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A novel three-dimensional unicursal irradiation technique “Dynamic WaveArc”
(DWA), which employs simultaneous and continuous gantry and O-ring rotation
during dose delivery, has been implemented in Vero4DRT. The purposes of this
study were to develop a commissioning and quality assurance procedure for DWA
irradiation, and to assess the accuracy of the mechanical motion and dosimetric
control of Vero4DRT. To determine the mechanical accuracy and the dose accuracy
with DWA irradiation, 21 verification test patterns with various gantry and ring
rotational directions and speeds were generated. These patterns were irradiated
while recording the irradiation log data. The differences in gantry position, ring
position, and accumulated MU (E;, E, and E, , respectively) between the planned
and actual values in the log at each time point were evaluated. Furthermore, the
doses delivered were measured using an ionization chamber and spherical phan-
tom. The constancy of radiation output during DWA irradiation was examined by
comparison with static beam irradiation. The mean absolute error (MAE) of E
and E; were within 0.1° and the maximum error was within 0.2°. The MAE of
E,;y was within 0.7 MU, and maximum error was 2.7 MU. Errors of accumulated
MU were observed only around control points, changing gantry, and ring velocity.
The gantry rotational range, in which E,, ; was greater than or equal to 2.0 MU,
was not greater than 3.2%. It was confirmed that the extent of the large differences
in accumulated MU was negligibly small during the entire irradiation range. The
variation of relative output value for DWA irradiation was within 0.2%, and this
was equivalent to conventional arc irradiation with a rotating gantry. In conclusion,
a verification procedure for DWA irradiation was designed and implemented. The
results demonstrated that Vero4DRT has adequate mechanical accuracy and beam
output constancy during gantry and ring rotation.

PACS number: 87

Key words: Vero4DRT, Dynamic WaveArc, commissioning

. INTRODUCTION

The Vero4DRT (MHI-TM2000, Mitsubishi Heavy Industries, Ltd., Hiroshima, Japan, and
BrainLAB, Feldkirchen, Germany) is a unique image-guided radiotherapy system,"3 con-
sisting of an O-ring gantry that is designed to rotate = 185° around a patient (gantry rotation)

a8 Corresponding author: Yuki Miyabe, Department of Radiation Oncology and Image-applied Therapy,
Graduate School of Medicine, Kyoto University, 54 Shogoin-Kawaharacho, Sakyo-ku, Kyoto, Japan; phone:
+81 (75) 751 3762; fax: +81 (75) 771 9749; email: miyabe@kuhp.kyoto-u.ac.jp
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and + 60° around its vertical axis (ring rotation). The Vero4DRT has two imaging units with
+ 45° against MV beam axis, each consisting of a kV X-ray tube and a flat panel detector. It is
possible to obtain kV images in two orthogonal directions simultaneously. The O-ring gantry
has a high rigid design by this O-ring shape, and this system has the high accuracy of a static
MYV beam positioning.(!->)

In Vero4DRT, the O-ring gantry rotates around the vertical axis instead of rotating around
the treatment couch. Noncoplanar irradiation can be performed without moving a patient
by ring rotation. Furthermore, irradiation during continuous ring rotation can be performed
mechanistically. Using the mechanical features of the O-ring gantry, a novel three-dimensional
unicursal irradiation method, called “Dynamic WaveArc” (DWA), which uses simultaneous
and continuous gantry and ring rotation during dose delivery, has been developed.®) DWA is an
advanced conformal arc irradiation technique allowing more flexibility in irradiation direction,
and it enables efficient dose delivery avoiding the organ at risk (OAR). In the initial investiga-
tion with a planning study,® a comparison of the treatment plan in pancreatic cancer by DWA,
a conventional dynamic conformal arc irradiation, and intensity-modulated radiation therapy
(IMRT) was performed. It was found that the dose-volume data of DWA were comparable to
those of IMRT in relation to both the target and the OARs, and the monitor unit (MU) was
22.1% lower than IMRT. In some clinical cases, large advantages with improvement in dose
distribution and shortening of treatment time can be expected.

The mechanical control required for DWA irradiation has been implemented in Vero4DRT
and experimental validation with an actual machine became possible. In this study, we developed
a commissioning and quality assurance (QA) procedure for DWA irradiation, and verified the
accuracy of the mechanical motion and dosimetric control of Vero4DRT.

Il. MATERIALS AND METHODS

A. Implementation of DWA
DWA is a rotational irradiation method that employs simultaneous and continuous gantry and
ring rotation during dose delivery. Specifically, the ring rotation changes in the negative or posi-
tive direction continuously while the gantry rotates in one direction (maximum gantry rotation
range is 360°). Thus, this irradiation is carried out with the trajectory of the wave to the patient’s
body. Compared with typical rotation irradiation methods, such as dynamic conformal arc and
volumetric-modulated arc therapy (VMAT) which use only gantry rotation, DWA irradiation
has more flexibility in terms of the beam incidence direction, and enables the concentrating of
the dose to a target while avoiding the OARs. In DWA irradiation, the output dose per gantry
and ring rotational angle are designed to be constant, and the dose rate is adjusted in accordance
with gantry and ring operation. A synchronized trajectory control between gantry rotation and
ring rotation is implemented in Vero4DRT, and an irradiation beam axis can be passed along
with the specified tracks in DWA irradiation. In this trajectory control, the ratio of ring rotation
per unit time to gantry rotation per unit time in each segment is maintained constant. In the
case of changing the speed of gantry or ring, the gantry and ring rotation is decelerated and
stopped at a moment just before the control point, and then accelerated to the specified speed.
At the same time, to suppress dose errors, the dose rate is reduced at the moment of stopping
machine motion and increased again between segments.

In terms of the mechanical restriction on a specification of Vero4DRT with DWA irradiation,
maximum and minimum of gantry rotational speed, ring rotational speed, and dose rate are
6.0°/s and 0.1°/s, 2.5°/s and 0.1°/s, and 400 MU/min and 150 MU/min, respectively.

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015
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B. Commissioning of DWA

Based on the characteristics of the DWA irradiation method described in Material & Methods
section A, verification tests of the mechanical accuracy and the dose accuracy were performed.
These tests were designed to evaluate accuracy related to ring rotation, the synchronous control
of gantry and ring rotation, variations in gantry and ring rotation speed between segments, and
the control of the dose rate variations in a short time.

B.1 Verification experiment and irradiation patterns

The list of verification patterns is shown in Table 1, and diagrams of some of the patterns are
shown in Fig. 1. The original DWA irradiation verification patterns were created as follows.
Group I was ‘conventional’ arc irradiation, rotating the gantry. Groups II and III were patterns
with a stationary gantry angle and a rotating ring, with a rotational range of 40°; the delivery
accuracy during ring rotation was then verified. Groups IV to VII concerned the patterns of
DWA irradiation with various gantry and ring rotational directions and speeds. In each group,
all patterns had the same setting MU and dose rate. These verification test irradiations could
be performed by reading the csv files describing the original verification patterns input into
the Vero4DRT.

The output values for the verification patterns of Table 1 were measured with a Farmer-type
ionization chamber (PTW30013, PTW, Freiburg, Germany) set at the center of a water-equivalent
sphere phantom with a diameter of 20 cm (Taisei Medical Co., Ltd., Osaka, Japan; Fig. 2). The
composition of the material of this phantom was H (11.6%) and C (88.4%), and the density was
1.000 g/cm?3. It is possible to measure the output dose with less directional dependence for the
three-dimensionally high flexible DWA irradiation beam.

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015
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Fic. 1. Diagrams of gantry and ring rotational trajectories in several verification patterns. The horizontal axis and verti-
cal axis in this graph represent the gantry angle and ring angle, respectively. Groups 1V, V, and VI were performed with
reciprocating motion of ring rotation in the positive or negative direction simultaneously with the gantry rotating from 270°
to 90° (CW direction). The patterns of Group IV feature the same ring rotational speed and different numbers of stopping
points in mechanical motion, to assess the effects of the number of stopping points. The patterns of Group V feature the
same number of stopping points in mechanical motion and different ring rotational speeds, to assess the effects of ring
rotational speed. The patterns of Group VI feature the gantry and ring rotational speed changing during DWA irradiation,
to assess the effects of gantry and ring rotational speed. The patterns of Group VII feature ring rotations of + 5° and + 45°
during 360° gantry rotation, to determine the effects of the combination of fast gantry rotation and ring rotation.

Sphere phantom

lonization chamber

FiG. 2. Experimental setup for output measurements.

B.2 Evaluation of DWA delivery accuracy by irradiation log analysis

The planned and actual values of the gantry position, ring position, and accumulated MU each
time were recorded as an irradiation log in the Vero4DRT during each irradiation test listed in
Table 1. The planned values were values of the gantry position, ring position, and accumulated
MU input into the Vero4DRT. They were extracted from the csv files describing the original
verification patterns. The actual value was a record of the actual motion of the Vero4DRT. The
actual values of gantry angle and ring angle were recorded using a rotary encoder. The actual
values of the accumulated MU were recorded values that amplified the current of the internal
chamber, and these analog data were converted to digital data. These data, planned and actual

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015
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values of the gantry position, ring position, and accumulated MU, were recorded every 20 ms
using the same controller. Though these log data in this study were output in text format using
the service function of the manufacturer, it can be also obtained via the general function of
the Vero4DRT. The differences between the planned and actual values of gantry position (E),
ring position (Ep), and accumulated MU (E, ;) at every 20 ms were calculated. Furthermore,
the positive maximum value, negative maximum value, and mean absolute error (MAE) of Eg»
Eg, and E,,, were evaluated.

To verify the details of the data recorded in the DWA irradiation log, the mechanical motion
of the gantry and ring and accumulated MU were measured using external measuring devices
that operate independently of the Vero4DRT system. Gantry and ring position were verified
by Polaris Spectra (Northern Digital Inc., Waterloo, ON). The Polaris Spectra was placed in
front of the Vero4DRT. Infrared (IR) markers were attached to the surface of the gantry head,
and the motion trajectories of the IR markers were measured by the Polaris Spectra (Fig. 3).
Gantry and ring trajectories were determined from the trajectory of the IR markers’ positions.
The sampling interval for data with the Polaris Spectra was ~ 33 ms. The Polaris Spectra
system volumetric accuracy was 0.25 mm RMS within this measurement.® The accuracy of
the accumulated MU recorded in the log was verified with a Farmer-type ionization chamber
(PTW30013), an electrometer (RAMTEC Smart, Toyo Medic Co., Ltd., Tokyo, Japan), and
a data logger (MEMORY HiCORDER MR8880, HIOKI E.E. Co., Tokyo, Japan). The data
logger, a commercially available product, could record the sequential output values of electric
charge from the ionization chamber. A comparison was performed between the accumulated
MU (in MU) converted from the accumulated electric charge (in nC) measured by the ioniza-
tion chamber, the electrometer, and the data logger and the accumulated MU (in MU) recorded
in the log (Fig. 4). The sampling intervals of the data with the measurement system using the
data logger and the log data of the Vero4DRT were 100 ms and 20 ms, respectively.

| IR markers were attached on the

gantry surface

Polaris Spectra

FiG. 3. Experimental setup with Polaris Spectra.

Tonization chamber Electrometer Data logger

The accumulated MU The accumulated MU
recorded in the log of compare converted from the
the VerodDRT accumulated electric charge

FiG. 4. Schema of the independent measurement system of the accumulated MU.
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B.3 X-ray output constancy during DWA irradiation

The delivered doses for the verification patterns of Table 1 were measured placing the Farmer-
type ionization chamber at the center of the sphere phantom (Fig. 2), and the constancy of
radiation output during DWA was examined. The ionization chamber was placed horizontally
against the couch in the direction that the tip of the chamber toward the gantry side. In these
measurements, the field size was set at 5 x 5 cm?. The variation in machine output was assessed
by comparison of relative output values during the test irradiation including DWA irradiation
patterns (verification Patterns I to VI), with a static beam (gantry and ring angle at 0°) irradiation
with the same MU of the DWA irradiation. The irradiation beam of verification Pattern VII
passed through the carbon fiber couch top, so these measurements might have contained uncer-
tainties in dose reduction due to the couch. The water-equivalent sphere phantom used in this
study was designed to be placed on the couch. Consequently, it could not be placed so as not to
pass through the couch with respect to the beam from a posterior angle. To accurately confirm
the DWA irradiation dose accuracy in this study, it was considered necessary to assess dose
accuracy under conditions that removed as much uncertainty as possible in test patterns with
full gantry rotation (360°). Thus, output measurements were not performed in the Pattern VII.

lll. RESULTS

A. Accuracy of DWA delivery

The accuracy of the gantry and ring positions recorded in the irradiation log was verified by
comparing values measured using the Polaris Spectra. Figure 5 shows an example of the results.
The differences in gantry rotation and ring rotation between values measured by the Polaris

(a) Gantry rotation

50 1.0
T2 0.5
s L/ -
2 &
=L =
£ 0 *_, 00 =
£ 5
g
G-25 t T T t -0.5

-50 -1.0

0 10 20 30 40 50 60 70 80
Time [sec|
— Logdata(Actual) [deg] = =Measurement by Polaris [deg]
Diff [deg] (Logdata-Measurement)

(b) Ring rotation

20 1.0
E 10 1 0.5
s |V ——— I
EN 4 A 0w =
: / =
) e
2
Z .10 / + t + 1 -0.5

=20 -1.0

0 10 20 30 40 50 60 70 80
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— Logdata(Actual) [deg] = =Measurement by Polaris [deg]
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FiG. 5. Comparison between actual log data and data measured with the Polaris Spectra. (a) Gantry rotation paused every
30° during gantry rotation from 315° to 45° with a fixed ring angle (of 0°). (b) Ring rotation paused every 10° during ring
rotation from 345° to 15° with a fixed gantry angle (of 0°).
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Spectra and the actual value recorded in the log were consistent, within + 0.3° and + 0.2°,
respectively. It was confirmed in advance that trajectory information on the ring and gantry
that had been recorded in the log was appropriate.

Figure 6 shows a comparison of the measurement values by the data logger and the actual
values recorded in the log. These errors were within & 0.21% of the total MU. These results
demonstrated that the machine rotational motion and irradiated dose were recorded in the log
with subdegree and subpercentage accuracy.

Table 2 shows the results of the log analysis. E; and E, were within & 0.2° and + 0.1°,
and the maximum values of the mean absolute error (MAE) of each error were 0.1° and 0.1°,
respectively. The actual values of gantry and ring mechanical motion were delayed briefly
compared with a planned value. These delays were less than 60 ms and considered to be
mechanical response delays.

E,, were within + 2.7 MU, and the maximum value of MAE was 0.7 MU. The E,; of pat-
terns with DWA irradiation (Patterns IV, VI, VII) had positive maximum errors over 2.0 MU,
and MAEs were from 0.2 MU to 0.7 MU for these verification patterns. Patterns I, II, and I1I
had constant rotational speed and no reversal of ring rotation, but Patterns IV, VI, and VII have
stopping points for mechanical motion when the ring rotational direction was changed and
rotational speeds were high. Regardless of gantry and ring positions, differences in accumulated
MU were noticeable around these points. As an example, the detailed log data of Pattern IV-D
that had maximum E,; ; (2.7 MU) are shown in Fig. 7. This result demonstrates that the dose
rate was adjusted according to the gantry and ring rotational speed, to decrease dose errors.
Pattern VI also had the maximum E,; (2.7 MU) at the point of changing ring rotational speed
and stopping mechanical motion. In the region not including the area around the point of stop-
ping the mechanical motion, the actual value of accumulated MU was in good agreement with
the planned value. The results of Pattern V showed that positive E,; increased gradually as
ring rotational speeds increased, with a linear correlation.

The frequency distributions of E,; in eight verification patterns in which the maximum
value was greater than 2.0 MU (Patterns IV, VI, VII) are shown in Fig. 8. In the irradiation of
each pattern, the percentage of gantry rotational range of absolute E, less than 1.0 MU was
86.6% or higher, and the percentages for which the differences were greater than or equal to
2.0 MU were from 0.8% to 3.2%.

400 1.0
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£ y
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FiG. 6. Comparison of the actual log data of accumulated MU and the amount of measured electric charge for verifica-
tion Pattern VI. The percentage of error value (%) was determined relative to the last value of the accumulated measured
electric charge.
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TaBLE 2. Negative and positive maximum values and mean absolute errors (MAE) of EG, Eg, and EMU for each
verification pattern as evaluated by irradiation log analysis.

Eq () Eg (9) Eyyy (MU)
Group neg pos MAE neg pos MAE neg pos MAE
I -0.1 0.0 0.1 0.0 0.0 0.0 -0.3 0.4 0.1
A 0.0 0.0 0.0 -0.1 0.0 0.1 -0.2 0.7 0.1
I B 0.0 0.0 0.0 -0.1 0.0 0.1 -0.2 0.8 0.1
C 0.0 0.0 0.0 0.0 0.1 0.1 -0.2 0.8 0.2
D 0.0 0.0 0.0 0.0 0.1 0.1 -0.2 0.8 0.1
A 0.0 0.0 0.0 -0.1 0.0 0.1 -0.2 0.7 0.1
I B 0.0 0.0 0.0 -0.1 0.0 0.1 -0.2 0.8 0.1
C 0.0 0.0 0.0 0.0 0.1 0.1 -0.2 0.7 0.2
D 0.0 0.0 0.0 0.0 0.1 0.1 -0.2 0.8 0.1
A -0.1 0.0 0.1 -0.1 0.1 0.1 -1.0 2.4 0.7
B -0.1 0.0 0.1 -0.1 0.1 0.1 -0.8 2.6 0.4
v C -0.1 0.0 0.1 -0.1 0.1 0.1 -0.7 2.6 0.3
D -0.1 0.0 0.1 -0.1 0.1 0.1 -0.6 2.7 0.2
E -0.1 0.0 0.1 -0.1 0.1 0.1 -1.0 2.3 0.7
A -0.1 0.0 0.0 0.0 0.0 0.0 -0.4 0.5 0.1
v B -0.1 0.0 0.0 0.0 0.0 0.0 -0.1 0.7 0.1
C -0.1 0.0 0.0 0.0 0.0 0.0 -0.2 0.9 0.1
D -0.1 0.0 0.0 -0.1 0.1 0.1 -0.3 1.5 0.1
VI -0.1 0.0 0.1 -0.1 0.1 0.1 -0.9 2.7 0.5
VI A -0.2 0.0 0.1 -0.1 0.1 0.1 -0.9 2.4 0.7
B -0.2 0.0 0.1 -0.1 0.1 0.1 -0.5 2.4 0.2

neg = negative maximum error; pos = positive maximum error; MAE = mean absolute error.
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was reversed (square region of (a)). This point had the maximum E,; for this pattern.

80%
£ 60%
5 40%
= 20%

0%

80%

£ 60%
£

2.40%

£ 20

0%

80%
£60%
1
= 40%

w 20%

o,

-1.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Eyy IMU]

0%
-1.0 -0.5 0.0 0.5 1.0 1.5 20 2.5 3.

Ey [MU]

0

(a) IV-A: e (D) IV-B: o (IVC:
60% 60%
25% 329% 24%
- 20% = 20% .
0% 0%
1005 000510152025 30 =10 05 0,005 1.0 1.5 2025 30 =10 05 0.0 05 1.0 1.5 2025 30
Eyy [MU] Eyy [MU] Ey [MU]
(d) 1V-D: as @ IV-E: ar, DV
N 60% N 60% N
16% ‘¢ 20% 32%
20% 20%
<10 0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 i <10 0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 0% =10 0.5 0.0 0.5 1.0 1.5 2.0 25 3.0
Ep [MU] Eyy [MU] Eyy [MU]
(2) VII-A: . () VII-B:
60%
"l 40% =~
. 29%) oo 0.8 %

Fig. 8. Frequency distribution of E;, in Patterns IV, VI and VII. The percentage frequencies for which E,;; was greater
than or equal to 2.0 MU are indicated in each graph.

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015



83 Sato et al.: Commissioning and QA of Dynamic WaveArc 83

B. X-ray output constancy during DWA irradiation

Figure 9 shows the relative output values for the verification patterns in Table 1. The relative
output value for conventional arc irradiation, by rotating the gantry (Pattern I), was 0.9995.
The variations of relative output values during irradiation with ring rotations (Patterns II and
IIT), and DWA irradiations (Patterns IV to VII) were within & 0.2%. There was a tendency for
decreased relative output values in the cases of patterns in which the radiation beam came from
the caudal direction (Patterns 1I-B, C, III-B, C).
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FiG. 9. Relative output values of the verification patterns in Table 1.

IV. DISCUSSION

In a previous study of the Vero4DRT, we reported that the displacement of the MV beam
isocenter with various gantry and ring angles was less than 0.36 mm in the vertical, longitudi-
nal, and lateral directions.® This result is substantially equivalent to the isocenter positional
accuracy with gantry and couch rotation in a high-precision linac system.(>”) Depuydt et al.®
performed star shot film analysis and compared the mechanical stability of the Vero4DRT
with an L-shaped linac. The Vero4DRT and Varian TrueBeam system showed comparable
mechanical performance, in that the gantry isocenter radii were 0.12 mm and 0.09 mm,
respectively, and the isocenter radii for ring/couch rotation axes were less than 0.10 mm in
both systems. Sufficient mechanical accuracy in fixed-field irradiation has been demonstrated
in previous studies.

In this study, a comparison between measurement values by a device independent of the
Vero4DRT and the actual value recorded in the log of Vero4DRT was also performed. For
gantry angle and ring angle, the Polaris Spectra was used as an independent measurement
device. It was impossible to measure the area including all of the DWA test patterns’ motion
(gantry and ring rotation) because the measurable volume of Polaris Spectra was limited;
thus, the verification test of the accuracy of the record in the log was carried out on the simple
test patterns (Fig. 5) within the range that could be measured with the Polaris Spectra. The
accuracies of the gantry and ring rotation of all DWA irradiation test patterns were verified
using the planned and actual values in the log of the Vero4DRT. For the accumulated MU,
the ionization chamber, the electrometer, and the data logger were used as an independent
measurement system (Fig. 4). It was possible to compare the planned value in the log and the
measured value by the data logger directly. However, the data sampling interval of this mea-
surement system was longer (100 ms) than the log data of the Vero4DRT (20 ms); therefore,
the accuracy of the accumulated MU of all DWA irradiation test patterns was verified using
the planned and actual value in the log of the Vero4DRT. In one verification pattern, it was
confirmed that the error between the actual value recorded in the log and the measured value
with the independent measurement system was sufficiently small (Fig. 6). The analysis of the
irradiation log results showed that although the actual values of gantry and ring mechanical
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motion were delayed momentarily compared with the planned values, E and E, were neg-
ligible with all patterns. The same verification tests using log analyses have been performed
for gantry arc rotation in other linac systems. It has been reported that the gantry maximum
error during VMAT was 0.34 + 0.6°.¢9) In studies of the RapidArc, by log analysis, the gantry
angle deviation was less than 1° from the planned value,(!?) and the maximum gantry position
discrepancy was 0.9 + 0.2°.() The mechanical rotational accuracy of Vero4DRT is controlled
with high precision and the value of E; in this study was considerably lower than the precision
reported in previous studies. Moreover, E, was of the same order as E;, so the ring rotation
accuracy of Vero4DRT can be regarded as comparable to that of gantry rotation. Thus, ring
rotation irradiation can be realized with a similarly high mechanical precision as conventional
gantry rotation irradiation.

E\qy Was slightly increased in the DWA irradiation at the control points to change the speed
of gantry or ring rotation. At these points, the beam is intended to be turned off at the same
time as the mechanical motion is stopped, and to be turned on again when gantry or ring
motion resumes. However, in the actual machine, dose rate adjustment is performed instead of
the beam switching, because variations in output can be increased by switching the beam off
and on again within a short time. At the point when the beam is turned off, the dose rate is, in
fact, reduced to ~ 100 MU/min. Thus, the differences between planned and actual values of
accumulated MU occurred during this short time.

As the rotational speed of the gantry and ring increase, the mechanical braking time at the
point of changing speed becomes longer and E,;; is increased. Thus, it is preferred that the
verification patterns with the fastest gantry and ring speeds are generated and the irradiation
tests are performed under stricter conditions. However, E, , remained lower than 3.0 MU even
when the gantry and ring were rotating at their maximum speeds in all verification patterns in
this study. From the results in Fig. 8, it was confirmed that the extent of differences of greater
than or equal to 2.0 MU was within 3.2% during the entire irradiation gantry range. These
deviations in the accumulated MU have negligible effects on the actual dose.

In the results of relative output measurement, the variations of relative output values mea-
sured at the isocenter were within & 0.2% in all verification patterns in this study. These varia-
tions were within the allowable value of 2% dose variations for stereotactic radiosurgery in
arc rotation mode reported by the AAPM TG-142.02) Relative output values decreased when
the ring rotational range was -10° to +30° (a pattern with a wide range of irradiation from the
inferior direction: Patterns II-B, C, III-B, C). This was presumed to be due to the directional
dependence of the ionization chamber response. When measurements of the dose verification
patterns of DWA irradiations were performed, the relative output measurement of static (not
arc) beam for the noncoplanar beam against the ionization chamber was also performed as a
basic measurement test. The phantom and the chamber were set in the same arrangement as
in the DWA irradiation test. In the results, measured relative output values in the case of the
ionization chamber irradiated with 5 X 5 cm? field size, from the direction of the chamber’s
stem (gantry: 90° and ring: +30°, gantry: 270° and ring: -30°) were reduced by ~ 0.7% com-
pared with the measured value of the ring angle (0°). It was presumed that the decreases in the
relative output value of the Patterns II-B, C, III-B, C in Fig. 9, compared with the other test
patterns, were caused by the incident angle of the beam against the ionization chamber. The
relative output values varied little in these patterns, as a whole, and the effect of variation of
mechanical motion speed was small. In assessing the output constancy during DWA irradiation,
we used a custom-made spherical phantom to eliminate any influence of angular dependence
on the measurement. The sphere phantom is useful for commissioning and QA measurements
of a noncoplanar beam, including DWA irradiation.

Furthermore, in this study, the verification of the mechanical accuracy and the dose accu-
racy from a range of gantry of anterior angle in the DWA irradiation test (Patterns IV, V, VI)
were performed due to the limitation of the setting of a sphere phantom, and it was confirmed
that the differences in mechanical motion and the variation in the relative output value were
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small. Additionally, in Pattern VII, we verified that in mechanical motion with full gantry
rotation (360°), the differences in mechanical motion were small. From these results, it would
be expected that the variation of the relative output value of the irradiation from the posterior
range also would be small.

In some simulation studies, plans with couch rotation have shown greater target dose confor-
mity and decreased the dose to OARs and normal tissue versus a normal coplanar plan.(3-19 A
benefit similar to that of a couch rotational plan can be achieved using DWA irradiation. From
the results of the current study, the ring rotation of Vero4DRT has equivalent or better mechani-
cal accuracy than the couch rotation of an L-shaped linac. Additionally, it is not necessary to
move the patient during DWA irradiation. Furthermore, during treatment with the Vero4DRT,
the ring can be rotated automatically and entering the treatment room is not required. Thus,
there is no extension of treatment time and no decrease in accuracy. This is a major advantage
in clinical use. In the commissioning and QA procedure developed in this study, verification was
performed separately for gantry rotation, ring rotation, and the combination of gantry and ring
rotation. Basically, the verification procedure for ring rotation is the same as that conventionally
performed for gantry rotation. Machine commissioning for DWA irradiation requires a little
additional work versus that for conventional conformal arc therapy, but it is not time consum-
ing. A treatment planning system that corresponds to DWA irradiation is under development.
After that is complete, additional commissioning related to the treatment planning system will
be needed before clinical use of DWA irradiation.

V. CONCLUSIONS

Commissioning and QA procedures for DWA irradiation were designed and implemented. The
results demonstrated that Vero4DRT has sufficient mechanical accuracy in the control of gantry
and ring rotation and beam output constancy during DWA irradiation.

ACKNOWLEDGMENTS

This research was supported in part by the Center of Innovation Program from the Japan Science
and Technology Agency, JST, and Grants-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan (Grants No. 20229009).

REFERENCES

1. Kamino Y, Takayama K, Kokubo M, et al. Development of a four-dimensional image-guided radiotherapy system
with a gimbaled X-ray head. Int J Radiat Oncol Biol Phys. 2006;66(1):271-78.

2. Takayama K, Mizowaki T, Kokubo M, et al. Initial validations for pursuing irradiation using a gimbals tracking
system. Radiother Oncol. 2009;93(1):45-49.

3. Miyabe Y, Sawada A, Takayama K, et al. Positioning accuracy of a new image-guided radiotherapy system. Med
Phys. 2011;38(5):2535-41.

4. Mizowaki T, Takayama K, Nagano K, et al. Feasibility evaluation of a new irradiation technique: three-dimensional
unicursal irradiation with the Vero4DRT (MHI-TM2000). J Radiat Res. 2013;54(2):330-36.

5. Hybrid Polaris Spectra user guide, revision 2. Waterloo, Onatior: Northern Digital Inc.; 2008.

6. Takakura T, Mizowaki T, Nakata M, et al. The geometric accuracy of frameless stereotactic radiosurgery using
a 6D robotic couch system. Phys Med Biol. 2010;55(1):1-10.

7. Rowshanfarzad P, Sabet M, O’ Connor DJ, Greer PB. Verification of the linac isocenter for stereotactic radiosur-
gery using cine-EPID imaging and arc delivery. Med Phys. 2011;38(7):3963-70.

8. Depuydt T, Penne R, Verellen D, et al. Computer-aided analysis of star shot films for high-accuracy radiation
therapy treatment units. Phys Med Biol. 2012;57(10):2997-3011.

9. TyagiN, Yang K, Gersten D, Yan D. A real-time dose-monitoring and dose reconstruction tool for patient-specific
VMAT QA and delivery. Med Phys. 2012;39(12):7194-204.

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015



86

10.

11.

Sato et al.: Commissioning and QA of Dynamic WaveArc 86

Schreibmann E, Dhabaan A, Elder E, Fox T. Patient-specific quality assurance method for VMAT treatment
delivery. Med Phys. 2009;36(10):4530-35.

Wijesooriya K, Aliotta E, Benedict S, Read P, Rich T, Larner J. RapidArc patient specific mechanical delivery
accuracy under extreme mechanical limits using linac log files. Med Phys. 2012;39(4):1846-53.

. Klein EE, Hanley J, Bayouth J, et al. Task Group 142 report: Quality assurance of medical accelerators. Med

Phys. 2009;36(9):4197-212.

. Shaitelman SF, Kim LH, Yan D, Martinez AA, Vicini FA, Grills IS. Continuous arc rotation of the couch therapy

for the delivery of accelerated partial breast irradiation: a treatment planning analysis. Int J Radiat Oncol Biol
Phys. 2011;80(3):771-78.

. Fahimian B, Yu V, Horst K, Xing L, Hristov D. Trajectory modulated prone breast irradiation: A LINAC-based

technique combining intensity modulated delivery and motion of the couch. Radiother Oncol. 2013;109(3):475-81.

. Popescu CC, Beckham WA, Patenaude VV, Olivotto 1A, Vlachaki MT. Simultaneous couch and gantry dynamic

arc rotation (CG-Darc) in the treatment of breast cancer with accelerated partial breast irradiation (APBI): a
feasibility study. J Appl Clin Med Phys. 2013;14(1):161-75.

Journal of Applied Clinical Medical Physics, Vol. 16, No. 2, 2015



