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Aim: We  sought to improve error detection ability during volume modulated arc therapy

(VMAT) by dividing and evaluating the treatment plan.

Background: VMAT involves moving a beam source delivering radiation to tumor tissue

through an arc, which significantly decreases treatment time. Treatment planning for VMAT

involves many parameters. Quality assurance before treatment is a major focus of research.

Materials and methods: We  used an established VMAT prostate treatment plan and divided

it  into 12◦ × 30◦ sections. In all the sections, only image data that generated errors in one

segment and those that were integrally acquired were evaluated by a gamma analysis. This

was done with five different patient plans.

Results: The integrated image data resulting from errors in each section was 100% (tolerance

0.5  mm/0.5%) in the gamma analysis result in all image data. Division of the treatment plans

produced a shift in the mean value of each gamma analysis in the cranial, left, and ventral
directions of 94.59%, 98.83%, 96.58%, and the discrimination ability improved.

Conclusion: The error discrimination ability was improved by dividing and verifying the portal

imaging.
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1.  Background

Intensity Modulated Radiation Therapy (IMRT) is a useful
method that can increase dose to tumor tissue while decreas-
ing dose to organs at risk (OARs).1,2 Unlike IMRT, which uses
a step-and-shoot technique, volume modulated arc therapy
(VMAT) involves moving the beam source through an arc,
which significantly decreases treatment time.3,4

In treatment planning for VMAT,  control of fluence, dynam-
ics of multileaf collimation (MLC), dose rate, and gantry
rotation speed are important. Quality assurance (QA) before
treatment is a major focus of research.5–9 While these verifi-
cations improve the safety of VMAT,  random and systematic
irradiation uncertainty in each part of the course remain
possible.10 In conventional pretreatment QA, it is not possi-
ble to predict mechanical errors, inappropriate movement, or
human error.11,12 Therefore, dose assessment during treat-
ment has been developed in multiple research facilities,13–17

and has been commercialized.18,19

Ford et al.20 conducted a validation with an electronic por-
tal imaging device (EPID) during treatment and found multiple
errors of “high-potential severity.” Errors are detectable by pre-
dicting the internal change in vivo using EPID. From this, it
is possible to manage the treatment course using the portal
image.

Dose verification using an EPID has been developed as part
of pre-treatment QA.21,22 In dose validation during treatment,
the EPID can identify Monitor Unit (MU) values and changes in
the shape of the irradiation field. However, small fluctuations,
such as setup errors, cannot be detected in the integrated por-
tal image.23

2.  Aim

In this study, we  sought to improve discrimination ability by
dividing and verifying VMAT  treatment plans.

3.  Materials  and  methods

We  used standard equipment comprising a linear accelera-
tor (True Beam

®
,Varian Medical Systems, Mountain View, CA,

USA) using Eclipse Ver. 11 and Portal Dosimetry software and
a flat panel type of amorphous silicon (aSi) (EPID

®
, Varian

Medical Systems, Mountain View, CA, USA). A commercial
pelvic phantom (ExacTrac

®
Verification Phantom, BrainLab,

Feldkirchen, Germany) was used.

3.1.  Treatment  plans

Five treatment plans for prostate patients were prepared. We

used 74 Gy for each patient with prostate cancer. CT planning
images of the commercial pelvic phantom were acquired. We
made this image  supply structure information and performed
calculation in the commercial pelvic phantom geometry.
iotherapy 2 4 ( 2 0 1 9 ) 133–141

3.2.  Procedure

The procedure is shown in Fig. 1. We set up the treatment
planning to divide the prostatic treatment plan of VMAT  and
the prostatic treatment plan into 12 sections, each covering
30◦ of the arc. With the phantom on the treatment couch, we
used the EPID and acquired fluence data over the 360◦ arc. We
used these data as the baseline. We subsequently generated
error that simulated body movement. We divided one course
of treatment plan into 12 sections and made a 1 cm phantom
shift in 3 directions in every section.

First, EPID data of each section was acquired. EPID data
of the section when the phantom was moved in each direc-
tion was also acquired. Next, we generated an integrated
image  including only one section for each error. The integrated
method of the image  used the function (create composite
image) of the software of portal dosimetry. We  compared the
reference image  with the integrated image  and generated the
error per section and acquired the portal image.  We  performed
this using five different treatment plans.

In other words, we  acquired 12 times with each image
which we divided one time of image  which we  integrated
as baseline data into. Furthermore, we acquired 36 times of
images which generated an error in the cranial, lateral, and
ventral direction. And we  acquired 36 times of integration
images which generated an error in each section. Therefore,
at first we acquired 13 as a reference image  in total. And we
become 72 times of acquisition every 1 patient data. Because
we acquired 5 patient data in total, we acquired 373 times of
data in total.

We analyzed the portal image  using the EPID and con-
ducted a gamma analysis at a pass rate of 0.5 mm/0.5%.24 We
normalized to correct for the dose and position error of the
flat panel alignment.

3.3.  Data  analysis

We used commercial software (Microsoft Excel
®

, Microsoft,
Redmond, WA, USA) for data integration and analysis. The por-
tal dosimetry software of the linear accelerator was used for a
gamma analysis.

4.  Results

The gamma pass rate was 100% (permission value
0.5 mm/0.5%) in the integrated image  with an error in
only one section (Table 1). However, identification of errors
was possible when we divided and verified one course of
treatment plan. From the results of the gamma analysis of
one treatment plan, we found the distribution with the largest
error (Fig. 3). This gamma distribution contained 81.7% falls at
the maximum gamma pass rate and we confirmed an average
of 96.7% falls among all patients (Table 1).

The results of the gamma analysis of the integrated images
in which errors were generated according to direction are

shown in a box-plot diagram (Fig. 2). Identification of the
error from the integrated image  was impossible from these
results (100%). In contrast, the mean pass rate, which we
divided a treatment planning and analyzed was cranial shift

https://doi.org/10.1016/j.rpor.2018.12.002
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cation of the error becomes possible in image  data after many
characteristics of the data are changed. We used an ExacTrac
Fig. 1 – Chart

4.6%, lateral shift 98.8%, ventral shift 96.7% directions on the
verage, and the detection of error was possible.

The mean pass rate of the gamma  analysis in the five
atient plans was 96.8%, 96.0% 97.0%, 96.2%, and 97.4%. Then,
e showed the identification ability that made a phantom

hift to each direction (cranial, lateral, ventral). Average of the
ass rate was 94.6%, 96.7% in the cranial direction, ventral
irection, and the identification was possible. However, the
ass rate in the lateral direction was 98.8%, and the identifi-
ation ability was low (Fig. 4B). The identification sensitivity
f the error differed by direction. It was 99.1% at the gamma
ass ratio of the minimum detectability, and we were max-

mum, and it was 94%. The identification ability for the left

hift was low.
e workflow.

5.  Discussion

Dividing and verifying the treatment plan improved error dis-
criminability. However, there is a variation of sensitivity by a
generation direction of the error. It is thought that the cause
is due to the generation direction of the error. In other words,
we depend on a gantry angle and the generation direction of
the error. It is thought that the identifiability of the error is
influenced by patient’s plan, part of the body, and direction.
It is thought that it is influenced by the shape and area of
the radiation field of the treatment plan. Therefore, identifi-
Verification Phantom in this study, but the results may vary

https://doi.org/10.1016/j.rpor.2018.12.002
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Table 1 – Results of gamma  analysis of all patient groups (tolerance 0.5 mm/0.5%).

Section number Cranial shift

Type Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Mean

1 Section only 97.8 91.9 95.7 96.7 99.0 96.2
(180–210◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

2 Section only 86.1 83.0 85.4 93.4 95.2 88.6
(210–240◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

3 Section only 94.7 82.1 99.0 92.0 87.0 91.0
(240–270◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

4 Section only 91.5 87.0 92.5 87.1 92.2 90.1
(270–300◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

5 Section only 96.6 89.8 94.1 91.9 97.6 94.0
(300–330◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

6 Section only 95.9 97.7 97.9 98.5 97.0 97.4
(330–0◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

7 Section only 98.9 95.9 93.6 99.6 99.7 97.5
(0–30◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

8 Section only 95.3 96.4 95.2 96.5 94.1 95.5
(30–60◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

9 Section only 97.6 94.4 94.3 95.3 99.2 96.2
(60–90◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

10 Section only 98.4 97.0 98.4 88.5 99.5 96.4
(90–120◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

11 Section only 94.6 97.1 91.1 91.2 95.6 93.9
(120–150◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

12 Section only 97.1 98.9 97.0 99.1 99.6 98.3
(150–180◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

Mean
Section only 95.4 92.6 94.5 94.2 96.3 94.6
Integrated 100.0 100.0 100.0 100.0 100.0 100.0

https://doi.org/10.1016/j.rpor.2018.12.002
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– Table 1 (Continued)

Section number Left shift

Type Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Mean

1 Section only 99.3 99.8 99.8 99.8 98.7 99.5
(180–210◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

2 Section only 96.1 99.1 98.5 100.0 99.0 98.5
(210–240◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

3 Section only 99.9 99.8 99.8 99.9 99.5 99.8
(240–270◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

4 Section only 99.6 98.5 99.9 97.5 99.5 99.0
(270–300◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

5 Section only 96.8 99.1 99.4 94.8 99.3 97.6
(300–330◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

6 Section only 96.4 97.9 98.5 99.5 98.2 98.1
(330–0◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

7 Section only 100.0 99.3 99.8 99.9 99.6 99.7
(0–30◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

8 Section only 94.1 96.4 97.2 99.0 96.9 96.7
(30–60◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

9 Section only 99.9 99.3 99.9 99.4 100 99.7
(60–90◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

10 Section only 99.9 99.4 99.9 99.5 99.9 99.7
(90–120◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

11 Section only 99.0 99.1 97.0 97.8 99.5 98.5
(120–150◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

12 Section only 98.6 97.9 99.1 98.9 99.8 98.9
(150–180◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

Mean
Section only 98.3 98.8 99.1 98.8 99.2 98.8
Integrated 100.0 100.0 100.0 100.0 100.0 100.0

https://doi.org/10.1016/j.rpor.2018.12.002
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– Table 1 (Continued)

Section number Ventral shift

Type Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Mean

1 Section only 100.0 100.0 100.0 100.0 100.0 100.0
(180–210◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

2 Section only 94.4 99.5 98.8 100.0 99.4 98.4
(210–240◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

3 Section only 92.3 93.0 94.1 94.8 81.7 91.2
(240–270◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

4 Section only 94.7 94.7 95.1 86.5 94.4 93.1
(270–300◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

5 Section only 95.6 98.7 98.4 92.9 98.6 96.8
(300–330◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

6 Section only 100.0 100.0 100.0 100.0 100.0 100.0
(330–0◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

7 Section only 100.0 100.0 100.0 100.0 100.0 100.0
(0–30◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

8 Section only 91.9 94.4 96.2 98.4 95.3 95.2
(30–60◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

9 Section only 94.7 88.7 92.4 90.9 98.4 93.0
(60–90◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

10 Section only 98.0 91.7 96.5 89.5 94.0 93.9
(90–120◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

11 Section only 99.0 99.6 97.9 96.0 99.7 98.4
(120–150◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

12 Section only 99.9 100.0 99.9 100.0 100.0 100.0
(150–180◦) Integrated 100.0 100.0 100.0 100.0 100.0 100.0

Mean
Section only 96.7 96.7 97.4 95.8 96.8 96.7
Integrated 100.0 100.0 100.0 100.0 100.0 100.0

https://doi.org/10.1016/j.rpor.2018.12.002
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Fig. 2 – Example of distribution by gamma  analysis (tolerance 0.5
alignment). While gamma  analysis of divided image data could d

Fig. 3 – Box plot of gamma  analysis of integrated image
data and image data generating errors in each direction.
 mm/0.5% normalization point minimum value, auto
etect errors, this was impossible in integrated image data.

among parts of the body. For example, the improvement of
detectability would be possible if it is a portal image  which
is transmitted for a body structure with a high quantity of
characteristics. In clinical practice, temporal changes such as
moving rectal gas25,26 can induce large displacement errors. In
such cases, the setup error may not be identifiable. In addition,
the tolerance of the gamma analysis24 was set to distance to
agreement and the dose difference was 0.5 mm/0.5% respec-
tively. The reason is to improve the sensitivity of the analysis
result. If the tolerance is set low, the sensitivity of the error
increases.27 However, the result may contain noise and may
not provide accurate results. Analysis methods and tolerance

settings may be refined in future research.

Research into a system that monitors with EPID in real
time is currently being conducted.28 However, we predict that
specifying the cause of errors will continue to be difficult.

https://doi.org/10.1016/j.rpor.2018.12.002
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Fig. 4 – Gamma  analysis result. (A) Cranial shift. (B) Left

r
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1

shift. (C) Ventral shift. P1–5 indicates the 5 treatment plans.

Currently, verification during treatment with VMAT using
EPID is managed using portal imaging. In this study, we found
that changes in movement  during treatment were very likely
to be blurred and undetectable, and were difficult to verify. The
discrimination performance improved by dividing the image
into 12◦ × 30◦ segments. Therefore, it may be helpful to con-
duct verification in divided data for irradiation surveillance
during treatment, which we  showed increased sensitivity.
However, actually, radiotherapy is not provided after dividing
treatment plan. Therefore, we divide data during radiother-
apy in real time, and a system to analyze at the same time
is required. If it is enabled, errors such as mechanical or
setup errors will be reduced but can predict that we use this
method. Therefore, QA between the treatments is more  use-
ful than QA before the treatment if we  divide EPID data and
analyze it.
6.  Conclusion

The error discrimination ability was improved by dividing and
verifying the EPID data.

1

iotherapy 2 4 ( 2 0 1 9 ) 133–141
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