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Abstract

The purpose of this study was to investigate the ability of a management sys-
tem (Delivery Analysis: DA) to detect intrafractional motion during intensi-
ty-modulated radiation therapy (IMRT) in tomotherapy mode. Tomotherapy
has made it possible to manage internal movements during treatment using
software DA, which quantifies using the information of the passing dose ob-
tained during the radiation treatment of patients. First, three treatment plans
for the test were created (lumbar spine, prostate, and femur). Second, a pelvis
phantom was moved in the X, Y, and Z directions, and a sinogram was ac-
quired. The magnitudes of the movements were 3 mm, 5 mm, and 10 mm,
respectively. Finally, the ability of DA to detect the motion was evaluated by
comparing the sinogram obtained by moving the phantom with a reference
sinogram obtained without movement. The sensitivity of DA could be de-
tected with a shift amount of 3 mm (gamma analysis tolerance 0.3 mm/0.3%).
The average gamma analysis of each direction at 0.3 mm/0.3% tolerance at
each treatment site was 96.1% for the prostate, 93.5% for the lumbar spine,
and 94.4% for the femur. Additionally, the average gamma pass rate results
for the pelvic phantom in the X, Y, Z directions for a 10 mm shift were 96.2%,
96.3%, and 95.9%, respectively. DA is a powerful tool with high detection
sensitivity and ability to detect body movement during treatment.

Keywords

Delivery Analysis (DA), Tomotherapy, Sinogram, Intra-Fraction Motion,
Quality Assurance (QA)

1. Introduction

Intensity-modulated radiation therapy (IMRT) is a useful method that can in-
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crease dose to tumor tissue while decreasing dose to organs at risk [1] [2]. To-
motherapy (Accuray, Sunnyvale, CA, USA) is one of the modern radiotherapy
systems which allow a continuous dose delivery in a helical fashion around the
anatomical site to be treated [3].

Based on a small 6 MV linear accelerator attached to a ring gantry that rotates
around the patient as the patient moves around the bore, it is mechanically
unique and ultimately produces a helical path for radiation dose delivery. In to-
motherapy, this technologically advanced radiation dose delivery system pro-
vides pre-treatment quality assurance (QA) which ensures the safety of treat-
ment by performing delivery quality assurance (DQA) [4] [5]. However, this
method has not been used during treatment to evaluate intrafractional motion.

In volume-modulated arc therapy (VMAT) using a linear accelerator, the
various types of pre-treatment QA have led to an improvement in safety [6]
[7] [8] [9] [10]. Nevertheless, although these validations improve VMAT’s
safety, errors during treatment still produce random and systematic uncer-
tainty [11].

With traditional pre-treatment QA, it is impossible to predict mechanical er-
rors, inappropriate movements or human errors that occur during treatment
[12] [13]. Therefore, methods of dose assessment during treatment have been
developed in multiple research facilities [14]-[18], and have been commercia-
lized [19] [20]. Ford et al. [21] conducted a validation with an electronic portal
imaging device (EPID) during treatment and found multiple errors with poten-
tially major severity. This makes management during treatment very important.

In a tomotherapy delivery system, delivery analysis (DA) software is imple-
mented during treatment. DA compares pretreatment and measured in-treatment
data with information describing the planned treatment delivery.

Pretreatment assessment provides tools to quickly confirm that the multileaf
collimator (MLC) has performed according to the treatment plan and assess any
differences in MLC performance that may impact delivery.

In-treatment assessment monitors the consistency of delivery with particular
sensitivity to patient settings and anatomical variations and patient motion dur-
ing treatment. Tomotherapy can use this feature to enable management during
treatment.

Management during treatment with an EPID with a linear accelerator gener-
ally uses integrated data with X-rays transmitted through the patient, which re-
duces the accuracy of intrafractional motion error detection [22]. However,
when DA is used in tomotherapy, data are output as sinogram data, not inte-
grated data. Therefore, in DA, it can be expected that error detectability during
treatment can be further improved. To date, however, the clinical significance of
differing levels of discrepancy in in-treatment assessment has not been eva-
luated.

Therefore, we investigated the motion detectability of the DA management

system in-treatment during IMRT treatment with tomotherapy.
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2. Materials and Methods
2.1. Tomotherapy Delivery System, Radixact

Tomotherapy unit is designed to provide IMRT with 6 MV photon beam and
binary 64 MLC [3]. Radixact (Version.1.1.0.1: Accuray, Sunnyvale, CA, USA) is
the latest generation of Tomotherapy delivery systems and represents a redesign
of both gantry and treatment planning systems. In Radixact, new QA software is
renewed and DA is implemented.

The unit provides both “Tomohelical” and “TomoDirect” modes. Tomothe-
rapy units clinically used three different field widths of 1.0, 2.5, and 5.0 cm,

which were defined by jaws along the longitudinal direction.

2.2. Delivery Analysis (DA)

2.2.1. Pre-Treatment Assessment

Pre-treatment assessment is a tool to assess that collimation is being performed
according to the treatment plan. This plan reconstructs a measured MLC leaf open
time sinogram by analyzing the pulse-by-pulse data from the detector during deli-
very and measuring the individual leaf open times using the high-signal pulses for
each delivered projection. This assessment also calculates the dose distribution
based on the measured MLC leaf open time sinogram, the original plan, and the
planning CT, and compares and analyzes the original planned dose and the recal-
culated dose based on the measured MLC leaf open time sinogram. Because this

study was an evaluation during treatment, we excluded this pre-treatment study.

2.2.2. In-Treatment Assessment

In-treatment assessment is software that quantifies consistency interfraction
motion during treatment using post patient detector signals obtained during pa-
tient radiation therapy (Figure 1). The purpose is to capture changes in the pa-
tient’s anatomy or positional misalignments. The data collection method uses a
detector to receive X-rays that have passed through the patient’s body during
treatment. As soon as the treatment is finished, the data are taken to a stand-alone
workstation separate from the treatment system network. This is done automat-
ically. In addition, the consistency of irradiation can be evaluated by managing

daily data in a trend graph.

2.3. Assessment Method

We used Radixact and the software used DA Verl.1. A commercial pelvic phan-
tom (ExacTrac Verification Phantom, BrainLab, Feldkirchen, Germany) was
used. The assessment method is shown in Figure 2. Treatment plan consisted of
three parts (lumbar spine and prostate, femur). The pelvic phantom was moved
in the X, Y, and Z directions, assuming a body movement for each plan. The
magnitudes of the errors to be moved were 3 mm, 5 mm, and 10 mm, respec-
tively. Radixact’s table drive accuracy was * 0.5 mm (display value unit: 0.1
mm). The first irradiation was used as a reference. The phantom was before

treatment moved on the assumption of body movement with respect to the base
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Figure 1. Example of analysis result by in-treatment assessment. (a) Detector sinogram

views display the detector count distribution. A given point in the sinogram image cor-

responds to a particular detector position (horizontal axis) and a particular source posi-
tion (vertical axis). The left of the view with the profile of the detector signal for the se-
lected projection, which is indicated by the horizontal red line on the sinogram; (b) Trend
View graphs plot changes in a selected value across a range of deliveries; (c) Reference

MVCT image; (d) Evaluation MVCT image.
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Figure 2. Error variation and data acquisition method. Treatment plan of three parts
(lumbar spine, prostate, and femur). The pelvic phantom was moved in the X, Y, and Z
directions, magnitudes of the errors to be moved were 3 mm and 5 mm 10 mm, respec-
tively, and sinogram data is acquired and evaluated by gamma analysis. Red arrow is in-

dicates the shifted direction.

sinogram acquired first, and the acquired sinograms were compared. We used

gamma analysis [23] as a comparison method. To confirm the sensitivity of

gamma analysis tolerances, the setting values were changed to 3 mm/3%, 2
mm/3%, 2 mm/2%, 1 mm/1%, 0.5 mm/0.5%, 0.3 mm/0.3%. We also compared
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the analysis results.

In summary, 3 mm, 5 mm, and 10 mm are moved in the X, Y, and Z direc-
tions for each part of the lumbar spine, prostate, and femur, and sinogram data
was acquired and evaluated by gamma analysis. Also, the influence of the result
of the gamma analysis which made variable the tolerance value for each rela-

tionship was investigated.

3. Results

Table 1 shown shows the results of gamma analysis in which the pelvic phantom
was moved to 3 mm, 5 mm, and 10 mm for each site. The measurement was
performed five times and the average mean value was shown. The variation of
the five measurements was small and the standard deviation was negligible.
From this table, it is impossible to detect an error of movement at a tolerance of
3 mm/3%. However, when the tolerance is 0.3 mm/0.3% and the shift is a 3 mm
error, the result of gamma analysis at the lowest sensitivity is 94.0% for the
prostate and 93.3% for the and 93.8% for the femur in and the lumbar spine, re-
spectively. Therefore, in-treatment motion proved to be detectable.

3.1. Influence of Result by Movement Amount

The relationship between the shift amount of the pelvic phantom and the toler-
ance of gamma analysis is shown (Figure 3). The tolerance did not change sig-
nificantly up to 2 mm/2%. When the tolerance was lowered to 1 mm/1%, the
results were affected.

In addition, the amount of movement of the pelvic phantom was lower in
gamma passing rate when it was moved by 10 mm compared to 3 mm. There-
fore, it was proved that the pass rate decreases in proportion to the magnitude of
the shift amount of the pelvic phantom.

When the tolerance was 0.3 mm/0.3%, the average gamma pass rate was
94.7%, 92.2%, and 89.9% when the shift amount of the pelvis phantom was 3

mm, 5 mm, and 10 mm, respectively. DA was able to detect a 3 mm shift.

3.2. Influence of Result by Movement Direction

The following shows the relationship between the movement direction and the
result of gamma analysis (Figure 4). The average gamma pass rate results for the
pelvic phantom for the X, Y, and Z directions for a 10 mm shift were 96.2%,
96.4%, and 95.9%, respectively. No difference was found in the direction of

movement.

3.3. Influence of Result by Each Treatment Site

Figure 5 shows the result of the pass rate of gamma analysis to tolerance at each
treatment site. The average gamma analysis for each direction at 0.3 mm/0.3%
tolerance was 96.1% for the prostate, 93.5% for the lumbar spine, and 94.4% for
the femur. It was confirmed that the sensitivity of the prostate was little lower
than other parts.
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Table 1. The mean value of the gamma analysis (%) that was performed five times and its
standard deviation (%). Results of gamma analysis with different tolerance values and
phantom movement values for each part (prostate, lumbar vertebra, femur).

Gamma pass rate (%)
Site Prostate
Shift value 0 mm 3 mm 5 mm 10 mm
3 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.94 +0.00
2 mm/3% 100 = 0.00 100 = 0.00 99.99 £ 0.00 100 = 0.00
2 mm/2% 100 + 0.00 100 + 0.00 99.99 £0.00 99.93 £0.00
X-direction
1 mm/1% 100 + 0.00 9991 £0.01 99.71 £0.00 99.08 £ 0.01
0.5 mm/0.5% 100 + 0.04 99.06 £0.08 98.07 £0.07 96.36 £ 0.01
0.3 mm/0.3% 100 + 0.05 97.44 +£0.21 95.77 £0.07 94.22 £0.04
3 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.90 £ 0.00
2 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.86 £ 0.00
2 mm/2% 100 + 0.00 100 + 0.00 99.93 £0.01 99.43 £0.02
Tolerance Y-direction
1 mm/1% 100 + 0.00 99.74 £0.00 98.48 +£0.05 95.80 +0.02
0.5 mm/0.5% 100 + 0.03 99.60 £0.06 97.75+0.02 94.17 £0.01
0.3 mm/0.3% 100 + 0.05 93.97 £0.05 91.88+0.06 90.51 +£0.01
3 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.94 +0.00
2 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.92 £0.00
2 mm/2% 100 + 0.00 100 + 0.00 100 + 0.01 99.71 £0.01
Z-direction
1 mm/1% 100 + 0.00 99.87 £0.01 99.45+0.02 98.15+0.00
0.5 mm/0.5% 100 + 0.06 98.71 £0.09 97.14 £0.02 94.80 £ 0.01
0.3 mm/0.3% 100 + 0.09 96.80 £0.16 94.88 £0.03 92.79 £0.02

Site Lumbar spine

Shift value 0 mm 3 mm 5 mm 10 mm

3 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.85 £ 0.00
2 mm/3% 100 + 0.00 100 + 0.00 100 + 0.00 99.81 £ 0.00
2 mm/2% 100 + 0.00 100 + 0.00 99.90 £0.00 99.36 £0.00

X-direction
1 mm/1% 100 + 0.03 99.64 £0.04 98.80£0.02 96.05+0.01
0.5 mm/0.5% 100 + 0.10 97.16 £0.06 94.28 £0.06 90.00 + 0.04
0.3 mm/0.3% 100 + 0.31 93.94+£0.04 91.07+0.09 87.73+0.08

Tolerance

3 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.96 £ 0.00
2 mm/3% 100 = 0.00 100 = 0.00 100 = 0.00 99.94 +0.00
2 mm/2% 100 + 0.00 100 + 0.00 99.96 £0.00 99.58 £0.01

Y-direction
1 mm/1% 100 + 0.03 99.71 £0.01 98.82+0.03 96.91 £0.08
0.5 mm/0.5% 100 + 0.11 96.99 £0.10 9448 +£0.15 91.13+0.13

0.3 mm/0.3% 100+0.22 93.37+0.15 90.70+0.18 88.16 +0.09
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Continued

3 mm/3% 100 + 0.00 99.99 £0.00 99.90 +£0.00 99.51 £0.00
2 mm/3% 100 + 0.00 99.99 £0.00 99.86 +0.00 99.38 £ 0.00
2 mm/2% 100 + 0.00 99.89 £0.00 99.61 £0.01 98.63 £0.01
Z-direction
1 mm/1% 100 = 0.00 99.13£0.01 97.78+£0.04 95.10 £0.02
0.5 mm/0.5% 100 + 0.07 96.23 £0.09 93.12+0.27 89.43 £0.07
0.3 mm/0.3% 100 + 0.20 9326 £0.13 89.94+041 86.91+0.05

Site Femur

Shift value 0 mm 3 mm 5 mm 10 mm

3 mm/3% 100 + 0.00 100 + 0.00 99.83 £0.00 98.74 £0.06
2 mm/3% 100 + 0.00 100 + 0.00 99.79 £0.00 98.46 £ 0.00
2 mm/2% 100 + 0.00 99.89 £0.02 99.19+0.01 97.36 £0.01
X-direction
1 mm/1% 100 = 0.00 98.53 £0.04 96.73 £0.01 94.56 +0.02
0.5 mm/0.5% 100 + 0.00 9548 £0.03 93.29+0.04 90.82 +0.04
0.3 mm/0.3% 100 + 0.04 9431 £049 91.73+0.01 89.03 £0.07
3 mm/3% 100 + 0.00 99.94 £0.00 99.82+0.00 99.46 +0.00
2 mm/3% 100 = 0.00 99.93 £0.00 99.80 £0.00 99.40 +0.00
2 mm/2% 100 = 0.00 99.81 £0.01 99.54+0.00 98.74+0.01
Tolerance Y-direction
1 mm/1% 100 + 0.00 99.16 £ 0.02 98.08 £0.02 96.19 £0.01
0.5 mm/0.5% 100 + 0.00 99.02 £0.03 97.67 £0.04 95.16 £ 0.04
0.3 mm/0.3% 100 + 0.03 95.18 £0.01 92.58 £0.00 90.14 +0.05
3 mm/3% 100 = 0.00 99.92 £0.00 99.71 £0.00 99.26 £ 0.00
2 mm/3% 100 + 0.00 99.90 £ 0.00 99.66 +0.00 99.11 £0.00
2 mm/2% 100 + 0.00 99.74 £0.00 99.27 £0.00 98.15 +0.02
Z-direction
1 mm/1% 100 = 0.00 99.00 £0.02 97.00 £0.03 94.77 £0.01
0.5 mm/0.5% 100 + 0.04 96.07 £0.01 93.02+0.01 91.00+0.01

0.3 mm/0.3% 100 £0.00 93.77+0.04 91.02+0.04 89.09 +0.04

4. Discussion

This study showed that body movement can be detected by setting tolerance to
0.3 mm/0.3% even with 3 mm shift using in-treatment assessment. In other
words, it is possible to detect movement and shape change using in-treatment
assessment.

However, in-treatment assessment can automatically send data to a stand-alone
workstation when treatment is complete and can then be analyzed. If treatment
is not complete, it cannot be analyzed. Therefore, current systems cannot man-
age in real time. In the future, if a system that can display sinograms in real time
and output analysis results simultaneously is implemented, management during
treatment in real time will be possible.

If the first reference image is an image that contains many errors, all subse-
quent data will continue to generate errors. Therefore, in order to use in-treatment

assessment, it is considered that selection of a reference image needs attention.
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In this study, we used a rigid pelvic phantom. In actual treatment, the pa-
tient’s body shape may change, and gas in the abdominal cavity may move. This
study did not take into account changes in the body shape or gas in the abdo-
minal cavity. Therefore, the analysis results in the clinic will include more un-
certainty, and it is expected that a larger error will occur. Therefore, in the fu-
ture, it is necessary to evaluate during treatment of body shape changes from
clinical data, not phantom studies.

This in-treatment assessment confirms the variation from the first reference
sinogram. Additionally, a system is also being developed to calculate and eva-
luate the dose distribution in the body using in vivo calculated images that have
been generated [24]. In this software, the sinogram is deconvoluted by a kernel
specifically adapted to the MVCT detector to obtain the corresponding primary
treatment fluence map. Using this, a dose distribution in the body is created
from the planned CT image of the patient. It is also necessary to predict clinical
impact while using such software simultaneously.

In this study, we proved that using in-treatment assessment can capture
movement during treatment. In the future, if a system that can display sino-
grams in real time and output analysis results simultaneously is implemented,
management during treatment in real time will be possible. If possible, the un-
certainty during treatment can be reduced and reliable radiation therapy can be

performed.

5. Conclusion

In-treatment assessment provides high detection sensitivity, and is a powerful
tool that can manage body movement during treatment.
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