Received: 15 September 2019 | Revised: 6 January 2020 | Accepted: 14 January 2020

DOI: 10.1002/acm2.12832

RADIATION ONCOLOGY PHYSICS

WILEY

Dynamic gating window technique for the reduction of
dosimetric error in respiratory-gated spot-scanning particle
therapy: An initial phantom study using patient tumor

trajectory data

Naoki Miyamoto??2® | Kouhei Yokokawa' | Seishin Takao*® | Taeko Matsuura

1,2,3 |

Sodai Tanaka®® | Shinichi Shimizu?>3* | Hiroki Shirato®® | Kikuo Umegakil?

Division of Quantum Science and
Engineering, Faculty of Engineering,
Hokkaido University, Sapporo, Japan

2Global Station for Quantum Medical
Science and Engineering, Global Institution
for Collaborative Research and Education
(GI-CoRE), Hokkaido University, Sapporo,
Japan

3Department of Medical Physics, Hokkaido
University Hospital, Sapporo, Japan

“Department of Radiation Medical Science
and Engineering, Faculty of Medicine,
Hokkaido University, Sapporo, Japan

5Department of Radiation Medicine, Faculty
of Medicine, Hokkaido University, Sapporo,
Japan

Author to whom correspondence should be
addressed. Naoki Miyamoto

E-mail: miya-nao@eng.hokudai.ac.jp;
Telephone: +81-11-706-7638

Funding information
JSPS KAKENHI, Grant/Award Number:
17H04115

Abstract

Spot-scanning particle therapy possesses advantages, such as high conformity to the
target and efficient energy utilization compared with those of the passive scattering
irradiation technique. However, this irradiation technique is sensitive to target
motion. In the current clinical situation, some motion management techniques, such
as respiratory-gated irradiation, which uses an external or internal surrogate, have
been clinically applied. In surrogate-based gating, the size of the gating window is
fixed during the treatment in the current treatment system. In this study, we pro-
pose a dynamic gating window technique, which optimizes the size of gating win-
dow for each spot by considering a possible dosimetric error. The effectiveness of
the dynamic gating window technique was evaluated by simulating irradiation using
a moving target in a water phantom. In dosimetric characteristics comparison, the
dynamic gating window technique exhibited better performance in all evaluation
volumes with different effective depths compared with that of the fixed gate
approach. The variation of dosimetric characteristics according to the target depth
was small in dynamic gate compared to fixed gate. These results suggest that the
dynamic gating window technique can maintain an acceptable dose distribution
regardless of the target depth. The overall gating efficiency of the dynamic gate was
approximately equal or greater than that of the fixed gating window. In dynamic
gate, as the target depth becomes shallower, the gating efficiency will be reduced,
although dosimetric characteristics will be maintained regardless of the target depth.
The results of this study suggest that the proposed gating technique may potentially
improve the dose distribution. However, additional evaluations should be under-
taken in the future to determine clinical applicability by assuming the specifications

of the treatment system and clinical situation.
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1 | INTRODUCTION

The number of proton therapy systems that implement the spot-
scanning irradiation technique has been increasing in recent years
worldwide. The spot-scanning technique possesses advantages
including high conformity to the target and efficient energy utiliza-
tion compared with those of the passive scattering irradiation tech-
nique. In spot-scanning technique, all or most protons will be
delivered to the patients, although many protons are blocked/colli-
mated out in the passive scattering technique. In addition, spot-scan-
ning enables intensity-modulated particle therapy because the
intensity (MU, time or fluence) of each spot can be easily modu-
lated.*? However, this irradiation technique is sensitive to target
motion. Because the dose is delivered spot-by-spot, local under- and
over-dosages inside the target volume can be created owing to the
interplay effect between the pencil beam and tumor motion. Thus,
management of respiratory motion of the tumor is essential espe-
cially for the spot-scanning particle therapy. Various motion manage-
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ment techniques, which use an external surrogate
fiducial marker,***2 have been clinically applied. External surrogates,
such as monitoring of the abdominal motion with a laser displace-
ment sensor, are used to obtain a respiratory signal. Thus, the treat-
ment beam is gated only when the respiratory signal is within the
predefined region, which is called gating window. However, external
motion is not necessarily correlated with internal motion during
treatment.*®>*5 For example, it has been reported that the frequency
of baseline shift/drift can increase with longer treatment time.'® To
realize beam gating with internal target motion monitoring, real-time
image gated proton therapy (RGPT) has been developed.'**? In
RGPT, as in real-time tumor-tracking therapy (RTRT) during photon
therapy,’”*® two orthogonal fluoroscopic images are continuously
acquired during the treatment, and a three-dimensional position of
the internal fiducial marker, which is inserted in or near the tumor is
obtained in real-time. The treatment beam irradiates only when the
fiducial marker is within the three-dimensional region, i.e., the gating
window. It has been reported that clinically acceptable dose can be
delivered with a fixed gate of +2 mm during RGPT.1*? During this
treatment technique, patient position can be corrected if the base-
line shift has occurred.?° In both external and internal surrogate-
based gating, the size of the gating window is fixed during the treat-
ment in the current treatment system. Dosimetric error can be
reduced more by decreasing the size of the gating window. How-
ever, treatment time can be prolonged because the gating efficiency
is lower.

Total dose distribution is constituted from the spots for which
the doses are different during spot-scanning particle therapy. For
example, by assuming that the spread-out Bragg peak (SOBP) is con-
structed from multiple Bragg peaks, the dosimetric error in a distal
layer will be large compared with that in a proximal layer for the
same positional error of the spot. This means that the size of the
gating window can be optimized for each spot. In this study, we pro-
pose the dynamic gating window technique, which optimizes the size

of the gating window for each spot by considering the possible

dosimetric error. Although a treatment system with a dynamic gating
window technique function is not available for clinical applications,
the implementation of this function can be addressed by software/
hardware modifications, as described in the discussion section. The
purpose of this study is to show the effectiveness of the dynamic
gating window technique by evaluating the dosimetric error and the
gating efficiency by simulating irradiation of the moving target in a
water phantom. As an initial study, the target was assumed to be a
cubic region. Target motion was simulated using the actual three-di-

mensional trajectory data, which were obtained during lung RTRT.

2 | MATERIALS AND METHODS

2.A | Dynamic gating window technique

The concept of the dynamic gating window technique is shown in
Fig. 1. The region of the gating window is defined in gantry coordi-
nates. Specifically, Xg and Yg correspond to the scan direction, and
Zg corresponds to the beam direction. In the proposed technique,
the size of the gating window changes for each spot during the
treatment to suppress the dosimetric error within a predefined toler-
ance level as shown in Fig. 1(a). Specifically, the smaller size of the
gating window is used for the irradiation in a distal layer where the
large dosimetric error can occur. In contrast, the larger size of the
gating window is used in a proximal layer. Thus, gating efficiency
can be varied even if the target motion remains constant. By evalu-
ating the possible dosimetric error AD owing to the deviation of the
irradiated spot position AXg, AYg, and AZg, as shown in Figs. 1(b)
and 1(c), the size of the gating window can be determined for each
direction Xg, Yg, and Zg. For simplicity, in this study, AXg, AYg, and
AZs were assumed to be identical to the spatial displacement of the
fiducial marker between the planned and irradiated positions. Thus,
positional deviation of the fiducial marker along Zg can be viewed as
the variation of water equivalent length (WEL) in the beam path.
Furthermore, the WEL variation owing to AXg and AYg was omitted
because a simple water phantom was assumed in the dosimetric
evaluation. Thus, an appropriate gate size can be determined
because AXg, AYg, and AZg can suppress AD less than the tolerance
level for each spot. In this study, dosimetric evaluation was con-
ducted with the water phantom in order to demonstrate the effec-
tiveness of the dynamic gating window technique in simple
condition as an initial study. Note that the above assumptions about
WEL variation would not necessarily be applicable to actual clinical
situation.

In this study, the tolerance of dosimetric error to determine the
size of the gating window for each direction was set to 5%. The
minimum size of the gating window in all directions was limited to
1 mm because the size should not be lower than the measurement
accuracy of a typical imaging equipment. The maximum size of the
gating window in the scan direction was limited to 5 mm to prevent
the spot position error from being larger than the spot spacing that
is used in the evaluation even if the corresponding dosimetric error

was within the tolerance.
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Fic. 1. (a) Schematic diagram of the marker trajectory, size of the
gating window for dynamic and fixed methods, and the
corresponding gate signal pattern. The relationship between the
deviation of the spot position and possible dosimetric error in the (b)
scanning and (c) beam directions.

2B |
2B.1

Dosimetric simulation
| Simulation condition

The effectiveness of the dynamic gating window technique was evalu-
ated by dosimetric simulations performed with a simple mathematical

water phantom. The evaluation geometry is shown in Fig. 2. In this
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study, the treated volume (TV), which is the volume that is planned to
receive more than 95% of the prescribed dose, was set to 6 cm® x 6
cm® x 6 cm?®. It is noted that the TV includes the clinical target volume
(CTV) and the margin to consider the uncertainty of dose delivery (e.g.,
positioning errors and CT number uncertainty). It was assumed that the
TV is constituted from a CTV and an isotropic margin of 5 mm. In this
study, dosimetric characteristics were evaluated in CTVs and TVs.
Because the dose distribution is expected to be improved by the pro-
posed technique, especially in the marginal region on distal side, dosi-
metric characteristics were also evaluated in the TV to reveal the
effectiveness of the proposed technique. Dosimetric characteristics
were examined in the CTV and TV with three different depths to evalu-
ate the dependence of layer interval. Effective depth, SOBP range,
beam energies, required numbers of layers to create a SOBP, and layer
distance for each TV are summarized in Table 1. Effective depth was
defined as the depth of the SOBP center. In each case, the TV was
moved in the water phantom according to the three-dimensional tra-
jectory data of lung tumor motion, which was obtained from the pho-
ton lung RTRT. The beam direction was anterior to posterior direction.
Trajectory data, which included more than 5 mm of beam and scanning
directions, were selected to determine the effectiveness of the pro-
posed technique because the dosimetric error is small with or without
beam gating for the data with small motion. A total of 34 trajectory
data, which were obtained from different patients, were used. Trajec-
tory data were used iteratively in case that the data length was insuffi-
cient to irradiate the TV. The three-dimensional position of the gating
window was defined as a location that provides the maximum gating
efficiency in the first 20 s of trajectory data for each case because the
location of the gating window in the original data was different owing
to the manual setup. For comparison, evaluation was also conducted
with a fixed gate. The size of gating window was fixed to +2 mm for all

directions, which is a typical setting of RTRT in clinical practice.

2.B.2 | Dose calculation

Dose distribution was calculated using a commercial technical comput-
ing tool, Mathematica (Wolfram Research, USA). In this study, a Bragg
curve for each spot was modeled by Bortfeld's analytical formula.?* For
each energy, the beam width, which was measured for the Hokkaido
University spot-scanning proton beam treatment system, was used.
Highland approximation was used to consider proton scattering in the
water phantom.?? The scan started from the most distal layer, and the
scan depth was decreased layer by layer until the entire volume was
irradiated. Furthermore, 17 x 17 spots for each layer with a spot spac-
ing of 5 mm were used. All spots in a layer had the same dose weight.
Thus, the size of the dynamic gate for the spots in a layer was same in
this evaluation. In the calculation of dose distribution, spot positions
were fixed in all evaluation conditions. The evaluation regions, CTV and
TV in this study, were moved in the water phantom according to the
motion trajectory of the tumor. The calculation grid was 2 mm for each
direction. All evaluations were conducted for one dose painting with a
relative dose. Since the derivable maximum MU/spot is varied for each
treatment system, the target may need to be irradiated multiple times
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TasLe 1 Effective depth, SOBP range, beam energies, required
numbers of layers to create an SOBP, and layer distance for each
TV.

TV #1 TV #2 TV #3
Effective depth (cm) 15 21 27
SOBP range (cm) 12-18 18-24 24-30
Energy (MeV) 129.9-163.3 163.3-192.1 192.1-217.9
# of layers 16 13 11
Layer distance (mm) 4 5 6

SOBP, spread-out Bragg peak; TV, treated volume.

according to the treatment planning parameters such as prescribed
dose. In this study, one-time irradiation was assumed in order to evalu-
ate the effectiveness of the proposed technique without repaint effect.
In addition, dosimetric characteristics were evaluated with relative dose
normalized by the maximum value of SOBP because all evaluations
were independent of absolute dose.

To simulate beam gating spot-by-spot by assuming the actual time
scale, the tumor trajectory data, which were recorded at a rate of 30
times per second, were interpolated to evaluate the positional devia-
tion of the target at each irradiation spot. In this study, machine specifi-
cations that are similar to those of the typical proton therapy system
were assumed. The scan speed was fixed to 10 m/s, which corresponds
to 5 ms required to move to the next spot. The spot irradiation time
was set to 5 ms per spot for the maximum dose weight. Then, the irra-

diation time for each spot was evaluated according to the spot weight.

2.C | Effectiveness evaluation

2.C.1 | Dosimetric characteristics

To evaluate the effectiveness of the dynamic gating window tech-

nique, dosimetric characteristics (e.g.,, maximum dose [Dmayl,

beam direction. (right bottom) Spot
positions in each layer.

minimum dose [Dpin], homogeneity index [HI], and SD in TV) were
evaluated for the fixed gate and dynamic gate approaches.

2.C.2 | Gating efficiency

In respiratory-gated radiation therapy, treatment time is one of the
main concerns because the treatment time can be prolonged if the
gating efficiency is low. It is difficult to evaluate irradiation time
quantitatively in respiratory-gated spot-scanning particle therapy
because it depends on the specifications of the treatment system
such as dose rate and particle accelerator used. Thus, in this study,
the gating efficiency was evaluated as an index of irradiation time.
The gating efficiency was determined as a ratio of the accumulated
time of gate-on to the total time required to finish irradiation. In
other words, it was equal to the ratio of the time when the fiducial
marker was within the gating window to the time required to finish
the irradiation. In this study, the gating efficiency for each irradiation
layer was evaluated as a ratio of the gate-on time to the required
time for the irradiation of each layer. The gating efficiency for each
layer was averaged for 34 cases. The overall gating efficiency was
evaluated as a ratio of the accumulated gate-on time to the required
irradiation time through all the layers. The overall gating efficiency

of 34 cases was compared by using box plot.

3 | RESULTS

3.A | Dosimetric characteristics

The sizes of the gating window in Xg, Yg, and Zg directions for the
spots in each layer are shown in Fig. 3. In this evaluation, the same size
of the gating window was used for the spots in each layer because a

simple cubic target was assumed. Regarding the gate size in the beam
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Fic. 3. Size of the gating window in the scan direction Xg/Ys and
in the beam direction Z; for each treated volume (TV) located at
effective depths of (a) 15 cm, (b) 21 cm, and (c) 27 cm. Dashed line
represents the gate width of 2 mm in the fixed gate.

direction Zg, the size of the dynamic gate was smaller than that of the
fixed gate in the distal region. Because the spot weight decreased
under this evaluation condition, the size of the dynamic gate increased

in the proximal region. Regarding the size in the scan directions Xg and
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Fic. 4. Two-dimensional dose distribution in the scanning plane of
the distal layer in (a) fixed gate and (b) dynamic gate. (c) Dose profile
along the beam direction.

Ys, the window size increased from the distal layer in addition to the
beam direction and reached the limit size of 5 mm. These results sug-
gested that the deviation along the beam direction was dominant in the
dosimetric error in case that the simple water phantom was assumed
for dosimetric evaluation. Note that this is not necessarily applicable to
all situations because the WEL could be varied according to the posi-
tional deviation along the scanning direction in the actual clinical case.
An example of the two-dimensional dose distribution in the scan-
ning plane at the distal end of the TV with fixed and dynamic gate is
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shown in Figs. 4(a) and 4(b), respectively. Higher dose than pre-
scribed dose was delivered and shifted laterally overall in fixed gate
compared with dynamic gate. The dose profile along the beam direc-
tion at the field center is shown in Fig. 4(c). In the fixed gate
approach, a large dosimetric error was observed compared with that
of the dynamic gate especially in the distal region. In the dynamic
gate approach, the dosimetric error was reduced because the smaller
size of the gating window was used for the spots with high weight,
as shown in Fig. 3. The box plots of Dy, Dmin, HI, and SD in the
CTV and the TV, which were evaluated for 34 cases, are shown in
Figs. 5 and 6, respectively. In both CTV and TV, the dosimetric error
in Dmax and Dy, exceeded 5%, which is the tolerance level to deter-
mine the size of the gating window in this evaluation, owing to the
superposition of the dosimetric error in the scan and beam direc-
tions. In dosimetric characteristics comparison, the dynamic gating
window technique showed better performance compared with that
of the fixed gate in all CTVs and TVs with different effective depths.
The dosimetric accuracy in CTVs was improved by applying the
dynamic gate, although the improvement was moderate compared
with TVs. The results in this study suggest that dose deterioration
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within the target owing to the interplay effect can be reduced, and
the dose to the adjacent organ-at-risk can be reduced compared
with that of the fixed gate. The variation of dosimetric characteris-
tics as a function of the target depth was small in dynamic gate
compared with fixed gate. These results suggested that the dynamic
gating window technique can maintain an acceptable dose distribu-

tion regardless of the target depth.

3.B | Gating efficiency

Gating efficiency was averaged for each irradiation layer, and the
irradiation volumes for 34 cases are shown in Fig. 7. As shown in
Figs. 7(a)-7(c), the gating efficiency of the dynamic gate decreased in
the distal region because the size of the gating window was reduced
to suppress the dose error induced at the spot with high weight.
However, in the proximal region, the gating efficiency was increased
owing to the enlarged size of the gating window in all directions.
Thus, the overall gating efficiency of the dynamic gate was approxi-
mately equal or greater than that of the fixed gating window in all
evaluated TVs, as shown in Fig. 7(d). For the dynamic gate approach,
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Fic. 7. Average gating efficiency (GE) for each layer for dynamic gate and fixed gate at effective depths of (a) 15 cm, (b) 21 cm, and (c)
27 cm. (d) Box plot of the total gating efficiency of 34 cases for dynamic gate and fixed gate for each effective depth.
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as the target depth becomes shallower, the gating efficiency is
reduced, although the dosimetric characteristics will be maintained
regardless of the target depth.

4 | DISCUSSION

The repaint technique is also effective for treating a mobile target
during spot-scanning.2>2> Because the dynamic gating window
technique can improve the dosimetric accuracy in each painting,
better dose distribution can be obtained in less number of repaints
by combining the repaint and dynamic gate techniques. Treatment
time can be shortened by reducing the repaint number, and it is
expected that the imaging dose due to fluoroscopy for real-time
tumor-tracking can be reduced. Furthermore, the use of novel
accelerators with a multiple gating function®® will improve the gat-
ing efficiency and reduce the treatment time. In this study, we
evaluated the gating efficiency instead of the treatment time
because the actual treatment time should depend on system speci-
fications and treatment plan parameters such as target size.
Because the gating efficiency is increased, the treatment time is
expected to decrease.

The main limitation of this study is to assume a simple cubic
target for the dosimetric evaluation. In principle, dose characteris-
tics can be improved for the target with an actual shape compared
with the fixed gate because the size of the gating window for the
spots that may induce large error can be reduced regardless of the
target shape. In this case, the maximum dose deviation will not
necessarily be observed in the distal region because the spot with
a large weight can be irradiated within the target. Because the spot
weight varied in a layer, the feasibility of implementing the dynamic
gating window function into the treatment system should be dis-
cussed. To realize this technique, the size of gating window should
be changed in real time during treatment. However, the treatment
system that can control the gate size for each spot with sufficient
temporal precision during spot irradiation may not be feasible. A
possible solution is to optimize the order of spot irradiation to min-
imize the frequency of change of the gating window size. First,
spot positions are sorted according to their optimized gate size.
Next, the gate size is rounded into some values. During the treat-
ment, irradiation starts from the spot with a small gate size. Thus,
gate size will be increased step by step during irradiation. To mod-
ify the gate size during irradiation, it is possible to use the monitor-
ing function of the spot irradiation, which is implemented in a
general treatment system. During the treatment planning process,
the size of the gating window can be associated with the accumu-
lated monitor units. Although some hardware/software modifications
of the treatment system may be required, the monitoring function
may be used to hold the beam and to trigger the size change for
real-time imaging equipment with appropriate timing based on the
accumulated monitor unit. The typical temporal latency of the
treatment system to control the gate size will be acceptable
because the spot will be irradiated with reduced gate size even if

the control is delayed. Some treatment systems need few seconds
to change the energy/layer, and treatment time could be prolonged.
In such case, using the same size of gating window which can
reduce the dosimetric error in most spots for each layer and vary-
ing it from layer to layer could be an alternative method. Because
the basic concept and the interface of the gate signal are similar
for internal and external surrogates, the proposed technique can be
applied in the system based on an external surrogate. However,
because the external abdominal and internal tumor motions do not
necessarily correlate well during the treatment, it is necessary to
confirm their correlation before irradiation.

The other limitation was the optimization method of the gate
size for the dynamic gating window technique. In this study,
although it was assumed that the displacement of the target position
along the beam direction was identical to the WEL variation, it can-
not be established in actual clinical practice. The WEL variation
owing to respiration in the chest was investigated using 4DCT.27:28
It has been reported that the mean intra-fractional WEL variation for
chest wall was less than 4.1 mm for the ITV region. More precisely,
the size of the gating window can be optimized by considering the
possible dosimetric error using CT images. Currently, it is difficult to
evaluate the possible dosimetric error in advance of the treatment
with enough temporal and spatial resolution. A novel technique to
reconstruct cine-4DCT[??~3?] with high-temporal resolution may be
applied to determine the gate size by evaluating the actual WEL

variation according to the target location.

5 | CONCLUSION

In this study, the dynamic gating window technique was proposed to
improve the dose distribution to treat mobile targets in spot-scan-
ning particle therapy. The effectiveness of the dynamic gating win-
dow technique was validated using a simulation study with a simple
phantom geometry because the treatment system that has this func-
tion was not available in the current situation. Although a simple
cubic target was assumed in the simulation, the results in this study
suggest that the proposed gating technique was potentially applica-
ble to improve the dose distribution. The possible solution to imple-
ment the dynamic gate function in the treatment system was
discussed. When the treatment system with the dynamic gate func-
tion is realized, additional evaluations for possible clinical application
should be undertaken in the future by accounting for the specifica-
tions of the treatment system and clinical situation.
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