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Fig. 1. Kaplan-Meier locoregional recurrence-free survival is

shown according to ly status in all patients with positive lymph
nodes.

clinical studies with patients assigned to either a PMRT group or
a non-PMRT group based on ly status.

Conclusions

Postmastectomy patients with one to three positive lymph nodes
showed a particularly high LRR in the presence of extensive ly.
This subgroup seems to require local therapy regimens similar to
those for patients with four or more positive nodes and should be
considered for the indication of PMRT. In postmastectomy
patients with one to three positive lymph nodes, because the risk
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Fig. 2. Kaplan-Meier locoregional recurrence-free survival

is shown according to each group in node-positive patients
includingly status.
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of locoregional recurrence is low even if it is T3, not ly+-+, PMRT
could be considered negatively.
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Purpose: Gamma index, distance-to-agreement, and dose difference (DD) are commonly used to
evaluate planar dose distributions. In this evaluation, the agreement between calculated and measured
dose distributions can be susceptible to steep dose gradients along another axis perpendicular to the
evaluation plane. Visual registration of the measured dose distribution may be performed to achieve
better agreement, although doing so might lose geometric information related to beam targeting in
an end-to-end test of intensity modulated radiation therapy (IMRT) and volumetric modulated arc
therapy (VMAT). The optimal selection (OS) method was developed to take into consideration a dose
distribution in three-dimensions, and also to quantitatively analyze geometric information along with
better agreement.

Methods: The OS method was composed of two steps. These steps were based on two algo-
rithms, the gamma index and DD, to (1) find the best-matched plane, which is parallel to the pla-
nar measured dose distribution and is reconstructed by a volumetric dose distribution calculated
by a treatment planning system; and (2) to get shifts and rotation along with better agreement
between the calculated and measured dose distribution, compared with the planar dose distribu-
tion from the test. The OS method computes shifts and rotation against a user-defined coregis-
tered location for the measured dose distribution. Thirteen prostate IMRT plans (two planes per
plan for a total of 26 planes) were analyzed retrospectively to compare the pass ratios of DD and
gamma index evaluations with and without the OS method. The computed shifts and rotations were
evaluated.

Results: Compared with the method without OS, the average pass ratios of DD and gamma index
with the OS method increased by 8.2% and 5.7%, respectively, in the dose region from 30% to
100%. A particular result from one of the planes showed an increase of 43.5% and 32.5% in the
pass ratios of DD and gamma, respectively, with the OS method in the same dose region. The shifts
in the x-, y-, z-axes and rotation, which were computed using the OS method, were 0.5 £ 0.6, 0.3
4+ 0.5, 1.0 £ 1.1 mm, and 0.3 &£ 0.3°, respectively. In terms of the comparatively large difference
between the z-shift and the x- and y-shifts, an additional geometric test was performed. A systematic
error of 0.7 mm in the z-axis was found at the location of the film placed in the phantom that we
used.

Conclusions: The OS method improved the quality of the end-to-end test of IMRT and VMAT
plans by providing additional information regarding shifts and rotation, which were calculated
and found to be in better agreement. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4805103]
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I. INTRODUCTION

The plan verification measurement of intensity modulated ra-
diation therapy (IMRT) and volumetric modulated arc therapy
(VMAT) is regarded as an end-to-end test to determine the ac-
curacy of dose delivery and beam targeting. In the evaluation
analysis of the test, several algorithms, such as gamma index,!
distance-to-agreement (DTA), and dose difference (DD) are
commonly used to assess two-dimensional (2D) dose distri-
butions. Using these algorithms, the error of beam targeting is
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included as the error of dose delivery throughout the test. In
film dosimetry for plan verification, the film should be accu-
rately placed within a measurement phantom and pin pricked
or otherwise marked at known locations. Subsequently, abso-
lute positioning for film is generally performed by specify-
ing two pairs of marks on the film, defining two lines, the
crossing point of which defines the isocenter on the film.?
However, manual registration for the film should be done vi-
sually to achieve a better result, even though the measure-
ment is an end-to-end test.? Namely, visual registration is

© 2013 Am. Assoc. Phys. Med.  061709-1



061709-2 H

. Tachibana and R. Takahashi: Quantitative analysis for end-to-end examination using the OS

061709-2

3D dose data generated from
treatment planning system

Ref: measurement data

B, Comparison 2

2D dose data 8 2. -27mm
;reoc;r;it;u;éed Cost: 0.33/0.57 = 1.46
data

z: -30mm
Cost: 0.96/0.41=2.34

z: +27mm
Cost: 0.79/0.70=1.1

Ref: measurement data

X, ¥, Z, rot:
-10.22, -3.4,-30,-2.5
Cost: 0.58

X, ¥, Z, rot;
0.0,-1.7, -30, -0.5
Cost: 1.11

X, ¥, , rot:
1.7, 3.4, -30, +3.4
Cost; 2.0

FIG. 1. A schematic representation of the OS method.

nonquantitative and might lose important geometric informa-
tion in the end-to-end test. Similar care must be taken when
using 2D detector arrays.

Dose distributions calculated by a treatment planning sys-
tem are volumetric data, which are composed of dose values
with three-dimensional (3D) coordinates. In the analysis of
plans, dose distributions in 2D are often exported and used
for comparison against measurements because dosimetry us-
ing film** and 2D detector arrays'®"'? provide a planar dose
distribution. Currently, there are some commercially available
3D detector arrays,'*!” but they are “pseudo” 3D detector ar-
rays because they use mathematical interpolation algorithms
with the measurement data from multiple 2D detector arrays
to create a volumetric dose distribution. Gel dosimetry'® !
represents real dose distributions in 3D. Nonetheless, mea-
surement efficiency is poor and thus is practically insufficient
for clinical plan verification measurement. The comparison
between a calculated and measured dose distribution in 2D
could include errors of dose delivery and beam targeting along
another axis perpendicular to the evaluation plane. If there is a
steep dose gradient region in the axis and errors due to isocen-
ter laser misalignment, phantom setup, and film setup, then
the agreement in the region could dramatically decrease, even
though the errors were not derived from the evaluation plane.

New gamma index algorithms have been developed that
incorporate pass—fail criteria for both DTA and DD analysis
of 3D dose distributions.2%2* However, the error of beam tar-
geting is represented as the error of beam delivery in these
algorithms, and these algorithms do not show geometric in-
formation of the errors related to beam targeting.

In this study, we designed and developed the optimal se-
lection (OS) method to take into account dose distributions in
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3D and to quantitatively analyze geometric information along
with better agreement in the end-to-end test.

. METHODS AND MATERIALS
IlLA. The OS method

A schematic representation is shown in Fig. 1.

Before the calculation of the OS method, a volume dose
distribution calculated by a treatment planning system and a
planar dose distribution from a film or a 2D detector array
were loaded, and the measured dose distribution was coregis-
tered using landmarks.

In the first step of the OS method, multiple planes of the
calculation parallel to the measurement plane were recon-
structed from the volume dose distribution. In the OS method,
the axis perpendicular to the measurement plane was defined
as the z-axis. The spatial resolution of the volume dose distri-
bution depends on dose calculation grid size in the treatment
planning system. Then, the reconstructed calculation planes
were compared with the measurement plane using the 2D
gamma index algorithm' and scored to choose the top three
best-matched planes. In the experiments in this paper, 3% for
DD and 3 mm for DTA were used as the criteria for evalua-
tion. A score was calculated as

(Pass ratio)gamma

Scoregamma = N. N, 5 (1 )
11 O
_]\7_. F E E Value(x, y)gamrna
X y x=1 y=1

where (Pass ratio)gamma denotes the pass ratio in the eval-
uation using the gamma index algorithm. Value(x, y)gamma
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denotes the value of the gamma index with the coordinate
(x,y) in the evaluation plane. N, and N, denote the rows and
the columns of the evaluation plane, respectively. The analysis
of the 2D gamma index uses a pass—fail criterion of both the
dose difference and distance-to-agreement, which depends on
their amplitudes, but the index value is independent of direc-
tion. Thus, the score is unsusceptible to errors of beam target-
ing, such as setup errors using film and a phantom and isocen-
ter laser alignment error.

The second step was performed to find the best plane for
comparison with x- and y-shifts and rotation. First, x- and
y-shifts and rotation candidates were prepared for the three
best-matched calculation planes. Second, a calculation plane
was reconstructed with each of the candidates using B-spline
interpolation. Finally, the reconstructed calculation plane was
compared with the measurement plane using the DD algo-
rithm to calculate a score using the following:

Scorepp = (Pass ratio)pp @

Ny

)
N Ny ZZValue(x Y)DD

x=1 y=1

where (Passratio)pp and Value(x, y)pp denote the pass ra-
tio of DD and the value of DD with the coordinate (X,y) in
the plane, respectively. N, and N, denote the rows and the
columns of the evaluation plane, respectively. The same pro-
cesses were repeatedly executed for the calculation planes
with the other candidates of the shifts and rotation. In this
paper, 3% was set as the criterion of the evaluation. Finally,
the OS method gives the xyz-shifts and rotation on the xy-
plane against the user-defined coregistered location for the
measured dose distribution. The score is affected drastically
when the calculation plane is shifted and rotated compared
with the measurement plane.

In the OS method, the gamma index algorithm was utilized
to determine the top three matched calculation planes paral-

(a)
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lel to the evaluation plane. Then, the DD algorithm was used
to find the best shifts and rotation for the calculation plane.
The DD step needs to be processed with many combinations
of shifts and rotation, which exceeds the number of combi-
nations for the gamma index step. However, because the DD
process is faster than that of the gamma index, the use of the
DD evaluation in the second step can be used to make faster
computations over the total steps taken.

The OS method was implemented using commercial soft-
ware, Simple IMRT Analysis Version 2.0 (Triangle Prod-
uct, Ishikawa, Japan), using the Java programming language.
Dose difference, DTA, and gamma index were performed us-
ing the software followed by visual evaluation and statistic
assessment of pass ratios.

IL.B. Preliminary study of the OS method

The purpose of the preliminary study is to check if the OS
method works properly in a simple environment before a clin-
ical study. A simple dose distribution in 3D was generated
in an Eclipse treatment planning system version 10.0 (Varian
Medical Systems, Palo Alto, CA). The dose calculation grid
size was set to 2.5 mm. The setup included a treatment field
with a symmetric 10 x 10 cm? jaw size, 0° gantry angle that
irradiated an I’'mRT Phantom (IBA Dosimetry, Schwarzen-
bruck, Germany) consisting of water equivalent RW3 mate-
rial (1.045 g/cm? density). A dose of 2.0 Gy was prescribed at
isocenter, which was located at a depth of 9 cm. As shown in
Fig. 2, the plane perpendicular to the central axis of the beam
was chosen as the evaluation plane. First, the volume dose
distribution was loaded as the reference image. Similarly, the
same dose distribution was loaded as the comparative image.
Second, the planar dose distribution on the isocenter plane
was reconstructed for the reference image. As the compar-
ative image, the planar dose distribution was reconstructed
with a combination of the following xyz-shifts and rotation

®)

Z-axis

FiG. 2. Dose distribution used in the preliminary study. (a) The dose distribution at the isocenter on the axial plane. The dose distribution in 3D was generated
using a treatment field with a symmetric 10 x 10 cm? jaw size, 0° gantry angle that irradiated an I' mRT Phantom (IBA Dosimetry, Schwarzenbruck, Germany)
consisting of water equivalent RW3 material (1.045 g/cm? density). A dose of 2.0 Gy was prescribed at isocenter, which was located at a depth of 9 cm. (b) The
coronal dose distribution on the isocenter plane was reconstructed after the dose distribution in 3D was loaded. The horizontal and vertical axes of the planar
dose distribution are x-axis and y-axis, respectively. The axis of depth is the z-axis.

Medical Physics, Vol. 40, No. 6, June 2013
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FI1G. 3. Dose measurement phantom in the IMRT verification measurement.
Two films were carefully placed at the fixed location in the box of the phan-
tom and were sandwiched between 1 cm plates. After plan irradiation, four
landmarks were pricked under a dark room to coregister the dose distribution
from the film.

against the isocenter. Four different values for the shifts in x-,
y-, z-axes (0.0, 0.5, 1.0, or 3.0 mm) and three different rota-
tions (0.5°, 1.0°, or 3.0°) were used for 94 total combinations.
Additionally, two combinations in shifts in all three axes and
rotation (1.5 mm and 1.5°, 2.0 mm and 2.0°) were created.
Finally, the OS method computed the xyz-shifts and rotation
as the result of the comparison between the reference and the
comparative images. To assess the validity of the OS method,
the computed shifts and rotation were compared with nominal
shifts and rotation.

Il.C. Clinical study of the OS method

Thirteen clinical prostate IMRT plans that had been used
to treat patients were chosen randomly. An Eclipse treatment
planning system version 10.0 was used to create the treatment
plans. The dose calculation grid size was set to be 2.5 mm.
The plan measurement was performed using Kodak EDR2
film (Eastman Kodak Co., Rochester, NY) and an I'mRT
Phantom. As shown in Fig. 3, the phantom was abdomen-
shaped, where two films were placed parallel to the sagittal
plane. The two films were located at isocenter and either 1 or
2 cm away from isocenter. Each of the plans was irradiated to
the phantom containing the films. The films were developed
and scanned by an Epson Expression 10000XL (Seiko Epson
Co., Suwa, Nagano, Japan). The scanned film measurement
and the calculated image were compared using Simple IMRT
Analysis Version 2.0 including the OS method. The evalua-
tions of DD and gamma index were done with and without the
OS method. After the calculation of the OS method, the xyz-
shifts and rotation computed by the OS method were evalu-
ated. No normalization for dose distributions was applied.

l. RESULTS
llLA. Preliminary study of the OS method

Using the 94 and two additional combinations of xyz-shifts
and rotation, the nominal shifts and rotation were compared

Medical Physics, Vol. 40, No. 6, June 2013
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FIG. 4. Nominal and calculated xyz-shifts and rotation in the preliminary
study. All xyz-shifts and rotations calculated using the OS method were in
agreement with all nominal ones.

with the shifts and rotation computed by the OS method.
As shown in Fig. 4, all computed and nominal xyz-shifts
and rotation were in agreement. For instance, the OS method
showed the same values as the comparative image that was
shifted by 0.5 mm in the x-, y-, and z-axes and 0.5° in rota-
tion.

lI.LB. Clinical study of the OS method

As shown in Fig. 5, visual evaluation using 2D maps of
DD and gamma index was performed for one of the planes. In
terms of the DD evaluation, the regions in red and blue from
the OS method result, where the pixel values were close to
or beyond the tolerance value (3%), were smaller than those
without the OS method. In particular, the regions beyond the
tolerance value were located in high dose gradient regions. In

© @

FIG. 5. 2D maps of DD without (a) and with (b) the OS method and of
gamma index without (c) and with (d) the OS method.
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TABLE I. Average values and pass ratios of DD and gamma index at each dose region and in the region from 30% to 100% without and with the OS method.

DD Gamma index
Value (ABS) [%] Pass ratio [%] Value Pass ratio [%]

Dose [%] w/o the OS w/ the OS w/o the OS w/ the OS w/o the OS w/ the OS w/o the OS w/ the OS
30-40 3.18 1.07 66.92 94.87 0.74 0.23 79.67 100
40-50 2.76 0.93 70.54 93.73 0.64 0.19 79.86 100
50-60 4.66 1.31 26.70 90.41 1.02 0.23 52.08 100
60-70 4.12 0.99 41.85 93.02 0.92 0.19 62.09 100
70-80 4.66 1.02 25.86 94.72 1.03 0.19 46.32 99.90
80-90 4.37 1.13 26.14 92.05 0.91 0.22 52.27 99.49
90-100 1.12 0.85 93.81 97.19 0.27 0.22 99.42 99.53
All 3.55 1.04 50.26 93.71 0.79 0.21 67.39 99.85

terms of the gamma index evaluation, the regions in red and
blue with the OS method were also smaller than those without
the OS method.

The pixel values of DD and gamma index in each dose re-
gion (30%-100%, 10% interval) were collected. Then, the av-
erage values and pass ratios of DD and gamma index were cal-
culated. The pass ratio is the number of the pixels less than the
tolerance values for DD and gamma index (DD: 3%, gamma
index: 1.0) divided by the number of all pixels in each dose
region. In terms of the average value of DD, all pixel values
were absolute and were used to calculate the average value
because positive and negative values of DD existed on the 2D
map. If there were two pixel values on a 2D map of DD, which
were —3% and +3%, the average value would be 0%. Simi-
larly, the average values and the pass ratios of DD and gamma
index for the dose region from 30% to 100% were calculated.

As shown in Table I, all of the values of DD below the
90% dose region without the OS exceeded the tolerance value
in terms of average value. In contrast, all of the values with the
OS method were within the tolerance value. In the comparison
for the dose region from 30% to 100%, the value with the
OS method had a 2.51% improvement using DD compared
with the value without the OS method. In particular, the value
with the OS method was 3.64% better than the value without
the OS method at the 70%-80% dose region. With respect to
the pass ratio of DD, all of the values with the OS method
achieved over 90%. Howeyver, all of the values without the OS
method except for the value in the region of 90%-100% were
less than about 70%. The worst DD value was 26.14% at the
region of 80%—-90% without the OS method. In the region of
30%-100%, the values without and with the OS method were
43.45% and 93.71%, respectively, which means that the use
of the OS method provided 50.26% improvement.

In terms of gamma index, all of the values with the OS
method were below 0.23. Conversely, all of the values in the
regions except for the region of 90%—-100% were from 0.74
to 1.03 and were higher than those with the OS method. In
addition, two of the regions were over the tolerance value. For
the pass ratio of gamma index, all of the pass ratios with the
OS method achieved over 99.5%. One region achieved over a
90% pass ratio without the OS method. The minimum in the
pass ratios without the OS method was 46.32%.
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Figure 6 shows the average values and pass ratios of DD
and gamma index with one standard deviation at each dose
region and in the region from 30% to 100% in the evalua-
tions for the 26 planes. For DD and gamma index, all of the
average values and standard deviations with the OS method
were lower than those without the OS method. Still, all of
the average values including the standard deviation with the
OS were below 2.0% for DD and 0.5 for gamma index. How-
ever, two of the values of DD without the OS exceeded 3%
and the values of DD without the OS method were larger than
those with the OS method. Compared with the method with-
out OS, the use of the OS method achieved 0.87% and 0.20%
improvement for the average values of DD and gamma index,
respectively. The pass ratios of DD and gamma index with the
OS method were over 90% and 95%, respectively. Moreover,
the pass ratio with the OS method showed 8.2% and 5.7%
improvement against the values without the OS method. For
the pass ratio of DD and gamma index, the use of the OS
method showed better results in which there were higher pass
ratios and smaller standard deviations in all regions. In par-
ticular, the amplitudes of the standard deviations with the OS
method were small and similar in all regions compared with
the method without OS.

Twenty-six sets of the values of xyz-shifts and rotation
were acquired from the calculations for 26 planes using the
OS method. Figure 7 shows that average values with one stan-
dard deviation at isocenter, off-axis, and a combination of
both were found at each dose region and in the region from
30% to 100%. Except for the average value of the z-shift, all
shift and rotational values were less than about 0.5 mm and
0.5°, respectively. The values of the z-shift at isocenter and
off-axis were about 1 mm on average. The average value with
one standard deviation at isocenter exceeded 2.0 mm. In par-
ticular, the standard deviation of the z-shift with the isocenter
plane was around 1.5 mm. The z-shift amplitude was bigger
than the amplitudes for x- and y-axes. Therefore, an additional
experiment was performed in which a sheet of 0.04 mm-thick
lead foil was inserted into the same location of the film at
isocenter. An EPID image was then acquired and the location
of the isocenter on the image was measured. Figure 8 shows
that the geometric deviation between the actual and measured
isocenter was 0.7 mm in the z-axis.
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IV. DISCUSSION

An end-to-end test for IMRT and VMAT is still com-
mon to verify a treatment plan before patient’s treat-
ment irradiation,?>2® even though an independent computer
program,?’ which verifies an IMRT plan without the measure-
ment of the test, is commercially available to ease labor loads
for the measurements for many patients. The end-to-end test
provides information regarding comprehensive errors includ-
ing a variety of errors from CT acquisition to dose delivery. In
other words, it is not possible to extract specific errors from
the end-to-end test. The OS method is able to extract the com-
prehensive geometric information of xyz-shifts and rotation
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spective analysis of the 26 planes.
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from the test, but similarly cannot extract specific errors. This
information includes geometric errors, such as setup errors for
film, phantom, and 2D detector arrays; the error of isocenter
laser alignment for CT simulator and linac; and the effects
from inaccuracy for dose calculation algorithm, MLC motion
calculation, and beam modeling.

In this study, the planar measurement data of dose distri-
bution were acquired from EDR2 film. Currently, it is con-
sidered that film dosimetry gives us a relative dose distribu-
tion. However, some reports have shown that dose distribu-
tions acquired from EDR?2 film could be close to the absolute
dose distribution.*>28 In particular, we should take care of
the length of time between film exposure and processing to
calibrate EDR?2 film image to dose distribution properly. We
created a protocol for EDR?2 film dosimetry for our IMRT QA
in accordance with the reports in the literature.*>?® In this

0.04 mm lead foil

. The foil

F1G. 8. Additional experiment where a sheet of 0.04 mm-thick lead foil was
inserted along with the film at isocenter and an EPID-image was acquired.
The EPID-image showed a 0.7 mm deviation between the isocenter and the
location of the film at isocenter.
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study, the dose distributions acquired should have been close
to absolute dose distribution. Thus, inaccuracies derived from
film dosimetry in this study were considered minimal. Addi-
tionally, not every measured dose distribution was normalized
in this study. Even if a diode array dosimeter is used, the simi-
lar problem above would occur because we must calibrate the
values acquired from the dosimeter to the values of absolute
dose. The calibration would include some inaccuracies, and
we may similarly normalize measured dose distributions ac-
quired from the dosimeter. Therefore, the film measurements
in this study did not affect the results from the OS method
even though the OS method provided better results.

An advantage of film dosimetry compared with diode ar-
ray dosimetry is that film dosimetry provides higher spatial
resolution. A dose distribution acquired from film dosimetry
represents a more spatially resolved dose distribution than that
from a diode array dosimeter due to higher dose interpolation
accuracy. With the OS method, the values of dose in the dose
distribution reconstructed on x-, y-, z-axes were interpolated
using B-spline. Therefore, higher spatial resolution of dose
distribution is essential for the OS method and film dosimetry
would make the OS method more accurate.

Using the OS method, the geometric information of the
xyz-shifts and rotation were computed from the results of 27
sagittal planes in this study. Moreover, average and one stan-
dard deviation of the shift in the z-axis were bigger than those
in the x- and y- axes, and the standard deviation of the shift
in the z-axis was more than 1.0 mm. The geometric setup ac-
curacy for the phantom was considered to be within 1 mm.
Even if there is no systematic geometric error, random ge-
ometric error would still affect accuracy and would equally
affect accuracies on the xyz-axes. In the measurements of our
IMRT QA, the phantom setups were carefully performed us-
ing the isocenter lasers that are checked daily and recalibrated
monthly in accordance with the report from AAPM TG-142.
Thus, systematic error was considered to be minimized. How-
ever, there may be some deviations of the phantom setup due
to random error. The deviations would be represented as the
standard deviation of the shift computed using the OS method.
Based on this result, we performed an additional experiment
and found that there was a systematic geometric deviation
between the actual isocenter and the location of the film at
isocenter. Hence, the film setup error would be dominant for
the comprehensive geometric error because the value from
the experiment almost matched the value computed by the
OS method. The OS method can provide information regard-
ing comprehensive errors but not specific ones, which would
be lost if visual registration for the measured dose distribu-
tion from film or 2D detector arrays was performed to in-
tentionally improve pass ratio after the location of the mea-
sured dose distribution was coregistered. If user-intentional
registration is performed in the end-to-end test, the test can-
not be defined as an end-to-end test; the meaning of the user-
intentional registration is to ignore the geometric information
throughout the test. The OS method is able to similarly coreg-
ister the dose distributions to get better results, however, along
with quantitative geometric information. Therefore, the OS
method is able to provide further information in addition to
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routine plan verification analysis using the general dose distri-
bution comparison algorithms, such as DD, DTA, and gamma
index.

In the clinical study of our prostate IMRT QA analysis,
we found a systematic geometric error inside the phantom.
In other words, all of the previous IMRT QA with the phan-
tom included the systematic error. Because the OS method
was developed and performed in the sagittal planes of clini-
cal prostate IMRT, we realized the systematic error inside the
phantom and will take steps to minimize the error.

Moreover, a systematic error affects the results in IMRT
QA such as the gamma index passing rate. In general, toler-
ance values for gamma index, for example, 3-mm distance-
to-agreement and 3% dose difference, are determined in each
institute. If unexpected geometric errors occur during IMRT
QA, the passing rate should be worse because the general
dose distribution comparison algorithms cannot extract the
geometric information. In other words, the geometric error
is evaluated as a beam delivery error. Conversely, the OS
method is able to quantitatively extract comprehensive geo-
metric information and help find a specific geometric error
from the results using the OS method. Visual registration for
the dose measurement is nonquantitative and loses geometric
information. In particular, there is a limitation of the visual
registration to get a better result. This means that the visual
registration is performed within the plane and not on a plane
perpendicular to the measurement plane. The OS method han-
dles both planes to achieve better results using the general
dose distribution comparison algorithms along with quanti-
tatively extracted geometric information. Therefore, the OS
method will improve IMRT QA.

The comprehensive geometric error in the end-to-end test
is both systematic and random. For example, the systematic
error is derived from multiple phantom setup errors caused by
continuous error of isocenter laser alignment, and also film lo-
cation errors like the errors found in this study. Random error
is caused by human setup deviations for phantom and film.
Total random setup errors would be within 1 mm. Thus, if
more than 1 mm is found as the geometric information from
the OS method, some further geometric errors could occur.
Additionally, as shown in this study, the results with the OS
method are collected from several patient plans and the values
on xyz-axes are compared with each other. The values should
be similar, but like in this study, if a larger value is found,
there could potentially be geometric errors. Therefore, the OS
method is recommended to collect the geometric information
and will improve IMRT QA.

In the common final analysis of the end-to-end test for
IMRT and VMAT, a planar measured dose distribution is
compared with a planar calculated dose distribution. In the
comparison using 2D dose distributions, dose profiles perpen-
dicular to the evaluation plane could affect the result. How-
ever, the effect perpendicular to the plane would be regarded
as the effect on the plane when we use the general dose dis-
tribution comparison algorithms. There are some investiga-
tions for a special comparison algorithm of the 3D gamma
index method.?** However, the algorithm would regard ge-
ometric error, such as setup errors for film, phantom, and
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isocenter laser alignment error, as errors of beam delivery,
which means that the algorithm would not be able to ex-
tract geometric information of shifts and rotation. On the
other hand, the OS method reconstructs a planar dose distribu-
tion from the volume dose distribution. Thus, the OS method
could be regarded as the method to take 3D doses into consid-
eration. In addition, the method could allow a comparison be-
tween measured and calculated planar dose distributions us-
ing all of the general dose distribution comparison algorithms
that were represented in the guidelines.?>2

In terms of accuracy of the reconstructed dose distribu-
tion on the z-axis as well as xy-axes in the OS method, dose
calculation grid size should be minimized. Then, values of
dose interpolated by B-spline in the reconstruction process
of the OS method are more accurate when a dose calcula-
tion volume data with the smaller grid size is used. How-
ever, Chung et al.?’ showed that a dose calculation grid size
< 3 mm would be clinically sufficient to interpolate the values
of dose in terms of the accuracy of dose calculation for head
and neck IMRT dose distributions. A similar phenomenon is
produced in the reconstruction of dose distribution in the OS
method. The effect of grid size is small to ensure accuracy of
the reconstructed dose distribution. Also, prostate IMRT plans
were used to evaluate the effectiveness of the OS method in
this study, and dose calculation grid size may have a lesser
effect on prostate IMRT plans than on head and neck IMRT
plans due to high dose gradient regions. Therefore, the grid
size used in this study was sufficient for the OS method.

Additionally, a relatively small dose calculation grid size
prolonged the time of dose calculation related to work ef-
ficiency. As time is clinically essential, grid size should be
determined to balance accuracy of the OS method and work
efficiency.

V. CONCLUSION

The OS method was developed to quantitatively extract ge-
ometric information related to beam targeting from an end-to-
end test for IMRT and VMAT with a better evaluation result
by using volumetric calculation data from a treatment plan-
ning system and planar measurement data from film and 2D
detector arrays. In the end-to-end test, visual registration for
the dose measurement from film and 2D detector arrays to
get better evaluation results loses the geometric information
throughout the test. However, the OS method achieves a bet-
ter evaluation result along with geometric information of xyz-
shifts and rotation.

In this study, the measurements of prostate IMRT plans
were retrospectively analyzed with and without the OS
method. Based on volumetric dose distribution compared with
planer dose distribution, a shift in the z-axis was notified
and a systematic error of film setup was found. Thus, when
we statistically analyze multiple measurements for IMRT and
VMAT plans using the OS method, we can get effective ge-
ometric information and the quality of the test will be im-
proved. However, all methods, including the OS method, have
a limitation that needs to be considered: they cannot indicate
and measure amplitudes for specific errors.
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