Optimal Gating Window for Respiratory-Gated Pencil Beam
Scanning Proton Therapy for Lung Cancer: A pilot study
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Abstract
Backgrounds: Pencil beam scanning (PBS) proton therapy has the capability of delivering
conformal dose to the target with a relatively low dose to normal tissues. Several studies have
shown the advantages of PBS for lung cancer treatment. However, respiratory motion causes the
interplay effect between organ motion and dynamic beam delivery.
Objective: To investigate the efficiency of gated PBS proton therapy for a lung cancer patient
with the target motion of larger than 10 mm for different gating windows (GWs) by considering
dosimetric parameters of organs at risk (OARs) and treatment time.
Materials and Methods: The four-dimensional computed tomography (4DCT) dataset of a
lung cancer patient with the target motion of 11.6 mm was used in this study. The internal
target motion was defined by deformable image registration of the GTV in each respiratory
phase to end-exhalation phase, while the external motion was defined by using the RPMTM
(Real-time-Position-Management) data. The relationship between external and internal motion
was investigated. The treatment plans for the different GWs with internal motion ranging from 2
mm to 11.6 mm were created using matRad, an open-source treatment planning system for
generic treatment machines. The dosimetric parameters for OARs from each plan were compared
using the ungated plan as the reference. The treatment time was evaluated based on published
data of Varian’s ProBeam.
Results: The treatment plans with the GWs of 10%-80%, 20%-70%, 30%-70% and 40%-60%
resulted in the reduction of Dmean in the heart by 1.43-14.29% and the reduction of Dmean in
the lung by 2.25-8.84%, while the treatment time ranged from 103.5-253.0 s, respectively. In this
case, the GW of 30%-70% was found to be most optimized as dose in the heart and lung
decreased by up to 4.6% compared to those of the 20%-70% GW and increased by up to 3.0%
compared to those of the 40%-60% GW. However, the treatment time when using the 30%-70%
GW was 24 s longer than using the 20%-70% GW but 95 s shorter than using 40%-60% GW.
Conclusion: Respiratory gating led to a reduction of the target volume and dose in surrounding
normal tissues. A trade-off between the increased dose in the OARs and the shorter treatment
time needed to be justified for determination of the optimal gating window.
Keywords: Proton therapy, respiratory gating, pencil beam scanning, gating window, treatment

time
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Introduction

Proton therapy (PT) has become of increasing
interest because of the finite range of proton
beams, resulting in decreased dose to surround-
ing normal tissues compared to photon therapy.
The most advanced delivery technique in PT is
the pencil beam scanning (PBS) technique, which

has better capability of delivering conformal dose
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to the target with a relatively low dose to normal
tissues compared to the passive scattering
technique'. Several studies have shown the
advantage of PBS for lung cancer treatment in
term of sparing the nearby healthy organs such

3 However, the main

as the lung and heart
challenge of the treatment in the chest region is

the moving target, especially the movement due



to the respiratory system. The misplacement of
spots due to respiratory tumor motion during
dynamic beam delivery with PBS, the so-called

72 can result in severe under-

“interplay effect
dosing in the target and overdosing in surround-
ing normal tissues and, thus, reducing the effec-
tiveness of the treatment'®. Many mitigation
techniques have been proposed to reduce the
interplay effect such as breath-hold, abdominal
compression, rescanning and gating techniques.
In general, rescanning and gating techniques
allow the patient to breathe freely during the
treatment with more patient comfort compared
to breath-hold and abdominal compression
techniques. In the past decade, several research
groups have demonstrated that the rescanning
technique can potentially reduce the interplay
effect™ but it is still a challenge in the target with
a large motion®'?. To overcome this obstacle,
the combination of rescanning and gating is a
promising approach leading to a reduction of the
target volume, namely, the internal target
volume (ITV)" **. However, the optimal gating
window (GW) to be combined with the rescanning
technique is still unclear due to the trade-off
between normal tissue sparing and the treatment
time.

The objective of this pilot work was to
investigate the efficiency of choosing different
GWs for treating a lung cancer patient with a
target motion of larger than 10 mm using PBS
proton therapy in terms of dosimetry for organs
at risk (OARs) and treatment time. The GW
was defined using the relationship between

external and internal motion based on a four-

dimensional computed tomography (4DCT)
dataset. The treatment plans were created with
various GWs and then the dosimetric parameters
and the treatment time were investigated for

each scenario.

Materials and methods
A. Patient and image dataset

A lung cancer patient treated with photon
beam at Department of Radiation Oncology,
Chulabhorn Hospital was used in this retrospec-
tive study. Ethical approval for this study was
obtained from Human Research Ethics Commit-
tee, Chulabhorn Research Institute (Project Code:
114/2563). The patient was diagnosed with stage
I (T3AN3MO) lung adenocarcinoma at the lower
lobe of the left lung. The patient had the tumor
motion with the magnitude of 11.6 mm. The
patient information was acquired using the
16-slice Brilliance CT Big Bore 4DCT scanner
(Philips Healthcare, Cleveland, OH) integrated
with the Real-time Position Management
(RPM™) (Varian Medical Systems, Palo Alto, CA)
with the scanning protocol described in Table 1.
The patient’s respiratory pattern from the RPM
is shown in Figure 1. After the data acquisition,
image post-processing was performed to recon-
struct the 4DCT images in 10 respiratory phases

using the phase-based sorting.

B. Delineation of target volumes and OARs
In this study, the average intensity projection

(AIP) images of the 4DCT image dataset were used

for ungated and gated treatment plans. For a

gated plan, the 4DCT images within a selected

Journal of Thai Association of Radiation Oncology
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Table 1 The scanning parameters used in the 4DCT image acquisition.

Parameters Value
Slice thickness (mm) 3
Increment (mm) -3
Voltage (kV) 120
Current (mAs/Slice) 400
Pitch 0.079
Rotation time (s) 0.5
Field of view (mm) 500

Reconstruction filter

Standard (B)

Amplitude (mm)

Riill

0 20 40 60

Time (s)

Figure 1 The patient’s respiratory pattern with end exhalation as the reference.
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GW were used to create the AIP images specific
to that GW. For each GW, the target was
delineated by a single expert radiation oncologist.
The clinical target volume (CTV) was created by
extending the gross target volume (GTV) with the

2 while the internal clinical

margin of 8 mm'
target volume (iCTV) was created to encompass
the CTVs in selected phases and then the

planning target volume (PTV) was obtained by

of the GTV that covered the selected respiratory
phases. In this study, the internal motion of the
GTV was related to the RPM signal, which was
used to identify the respiratory phases. The
external motion was defined as the amplitude
of the RPM signal taken for all phases during the
image acquisition from the surrogate box placed
on the xiphoid position and moving in the

anterior-posterior direction. The internal target

Figure 2 Illustration of iCTV and PTV generation for each gating window.

adding the geometrical margin of 5 mm to the
iCTV. Figure 2 illustrates of how iCTV and PTV
were generated for each GW. The OARs from the
initial photon plan, including esophasus, heart,
lung and spinal cord, were transferred by using
deformable registration and reviewed by the
radiation oncologist. These OAR contours were
used for all GWs.

C. Gating window selection

The GW corresponded to the internal motion

motion was obtained by deforming the GTV in
each phase to the end-exhalation phase (50%)
using the deformable image registration algorithm
of RayStation version 8B (RaySearch, Stockholm,
Sweden). The internal motion was defined as the
distance in a three-dimensional space between
the centroid of the deformed GTV at a specific
phase to that of the non-deformed GTV at 50%
phase. The relationship between the internal
target motion and the external surface motion

was calculated using the linear regression fit.

Journal of Thai Association of Radiation Oncology
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D. Treatment planning

The PBS proton therapy plans were created
with matRad™", an open-source multi-modality
radiation treatment planning system based on
generic treatment machines. In the database of
matRad, the therapeutic proton beam energies
range from 31.7 MeV to 236.1 MeV. The isocenter
of the treatment beam was automatically placed
at the center of the GTV. The spot size available
in the generic machine dataset of matRad was 5
mm. Two beams were applied with the gantry

angles of 80° and 170°. In this study, the spot

151 35 shown in Table

criteria for normal tissue!
2.

The treatment plans from matRad provided
the weight, or the number of protons, for each
PBS spot. The energies of protons required for
the treatment plan calculated in this study were
from 52.2 to 135.1 MeV. Since matRad was
developed for a generic machine, the conversion
from spot weights to monitor units (MU) was
assumedly taken from the machine-specific
beam data of ProBeam (Varian Medical Systems,

Palo Alto, CA), which are available for 70-240 MeV

Table 2 The OAR dose constraints following the clinically used guideline at Chulabhorn Hospital

[15, 16]

modified from dosimetric compliance criteria for normal tissue .

Organs Dose constraints
Esophagus D . <34Gy No hot spot
Heart Dmean < 26 Gy DSO% < 30 Gy D%% < 30 Gy
Each lung D <20Gy V. < 65% V. <30%
mean 5Gy 20Gy
Spinal cord D, <45Gy

spacing was set to 4 mm. The PTV was prescribed
with the relative biological effectiveness
(RBE)-weighted dose of 60 Gy(RBE) in 20 fractions.
The control condition was that D, of the PTV
was equal to 95% of the prescribed dose,
namely, 57 Gy(RBE). The treatment planning was
based on the squared dose deviation objective
for the target and the OAR dose constraints were
set following the clinical guideline at Chulabhorn

Hospital modified by dosimetric compliance

Journal of Thai Association of Radiation Oncology
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proton energies"”. For protons with energies
lower than 70 MeV, the conversion factors were
extrapolated with the spline function in MATLAB.
According to Poulsen et al™?, the minimum MU
(!\/\Um_m) of ProBeam was 1.1. In this work, the
spots with the MUs less than 1.1 were removed
from the treatment plans. The numbers of spots
before and after spot elimination for each plan

are shown in Table 3.



Table 3 The number of scanning spots in the original plans and the new plan after eliminating spots

with MU lower than 1.1.

Number of scanning spots

Treatment
Original plans New plans
plans (GWs)
80° 170° Total 80° 170° Total
Ungated 2657 2703 5360 1642 1695 3337
10% - 80% 2400 2419 4819 1545 1607 3152
20% - 70% 2184 2218 4402 1305 1423 2728
30% - 70% 2136 2168 4304 1378 1443 2821
40% - 60% 1950 1985 3935 1295 1340 2635
Therefore, to be able to compare the treat- specific to each GW. The following dosimetric
ment plans for the different GWs, each plan was parameters were compared between the treat-
normalized so that D, of the PTV was equal to ment plans with different GWs by using the
57 Gy(RBE) (D = 95%). Figure 3 shows the dose ungated treatment plan as the reference: D
distribution and beam orientation of each treat- for esophagus, heart and lung; D, for spinal cord;
ment plan on the AIP image of the 4DCT dataset and \/SGy and V2OGy for lung.

(a) (b) (©)

(d) (e)

Figure 3 Dose distributions (Gy(RBE)) and beam orientation (80° and 170°) on the average intensity
projection images of the 4DCT datasets of the ungated and gated plans: (a) ungated, (b) 10% - 80% GW,
(€) 20% - 70% GW, (d) 30% - 70% GW, and (e) 40% - 60% GW.

Journal of Thai Association of Radiation Oncology
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E. Treatment time evaluation

To calculate the treatment time for the
ungated treatment plan, published information
related to the beam delivery time of a ProBeam
machine was used. Following Poulsen et al"®,
three parameters consisting of energy switching
time (t ), waitingtime (t _)and beam-on time

(t ) were required for the determination of

beam-on

the ungated treatment time as follows

l

ungated -

l

switch

t rwait t tbeam-on 1

The detail of equation (1) is given in the Appendix.

For the gated treatment plans, the patient’s
breathing cycle period from the RPM signal with
34 cycles was averaged to 3.4 s/cycle. This
patient’s breathing cycle was divided equally into
10 respiratory phases with 0.34 s/phase.
The breathing cycle period and the ungated
treatment time were used to predict the number
of breathing cycles required for completing the
treatment and to calculate the total treatment
time with the gating technique for the different
GWs (tgated,GW), as follows

Lungated Lungated
lgaed GW = x3.4s/cycle | - | #gy - mod surplus 2)
low lGw

where tGW is the time duration of the GW

calculated by

tow=Ngw % 0.34 s/phase (3)

N, s the number of phases in the GW per

breathing cycle. The function [—”“] in equation

fow

R68 Journal of Thai Association of Radiation Oncology
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(2) yields the ceiling of the division, obtained by
rounding up the division to the nearest integer,
with the value of this function corresponding to
the number of required breathing cycles for the
beam delivery. The function “mod” is the
modulo function, giving the remainder of the
division. l‘swpw5 is the time difference between
the end of the breathing cycle and the end of
the GW. It is to note that for simplicity it was

assumed that the beam delivery always started

at the beginning of the GW.

Results

Figure 4 shows the linear relationship
between the internal target motion and the
external surface motion with the coefficient of
determination (R?) from the linear regression
fit of 0.9731. This means that in this case the
external motion could be used to identify the
respiratory motion of the target.

Table 4 shows the relationship of internal
motions, external motions and coverages of
respiratory phases for the investigated case. In
this study, five values of the tumor motions
ranging from <1.4 to <11.6 mm were manually
selected for the investigation, corresponding to
the external motions ranging from <0.4 to
<4.0 mm, and the GWs of 40% - 60%, 30% - 70%,
20% - 70%, 10% - 80% and 10%-90% (ungated),
respectively.

Table 5 shows the PTV volumes for the
selected GWs. The PTV volume increased as the
GW was increased. The treatment plans for all
investigated GWs passed the criteria of dose

constraints as listed in Table 2. Table 6 gives the
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Figure 4 The relationship between external and internal motions used for gating window selection

in the investigated case. The symbols are the measured data and the line is the fitted linear curve.

The vertical dashed lines represent the respiratory phases of this patient.

resulting dosimetric parameters of the PTV and
OARs for all treatment plans and Figure 5
illustrates the percentage differences of the
dosimetric parameters of the OARs for the
different GWs relative to the ungated plan. From
Figure 5 it was found that the dosimetric
parameters for these OARs were reduced with

the narrower GW except for the esophasus, for

which Do for the 40%-60% GW was about 10%
higher than that for the 30%-70% GW. The re-
duced GW resulted in dose reduction in the OARs
by up to 14.3% for D__in the heart, 8.8% for
D _.in the left lung, 8.8% for Dmean in the total
lung, 5.5% for VSGy in the left lung, 5.5% for VSGy
in the total lung, 7.6% for V2OGy in the left lung,
and 7.7% for VzoGy in the total lung.

Table 4 The relationship of internal motions, external motions and coverages of respiratory phases for

the investigated case.

Internal motion (mm)

External motion (mm)

Gating window (Respiratory phase coverage)

<14 <0.4
<28 <1.0
<4.5 <1.7
<7.8 <26

<11.6 (Ungated) <4.0 (Ungated)

40% - 60%
30% - 70%
20% - 70%
10% - 80%
0% - 90%

Journal of Thai Association of Radiation Oncology
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Table 5 PTV volume and treatment time for the different gating windows.

Gating window PTV volume (cm?) Treatment time (s)
Ungated 216.1 89.5
10%-80% 200.4 103.5
20%-70% 186.8 133.8
30%-70% 181.8 158.2
40%-60% 170.0 253.0

] GW 10%-80% GW 20%-70% [l GW 30%-70%  [I] GW 40%-60%

Esophagus (D,

Spinal cord (D)
ke

{ Heart (D)
)

§ Total lung (V)
L]

{ Total lung (V)
L

{ Total lung (D,,..)
L.}

{ Left lung (V)

-
| Left lung (V)

=
§ Leftlung (D)

-100 -90 -80 =70 -60 -50

-40 -30 -20 -10 0

Percentage difference (compared with the ungated plan)

Figure 5 Percentage differences of b Db

and D
% me:

. for esophagus, spinal cord and heart. V.,V

Gy’ 20Gy

and Dmean for the total lung and the left lung compared to the ungated treatment plan, respectively.

The percentage differences were calculated from (DpLan- D )/ D x100.

Table 5 shows the total treatment time
for each GW. It was found that the treatment
time increased as the GW was decreased.

The percentage differences of the treatment

Journal of Thai Association of Radiation Oncology
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ungated plan ungated plan

time using the ungated plan as the reference
were 15.6%, 49.5%, 76.8%, and 182.7% for the
10%-80%, 20%-70%, 30%-70% and 40%-60%
GWs, respectively.



Table 6 Dosimetric parameters of the PTV and OARs for each treatment plan. These values were round-

ed to 2 decimal places.

Dosimetric parameters

Gating window

(Gy(RBE) or % volume) Ungated  10% - 80% 20% - 70% 30% - 70% 40% - 60%
PTV D,,.. 57 57 57 57 57
Esophagus . 4.66x10" 2.84x107 1.50x10" 6.07x10® 1.19x1%"

Spinal cord D 0.79 0.79 0.77 0.71 0.55
Heart . 0.14 0.14 0.13 0.12 0.12
. 0 0 0 0 0
Total lung . 7.06 6.90 6.65 6.63 6.44
- 14.90% 14.67% 14.36% 14.28% 14.08%
oy 13.19% 12.91% 12.54% 12.42% 12.18%
Left lung o 16.42 16.05 15.46 15.41 14.97
- 34.67% 34.13% 33.40% 33.23% 32.76%
30.67% 30.03% 29.17% 28.90% 28.33%

20Gy

°Each plan was normalized so that D of the PTV was equal to 57 Gy(RBE) (D, = 95%).

Discussion

In general, the narrower GW yielded smaller
treated volumes. Similarly, the study of Jang et
al."” showed that the ITV reduction and
smaller D__in the normal lung could be
achieved by gated photon therapy. In this work,
some exceptions were observed in the investi-
gated case. From Figure 5, it can be seen that
esophasus received about 10% higher dose for
the GW of 40%-60% compared to the 30%-70%

GW. However, esophagus dose was very low, i.e.

Journal of Thai Association of Radiation Oncology

the absolute dose was 6.1x10° Gy(RBE) for
the 30%-70% GW and 1.2x107 Gy(RBE) for the
40%-60% GW, and, in this case, not clinically
relevant. Therefore, the difference in esophagus
doses made no contribution to the selection of
the optimal GW.

In this study, the GW of 30%-70% was found
to be most optimized for the following reasons.
By using the 30%-70% GW, the dosimetric
parameters in the heart and lung were reduced

by up to 4.6% compared to those of the

R

Vol. 27 No.2 July - December 2021



20%-70% GW and increased by up to 3.0%
compared to those of the 40%-60% GW. In
addition, the treatment time when using the
30%-70% GW was 24 s longer than using the
20%-70% GW but 95 s shorter than using
40%-60% GW. In this case, a trade-off between
the increased dose in the OARs and the shorter
treatment time for the 30%-70% GW compared
with the 40%-60% GW needed to be justified.
Since all treatment plans actually passed the
criteria of dose constraints for the OARs, but the
longer treatment time would cause more patient
movement. Therefore, the optimal GW in this
case was chosen to be 30%-70%, which
corresponded to <2.8 mm internal motion.
Some limitations of the present work should
be noted. First, this study included only one
patient due to the limited number of available
cases that underwent 4DCT image acquisition and
showed a large tumor motion (210 mm).
The correlation of external and internal motion
could be different in other cases. However, the
strong linear relationship of external and internal
motion shown in this study agreed with the
result of Zhang et al® and Liu et al”*". Second,
since matRad was developed based on generic
treatment machines, the evaluation of MUs
and treatment time could only be done by
employing available machine-specific data such
as those obtained from the literature for the
ProBeam machine"®. The actual treatment time
with ProBeam for the same scenarios could be
different from those reported here especially
when using different optimizers. However, the

trend of the treatment time with the GW

Journal of Thai Association of Radiation Oncology
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obtained in this work should comply with actual
situations. It is to note that a combination of
rescanning and gating has been proposed for
treatment of moving targets. In that case, the
treatment time could be increased by. 2-3
times with layered rescanning and more than 8
times with volumetric rescanning compared to
gating without rescanning®. Lastly, it was not
possible to set the minimum MU during the
optimization process in matRad. Therefore,
manual subtraction of spots with the MU less
than a specified cut-off value (in this case, 1.1
MU) was carried out. If the treatment planning
system could consider the minimum MU, the
treatment plan could be different than those
obtained here. Nevertheless, we have confirmed
that after removing the low MU spots and
normalizing D\, of the PTV to 95% of the
prescribed dose (57 Gy(RBE)), the target dose
coverage and the dose constraints at OARs could
still be achieved. Therefore, the removal of low
MU spots as done in this study was acceptable.

In this study, the open-source treatment
planning toolkit matRad was used for calculating
the proton dose distribution. MatRad uses the
pencil beam algorithm for dose calculation and
has been validated against the clinically used

14]

Syngo RT Planning™. The limitation of the pencil
beam algorithm for heterogeneous lung tissues
are well known and a Monte Carlo dose engine
should be used for the clinical treatment
planning of lung cancer®. However, in this work
we focused on the effect of the different gating
windows on OAR doses and treatment time in a

comparative manner. Therefore, the choice of



the dose calculation algorithm should not affect

the overall validity of the conclusions.

Conclusion

This paper describes a pilot study to investi-
gate the influence of the gating window on
dosimetric parameters and treatment time in
PBS proton therapy for lung cancer with a large
target motion (210 mm). The gating technique
reduced the target volume, meaning that normal
tissues received smaller dose with the smaller
gating window. Conversely, by reducing the
gating window, the beam-on time in a breathing
cycle was decreased and subsequently the
treatment time was increased. The selection of
the gating window should be optimized between
sparing normal tissues and reasonable treatment
time. In this case, the optimal gating window was
found to be 30%-70%. The result of this work
will be used in the study of the efficiency of the
combined gating and rescanning technique in PBS

proton therapy for lung cancer.
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Appendix

Following Poulsen et al"?, the ungated treat-
ment time was calculated with equation (1),
depending on energy switching time (tswm)’
waiting time (¢ ) and beam-on time (¢, ). 1In
this study, t_ was set to 0.9 s twait is the

time duration used for changing the scanning

spot. If the distance between two consecutive
spots was 10 mm or more than 10 mm (d, ),
the beam was assumed to be turned off before

going to the next spot™®. t . was defined as

0, if Ax < A preshoia a0 Ay < dypreshoia (A1)
lyit = Ax Ay
wai max lO,x+ —, [O,y+ — , otherwise
v,

X vy

tO,x and tO,y are the values of delayed time in
the x-axis and the y-axis, corresponding to 2.85
and 3.52 ms, respectively™®. The scanning speed
in the x-axis (vX) and the y-axis (vy) were set to
6.92 and 32.1 mm/ms, respectively“a]. “Ax” and
“Ay” are the distances between spots in x-axis
and y-axis, respectively. Originally, the spot spac-
ing was set to 4 mm, requiring no waiting time.
However, since the spots with the MUs lower
than 1.1 were removed from the plans, the
distances between some consecutive spots
were larger than 10 mm.

seomon 1S the time duration for delivering the
dose to each spot until achieving the MU

required by the treatment plan, defined as

tmin
tbea.m—on = MU"* (A 2)
MUmin_layer

1.94 ms, if MUy, o™ MU,,,, (A 3)
{ 1.62 ms, if MU, = MU,,, and energy > 149 MeV

‘min_layer =

2.13 ms, if MU, jpyee = MU,,;, and energy < 149 MeV

where MU is the monitor unit of the scanning

spot, MU is the lowest MU in the same

in_layer

energy layer and t s the shortest beam-on time

in the same energy layer given by equation (A 3).
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