques (P < 0.01). By using
the FIF techniques, the incidence of radiation-induced
contralateral breast cancer might be reduced.

The possible disadvantage of using the FIF techniques is
that FIF techniques may increase the uncertainties of dose
calculation on the TPS. If we use fields that are too small or
too irregular as the reduction fields, the TPS may not calcu-
late the MU and the dose distributions accurately.
Furthermore, if we prescribe MU that is too small, the output
from the linear accelerator may become unstable. In such
cases, dosimetric verification should be done for each plan.
For this reason, we regulate the in-house protocol as
described in the Patients and Methods section to ensure the
accuracy of the TPS when we use FIF techniques in order to
eliminate the necessity of dosimetric verification for individ-
ual plans.

A limitation of this study is that it evaluated a small series
of patients and does not have sufficient statistical power to
recognize potential differences in V90 and V95 between
plans for FIF techniques and those for wedge techniques.
Nevertheless, the outcomes of this study offer some gui-
dance to clinicians in an area where data are lacking and
show that the quantity of cold spots caused by geometrical
uncertainties in FIF techniques is similar to that using wedge
techniques.

In conclusion, the quantity of cold spots caused by geo-
metrical uncertainties in FIF techniques for whole breast
radiotherapy was similar to that on for the wedge techniques
and was acceptable.
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Preface

We are very pleased to publish the Comprehensive Reg-
istry of Esophageal Cancer in Japan, 2003, and thank all
the members of the Japan Esophageal Society who made
great contributions in preparing this material.

We would like to review the history of the registry of
esophageal cancer cases in Japan. The Registration Com-

These data were first issued on 1 March, 2011, as the Comprehensive
Registry of Esophageal Cancer in Japan, 2003. Not all pages are
reprinted here; however, the original table and figure numbers have
been kept.

The authors were at the time members of the Registration Committee
for Esophageal Cancer, the Japan Esophageal Society, and made great
contributions in preparing this material.
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mittee for Esophageal Cancer, the Japan Esophageal Society,
has annually registered cases of esophageal cancer since
1976 and published the first issue of the Comprehensive
Registry of Esophageal Cancer in Japan in 1979. The Act for
the Protection of Personal Information was promulgated in
2003, and began to be enforced in 2005. The purpose of this
Act is to protect the rights and interests of individuals while
taking into consideration the usefulness of personal infor-
mation, keeping in mind the remarkable increase in the use of
personal information arising from the development of
today’s advanced information and communications society.
The registry of esophageal cancer cases has required some
adjustments to comply with the Acts. The new registra-
tion system has been discussed for several years and was
finally completed in 2008. The most important point was
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“anonymity in an unlinkable fashion” using encryption with
a hash function. Finally, the registry resumed registering
cases of esophageal cancer that had been treated in 2001.

In the Comprehensive Registry in 2003, we newly
inserted Figure 3: Survival of patients treated by EMR/
ESD in relation to the pathological depth of tumor invasion
(pT); Figure 4: Survival of patients treated by EMR/ESD
in relation to the lymphatic or blood vessel invasion, in
order to present the treatment outcome depending on the
pathological status.

We briefly summarized the Comprehensive Registry of
Esophageal Cancer in Japan, 2003. A total of 4659 cases
were registered from 199 institutions in Japan. Comparing
the Comprehensive Registry in 2003 to the Comprehensive
Registry in 2002, the number of registered cases and surgical
cases increased by 378 and 509, respectively, although the
number of registered institutions decreased by 23. As for the
histologic type of cancer according to biopsy specimens,
squamous cell carcinoma and adenocarcinoma accounted for
92.2% and 3.0%, respectively. Regarding clinical results, the
S-year survival rates of patients treated using endoscopic
mucosal resection, concurrent chemoradiotherapy, radio-
therapy alone, chemotherapy alone, or esophagectomy were
80.0%, 21.9%, 30.3%, 3.0%, and 46.6%, respectively.
Concerning the approach used to perform an esophagec-
tomy, 15.5% of the cases were performed endoscopically,
that is, thoracoscopically, laparoscopically, or mediastino-
scopically. Regarding the reconstruction route, the posterior
mediastinal, the retrosternal, and the intrathoracic route were
used in 37.3%, 33.3% and 15.7% of cases, respectively. The
operative mortality was 1.0% (25 out of 2510 cases).

We hope that this Comprehensive Registry of Esopha-
geal Cancer in Japan for 2003 helps to improve all aspects
of the diagnosis and treatment of esophageal cancer.
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II.  Clinical results of patients treated endoscopically in
2003

Table 21 Treatment modalities
receiving endoscopy
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invasion
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III. Clinical results in patients treated with chemo-
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chemotherapy (non-surgically treated and
curative cases)
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Figure 8 Survival of patients treated by
esophagectomy

Figure O Survival of patients treated by
esophagectomy in relation to clinical stage
(JSED-cTNM 9th)

Figure 10 Survival of patients treated by esoph-
agectomy in relation to clinical stage (UICC-
c¢TNM 5th)

Figure 1! Survival of patients treated by
esophagectomy in relation to the depth of tumor
invasion (JSED-pTNM 9%th: pT)

Figure 12 Survival of patients treated by
esophagectomy in relation to the depth of tumor
invasion (UICC-pTNM 5th: pT)

Figure 13 Survival of patients treated by
esophagectomy in relation to lymph node men-
tastasis (JSED-pTNM 9th: pN)

Figure 14 Survival of patients treated by
esophagectomy in relation to lymph node men-
tastasis (UICC-pTNM 5th: pN)

Figure 15 Survival of patients treated by
esophagectomy in relation to pathological stage
(JSED-pTNM 9th)

Figure 16 Survival of patients treated by
esophagectomy in relation to pathological stage
(UICC-pTNM 5th)

Figure 17 Survival of patients treated by
esophagectomy in relation to number of ment-
astatic node

Figure 18 Survival of patients treated by
esophagectomy in relation to residual tumor (R)

I. Clinical factors of esophageal cancer patients treated
in 2003

Institution-registered cases in 2003

Institution

Aichi Cancer Center

Aizawa Hospital

Akita University Hospital
Asahikawa Kosei general Hospital
Asahikawa Medical College Hospital

continued

Institution

Chiba Cancer Center

Chiba Prefecture Sawara Hospital

Chiba University Hospital

Dokkyo Medical University Hospital

Foundation for Detection of Early Gastric Carcinoma
Fuchu Hospital

Fujioka General Hospital

Fujita Health University

Fujita Health University Banbuntane Hotokukai Hospital
Gunma Central General Hospital

Gunma University Hospital

Hachinohe City Hospital

Hachioji Digestive Disease Hospital

Hakodate Goryokaku Hospital

Hamamatsu University School of Medicine, University Hospital
Health Insurance Naruto Hospital

Hiratsuka City Hospital

Hiratsuka Kyosai Hospital

Hiroshima City Asa Hospital

Hiroshima University Research Institute for Radiation Biology
Medicine

Hofu Institute of Gastroenterology
Hokkaido University Hospital

Hyogo Cancer Center

Hyogo College Of Medicine

Ida Municipal Hospital

Inazawa City Hospital

International University of Health and Welfare Mita Hospital
Ishikawa Kenritsu Chuo Hospital
Ishinomaki Red Cross Hospital
Iwakuni Clinical Center

Iwakuni Medical Center

Iwate Medical University Hospital
JFE Kenpo Kawatetsu Chiba Hospital
Jichi Medical University Hospital
Juntendo University Hospital

Juntendo University Shizuoka Hospital
Kagawa Prefectual Central Hospital
Kagawa University Hospital
Kagoshima Kenritsu Satsunan Hospital
Kagoshima University Hospital
Kanagawa Cancer Center

Kanazawa University Hospital

Kansai Rosai Hospital

Kashima Rosai Hospital

Kashiwa Kousei General Hospital
Kawasaki Medical School Hospital
Keio University Hospital
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continued continued
Institution Institution

Keiyukai Sapporo Hospital

Kikuna Memorial Hospital

Kin-ikyo Chuo Hospital

Kinki Central Hospital

Kinki University Hospital

Kinki University Nara Hospital

Kinki University Sakai Hospital

Kiryu Kosei General Hospital

Kitakyushu Municipal Medical Center

Kitano Hospital

Kitasato University Hospital

Kitasato University Kitasato Institute Medical Center Hospital
Kobe City Medical Center General Hospital

Kobe University Hospital

Kumamoto University Hospital

Kurashiki Central Hospital

Kurume University Hospital

Kuwana City Hospital

Kyorin University Hospital

Kyoto University Hospital

Kyushu University Hospital

Matsuda Hospital

Matsudo City Hospital

Matsushita Memorial Hospital

Matsuyama Red Cross Hospital

Mie University Hospital

Minoh City Hospital

Mito Red Cross Hoapital

Murakami General Hospital

Nagano Red Cross Hospital

Nagaoka Chuo General Hospital

Nagayoshi General Hospital

Nagoya City University Hospital

Nagoya Daiichi Red Cross Hospital

Nagoya University Hospital

Nanpuh Hospital

Nara Medical University Hospital

National Cancer Center Hospital

National Cancer Center Hospital East

National Defense Medical College Hospital

National Hospital Organization Chiba Medical Center
National Hospital Organization Kure Medical Center
National Hospital Organization Kyushu Cancer Center
National Hospital Organization Matsumoto National Hospital
National Hospital Organization Nagano Medical Center
National Hospital Organization Nagasaki Medical Denter
National Hospital Organization Osaka National Hospital
National Hospital Organization Tokyo Medical Center

@ Springer

306

Nihon University Itabashi Hospital

Nihonkai General Hospital

Niigata City General Hospital

Niigata Prefectural Shibata Hospital

Niigata University Medical and Dental Hospital
Nikko Memorial Hospital

Nippon Medical School Hospital

Nippon Medical School Musashi Kosugi Hospital
Nippon Medical School Tama Nagayama Hospital
Nishi-Kobe Medical Center

NTT East Japan Kanto Hospital

NTT West Osaka Hospital

Numazu City Hospital

Ohta General Hospital Foundation Ohta Nishinouchi Hospital
Oita Red Cross Hospital

Okayama Saiseikai General Hospital

Okayama University Hospital

Onomichi Municipal Hospital

Osaka City University Hospital

Osaka Koseinenkin Hospital

Osaka Medical Center for Cancer and Cardiovascular Diseases
Osaka Medical College Hospital

Osaka Prefectural Hospital Organization Osaka General Medical
Center

Osaka University Hospital

Otsu Red Cross Hospital

Red Cross Society Onoda Hospital

Saga University Hospital

Saiseikai Narashino Hospital

Saitama City Hospital

Saitama Medical Center Jichi Medical University
Saitama Medical University Hospital

Saitama Medical University International Medical Center
Saitama Red Cross Hospital

Saitama Social Insurance Hospital

Saku Central Hospital

Sano Kousei General Hospital

Seirojika National Hospital University Hospital
Sendai City Hospital

Sendai Medical Center

Shiga Medical Center for Adults

Shiga University of Medical Science Hospital
Shikoku Cancer Center

Shimane University Hospital

Shimizu Welfare Hospital

Shinshu University Hospital

Shizuoka City Shimizu Hospital

Shizuoka City Shizuoka Hospital




