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ARTICLE INFO ABSTRACT

Purpose: To describe the commissioning of real-time gated proton therapy (RGPT) and the establishment of an
appropriate clinical workflow for the treatment of patients.

Materials and Methods: Hitachi PROBEAT provides pencil beam scanning proton therapy with an advanced
onboard imaging system including real-time fluoroscopy. RGPT utilizes a matching score to provide in-
stantaneous system performance feedback and quality control for patient safety. The CIRS Dynamic System
combined with a Thorax Phantom or plastic water was utilized to mimic target motion. The OCTAVIUS was
utilized to measure end-to-end dosimetric accuracy for a moving target across a range of simulated situations.
Using this dosimetric data, the gating threshold was carefully evaluated and selected based on the intended
treatment sites and planning techniques. An image-guidance workflow was developed and applied to patient
treatment.

Results: Dosimetric data demonstrated that proton plan delivery uncertainty could be within 2 mm for a moving
target. The dose delivery to a moving target could pass 3%/3 mm gamma analysis following the commissioning
process and application of the clinical workflow detailed in this manuscript. A clinical workflow was established
and successfully applied to patient treatment utilizing RGPT. Prostate cancer patients with implanted platinum
fiducial markers were treated with RGPT. Their target motion and gating signal data were available for in-
trafraction motion analysis.

Conclusion: Real-time gated proton therapy with the Hitachi System has been fully investigated and commis-
sioned for clinical application. RGPT can provide advanced and reliable real-time image guidance to enhance
patient safety and inform important treatment planning parameters, such as planning target volume margins and
uncertainty parameters for robust plan optimization. RGPT improved the treatment of patients with prostate
cancer in situations where intrafraction motion is more than defined tolerance.
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Introduction proton therapy. However, the proton beam was manually triggered

using an external surrogate signal, in addition to the 130 ms latency

Proton therapy has the potential to reduce the dose to normal tissues
while maintaining target coverage, compared to conventional X-ray
therapy.'”* However, the proton dose distribution is susceptible to re-
spiratory motion and anatomic changes throughout the treatment
course.” Techniques including breath hold and respiratory gating were
developed to improve the accuracy of radiation therapy by motion re-
duction.” A prospective study of repository-gated proton beam therapy
for liver tumors® demonstrated the feasibility of performing gated

* Corresponding author.

that was observed in the preclinical study for the same delivery
system.® The Mayo Clinic has implemented automatically respiratory-
gated spot-scanning proton therapy with the real-time position man-
agement system (Varian).” This active motion management uses an
infrared camera to track patient surface motion. The benefit of the real-
time gated proton therapy (RGPT) system investigated in this study is
that it tracks implanted fiducials placed within or surrounding the
tumor, which could therefore be a better surrogate of tumor motion.® In

E-mail addresses: hchenl142@jhu.edu (H. Chen), emile.gogineni@osumc.edu (E. Gogineni), ycaol7@bwh.harvard.edu (Y. Cao), jwong35@jhmi.edu (J. Wong),

cdeville@jhmi.edu (C. Deville), hengli@jhmi.edu (H. Li).

https://doi.org/10.1016/j.ijpt.2024.01.001

Received 1 August 2023; Received in revised form 21 January 2024; Accepted 23 January 2024
2331-5180/© 2024 Published by Elsevier B.V. on behalf of Particle Therapy Co-operative Group. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.ijpt.2024.01.001
http://www.sciencedirect.com/science/journal/23315180
https://www.sciencedirect.com/journal/international-journal-of-particle-therapy
https://doi.org/10.1016/j.ijpt.2024.01.001
https://doi.org/10.1016/j.ijpt.2024.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpt.2024.01.001&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpt.2024.01.001&domain=pdf
mailto:hchen142@jhu.edu
mailto:emile.gogineni@osumc.edu
mailto:ycao17@bwh.harvard.edu
mailto:jwong35@jhmi.edu
mailto:cdeville@jhmi.edu
mailto:hengli@jhmi.edu

H. Chen, E. Gogineni, Y. Cao et al.

addition, the gated signal from RGPT is connected to the delivery
system, so the proton beam can be triggered automatically according to
the gating signal with minimum latency. Hitachi has previously pub-
lished details of the RGPT system design.” This study describes the
commissioning and clinical workflow of the RGPT system for the Hi-
tachi PROBEAT system.

Real-time gated proton therapy for Hitachi system

Leveraging its advanced imaging system, the Hitachi PROBEAT is
capable of RGPT, which can turn off the proton beam if a target is
outside a predefined area, allowing for high-quality treatment delivery.
In this section, we will introduce the imaging system, beam control
mechanism, and software for Hitachi RGPT.

Image system and properties in the gantry

Each gantry has 2 large orthogonal fixed digital flat panel detectors
(FPDs), called xRayl and xRay2, which are 45 degrees away from the
proton beam direction on both sides. The distance from the x-ray source
and FPD to the isocenter is 1.55 m and 0.6 m, respectively. Each FPD
provides a maximum resolution of 1024 x 1024 pixels with 0.417 mm
pixel size equivalent to 0.3 mm at the isocenter. The fluoroscopy-based
RGPT imaging software provides a fixed 20 cm x 20 cm field of view
(FOV) for both FPDs with pulse rate options of 1, 7.5, 15, or 30 frames
per second. The recorded image is 720 x 720 pixels per frame at 30
FPS. The 3-dimensional spatial recognition accuracy off-isocenter is
within 1 mm for the fluoroscopy image mode. The 2 mm motion
tracking accuracy is approximately 6.7 pixels in the image.

Proton beam control and gating signal

The Hitachi system controls the proton beam through acceleration,
extraction, and deceleration, which takes roughly 1, 5, and 0.65 sec-
onds, respectively. The beam is only turned on during the extraction
phase when the gate signal is on. Figure 1 demonstrates how these
aspects are related to one another. The Hitachi system will auto-
matically stop the current treatment when the gating signal is off for
more than a predefined period of time.

Both FPDs, the 2 ion chambers for dose monitoring, and the proton
beam nozzle are all within close proximity to one another. Therefore,
the proton beam is turned off during fluoroscopy imaging to avoid is-
sues with MU miscounting. The maximum latency between the gating
signal and the proton beam control signal is < 0.1 seconds. The “Beam
on Gate” curve of Figure 1 shows that the beam is on for about
0.4 seconds approximately every 3seconds. The maximum latency
should be also considered to ensure high-quality plan delivery of the
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RGPT plan. With 0.1 seconds maximum latency, the delivery un-
certainty accuracy for the motion target should be achievable within
2 mm with the proper commissioning and clinical workflow.

Parameters for real-time gated proton therapy

The fluoroscopy images taken with both FPDs are transferred to the
RGPT control server and image recorder server through 2 high-perfor-
mance video splitters. The RGPT control server provides a software GUI
for the radiation therapist(s) to monitor and operate the RGPT function,
which tracks the target position in real-time. The image recorder server
stores all fluoroscopy images for off-line reviewing. The software gra-
phical user interface (GUI) shows the important RGPT parameters:
gating signal, matching score, and gating tolerance with other ad-
justable parameters for the fluoroscopic imaging, including kV, mA, ms,
pulse rate, collimator size, fluoro timer, and accumulated timer.

Hitachi PROBEAT RGPT uses a gating signal to turn the beam on or
off and matching score (a value between 1 and 99) to evaluate and
preempt potential delivery issues. A lower matching score means that
the RGPT system is less confident about the current target tracker re-
sult. The matching score depends on many factors, such as template
quality, the current fluoroscopy signal quality, the tracking target’s
motion velocity, and scatter/noise from the collimator edge. The
matching score can be improved through the following adjustments:

e Increasing the pulse rate to reduce motion between 2 sequential
fluoroscopy images

e Selecting the proper tracking target inside soft tissue

e Increasing kV, mA, and/or ms to improve signal quality.

The contrast ratio of signal between the tracked target to the
background from FPDs may be changed when following target motion,
especially for targets close to the diaphragm. The patient’s image dose
exposure and plan delivery efficiency should be also carefully con-
sidered during the adjustment of imaging parameters. A set of 2
matching score thresholds can be defined in the RGPT software. Real-
time gated proton therapy will

o Immediately pause the proton beam when either matching score is
below the lower threshold.

 Enter a warning status with a gating signal on when either matching
score is between 2 thresholds. The gating signal will be off when the
warning status keeps on for a customizable period of time (eg, sev-
eral seconds).

e Keep the gating signal on when both matching scores are larger than
the higher threshold.
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Figure 1. RGPT control signaling, as it relates to (1) the proton beam phase of the synchrotron (“SYN BM”), (2) the RGPT gating signal (“RGPT Gate”), and (3) the
beam current gating at isocenter (“Beam on Gate”). Abbreviation: RGPT, real-time gated proton therapy.
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The maximum tolerance for target motion should be individually
defined in 3 directions and depend on the tumor site, setup protocol,
and plan technique. The maximum tolerance values should be verified
with dosimetry and end-to-end testing. The gating signal is turned off
when the tracked target is outside of tolerance in any direction.

Methods and materials

The Hitachi system provides sufficient safety interlock for RGPT to
ensure proton plan delivery quality. In this section, we describe a
comprehensive quality evaluation including end-to-end dosimetry
evaluation to commission the RGPT function for patient treatment.
Prior to RGPT commissioning, we performed routine QA for image
quality and image dose, but these regular processes will not be detailed
in this section.

Equipment, plan, and setup

The CIRS Dynamic System (SUN NUCLEAR, Melbourne, FL) com-
bined with RSD Anthropomorphic Thorax Phantom (Radiology Support
Devices, Inc, Long Beach, CA) or CIRS plastic water was used to mimic
target motion. The OCTAVIUS 1500XDR (PTW, Freiburg, Germany)
was utilized to measure end-to-end dosimetry accuracy. The OCAVIUS
is located at the top of the CIRS Dynamic System with sufficient
buildup. The Civco Fiducial Marker (Medtec LLC, Coralville, Iowa) was
used as the tracking target. The fiducial marker was outside of the field
to avoid interfering with the measurement result. A plan for a 10 cm
cubic target was optimized in Raystation 10. A (Raysearch Laboratories,
Stockholm, Sweden). The center of the target is 15 cm from the surface.
The MU/Spot was identical in each energy layer. The IMPT plan was
delivered through the MOSAIQ oncology information system (Elekta,
Stockholm, Sweden) with gating support. The plan setup followed our
routine clinical workflow for proton plans.

Real-time gated proton therapy plan delivery and measurement

The orthogonal KV images were used to align the CIRS Dynamic
System, OCTAVIUS, and plastic water after setup. We then switched to
Hitachi’s RGPT image software called RGPT64, and an initial fluoro-
scopy image was taken and used to verify the fiducial marker posi-
tioning.

The plan was then delivered with several different motion settings
using the CIRS Dynamic System, as detailed in Table. OCTAVIUS col-
lected all delivery plan doses with these motion settings at the plan
isocenter. The first set of data was collected without motion. The mo-
tion direction was the same as the proton pencil beam scanning di-
rection. Under this motion direction setup, the motion would have a
maximum dosimetric impact.

Table
Motion setting for end-to-end test and related plan delivery time with RGPT.
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Real-time gated proton therapy parameter evaluation

The minimum fluoroscopy image FOV was 5cm X 5cm. The image
FOV was minimized to reduce imaging dose while the fiducial motion
was not expected to exit this FOV. Both X-ray tubes used the same kV
and mA, as dictated by the tumor site. The ms value was always set to 3.
Setting a high pulse rate could reduce the fiducial’s absolute motion
between 2 sequential fluoroscopy images, and thereby improve
matching scores. However, the proton beam pauses during fluoroscopy
imaging. The Hitachi system required about 2 seconds from decelera-
tion to the next extraction of the proton beam. Therefore, improper
pulse rate settings could cause significantly added time to beam de-
livery. For our end-to-end testing, a pulse rate of 7.5 frames per second
was used.

Results

Real-time gated proton therapy can deliver treatment to a moving
target with less uncertainty but comes at the cost of greater beam de-
livery time per field. We evaluated the RGPT function with the per-
spective of 2 major concerns: plan delivery efficiency and plan delivery
uncertainty. The same plan was delivered with different motion setups,
as detailed in Table. The motion pattern was a sine wave with different
amplitudes and cycles. The fiducial marker in the template could be
selected at either of 2 positions of the sine curve: zero-cross (middle
line) and summit (crest or trough). The fiducial marker velocity would
reach maximum at zero-cross position and minimum at summit posi-
tion. The measurements obtained without motion were used as a re-
ference for this evaluation.

Plan delivery efficiency

In the absence of simulated motion, the estimated fiducial marker
position in fluoroscopy imaging was always within the 2 mm gating
tolerance. The plan was delivered in under 1minute including all
fluoroscopic imaging time, and therefore we used 1 minute (Tpase) as
the baseline reference for plan delivery efficiency. The last column of
Table lists the delivery time for the various motion settings and gating
tolerances. In theory, the plan delivery efficiency would be primarily
dictated by the gating tolerance and motion amplitude. The total de-
livery time would thus be

Ttotal = Tbase * Mamp/Gtol+Tirnage

Here, Mamp, Giot, and Timage are motion amplitude, gating tolerance,
and total time for fluoroscopic imaging, respectively. Timage Was rela-
tively small compared with Ty.se and could be ignored in most situa-
tions. Based on simulations 10 to 12, the total delivery times increased

Simulation No. Cycle (s) Motion Amp ( = mm) Gating tolerance ( = mm) Gate position Delivery time (min)
1 Static NA 2 NA 1
2 6 5 3 Zero-cross 4
3 6 10 3 Zero-cross 7
4 6 15 3 Zero-cross 12
5 6 20 3 Zero-cross 19
6 6 5 2 Zero-cross 5
7 6 10 2 Zero-cross 12
8 6 15 2 Zero-cross 22
9 5 15 2 Zero-cross 22
10 6 10 2.5 Summit 4
11 6 15 2.5 Summit 5
12 6 20 2.5 Summit 7

Abbreviation: RGPT, real-time gated proton therapy.
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to 4, 5, and 7 minutes (from the 1 minute baseline) when Mump/Giol
were 4, 6, and 8, respectively, where the additional time for simulations
11 and 12 was from fluoroscopy.

When we used the fiducial marker position at zero-cross as a re-
ference, the total plan delivery time did not linearly increase with
motion amplitude. Based on simulations 2 to 5, the delivery times in-
creased to 4, 7, 12, and up to 19 minutes when Mamp/Gior Were 1.7, 3.3,
5.0, and 6.7, respectively. The plan delivery efficiency was dramatically
reduced in a nonlinear fashion due to 3 factors:

1. The fiducial marker’s velocity reached its maximum at the zero-
cross position. The time window for the gating-on signal was rela-
tively short compared with the reference at the summit. The latency
of the gating signal (maximum up to 0.1 seconds) impacted delivery
efficiency more significantly when each motion cycle had the
shorter absolute beam on time. The ratio of delivery time to motion
amplitude increased for simulation 5 compared with that from si-
mulation 2.

2. When the fiducial marker’s velocity reached its maximum at the
zero-cross position, the positional discrepancy between 2 sequential
fluoroscopic images was also maximized. This caused the RGPT
system to track the target with the lower matching score which
could temporarily halt treatment delivery, causing an increase in
total delivery time.

3. When the reference point was set at the zero-cross with a 6-
second motion cycle, the beam-off time between 2 sequential beam-
on points was equal to (Teycle-Ton)/2, that is, half the value of the
beam-off time for a summit reference point. The Hitachi system
required about 2 seconds between deceleration to the next extrac-
tion of the proton beam. When beam-off was close to or less than
2 seconds, the system simply would not be ready to extract and
deliver the proton beam even when the gating signal was on. Under
this situation, the Hitachi system skipped the current beam-on
period and waited for the next gating-on signal.

The same plan delivery efficiency trend was seen for simulations 6
to 9 in Table. Based on these simulations, plan delivery efficiency could
be maximized when the fiducial marker reference position was selected
at the motion summit to account for the fiducial marker motion velocity
and the time required for the phases of Hitachi beam delivery.

Dosimetry result with motion phantom

The dosimetry result of simulation 1 was used as the reference for
comparison. To maintain consistency with our clinical robust optimi-
zation planning protocol, we used + 2 mm for gating tolerance for the
dosimetry results in this section. The motion cycle was 6 seconds. The
3%/3 mm gamma analysis with the action levels of 90% was used for
data analysis.

When the amplitude of motion was < 2cm ( + 1 cm), the Hitachi
system could uniformly deliver the plan with 2mm uncertainty in-
dependent of the reference position (cross-zeros or summit position), as
shown in Figure 2A and D. Motion in the vertical direction produced
nonflat isodose lines at both the top and bottom because the motion and
proton beam scanning were in the same direction and nonsynchronized.
Figure 2D shows that the dosimetry result was acceptable for patient
treatment in both (1) the dose profile in the motion direction, and (2)
gamma analysis results.

When the motion amplitude increased up to 3cm ( = 1.5cm) or
even 4 cm ( = 2cm), the Hitachi system was unable to deliver a uni-
form dose to the target at a gating tolerance of 2 mm with the reference
position at cross zero. Figure 2B and C shows large discrepancy areas
inside the target. Both the dose profile and gamma analysis confirmed
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that the final delivered dose was not acceptable for patient treatment.
The gamma analysis pass rate was < 90%.

The fiducial marker reference position was critical for plan delivery
accuracy with RGPT. For the same motion amplitude, that is, up to 4 cm
( £ 2 cm), the Hitachi system could successfully deliver a uniform dose
to the target when the reference position was selected at cross zero (as
demonstrated in Figure 2D).

Figure 2E replicates the motion settings of Figure 2D ( + 2 cm), but
demonstrates the dosimetry in the absence of RGPT. As expected, sig-
nificant underdosing occurred at the summit and valley of motion. This
supports that RGPT with the Hitachi system improved and may bring
plan delivery to an acceptable quality level for patient treatment even
when movement is up to 4 cm.

Discussion: real-time gated proton therapy clinical application
and workflow

The prospective study shows that RGPT for prostate cancer was as
safe as conventional proton beam therapy.'? In this section, we will use
prostate radiotherapy cases to demonstrate the design, optimization,
and delivery of clinical treatment plans with RGPT.

Fiducial marker

A larger fiducial marker can improve the matching score in the
Hitachi RGPT system. However, the tradeoff is that larger fiducial
markers may require larger needles to implant them and will also in-
troduce more artifacts in CT/CBCT (computed tomography/cone-beam
computed tomography) images. The proper fiducial marker size should
therefore be selected after systematic evaluation. The VISICOIL
0.5mm X 5mm or 0.75mm X 5mm titanium fiducial markers were
found to be most appropriate for prostate RGPT following our in-
vestigation. Figure 3 shows that the matching score nonlinearly de-
creased while water equivalent thickness (WET) increased. The larger
fiducial marker had a higher matching score under the same WET
(Figure 3).

In some instances, multiple fiducial markers might be implanted
closely inside the target. The isocenter of the proton plan was set close
to the fiducial marker to minimize the fluoroscopy imaging dose with a
small FOV (Figure 4). After all the beam directions intended for use in
the plan were determined and the fiducial markers were contoured, the
digitally reconstructed radiograph for each treatment field was gener-
ated from both imaging panels, as shown in Figure 5. A single best
fiducial marker for tracking was selected with the following con-
siderations:

o The fiducial marker should be closest to the isocenter in the majority
of digitally reconstructed radiograph images.

e The fiducial marker should have better optimal image contrast from
the background, usually against a soft tissue background. Bone and
metal impacts in the background should be avoided.

Real-time gated proton therapy protocol setup

The clinical RGPT protocol for each tumor site should be evaluated
and set up based on plan delivery efficiency and plan delivery dosi-
metry accuracy. The parameters of RGPT, informed by end-to-end
evaluation, should be adjusted to achieve the best system performance.
In this section, we review an RGPT protocol setup with prostate cancer
treatment as an example.

1. Fluoroscopic image quality for fiducial marker
Automatic fiducial marker tracking demands high signal-to-
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Figure 2. (A) The top left: dosimetry measurement without motion. The bottom left: dosimetry measurement (real-time gated proton therapy [RGPT]) with + 1 cm
motion in 6 seconds while the reference at cross-zero position. The top right: profile comparison in motion direction. The bottom right: gamma analysis. (B) The top
left: dosimetry measurement without motion. The bottom left: dosimetry measurement (RGPT) with + 1.5 cm motion in 6 seconds while the reference at cross-zero
position. The top right: profile comparison in motion direction. The bottom right: gamma analysis. (C) The top left: dosimetry measurement without motion. The
bottom left: dosimetry measurement (RGPT) with * 2 cm motion in 6 seconds cycle while the reference is at cross-zero position. The top right: profile comparison in
the motion direction. The bottom right: gamma analysis. (D) The top left: dosimetry measurement without motion. The bottom left: dosimetry measurement (RGPT)
with + 2 cm motion in 6 seconds cycle while the reference is at summit position. The top right: profile comparison in the motion direction. The bottom right: gamma
analysis. (E) The top left: dosimetry measurement (RGPT) while + 2 cm motion in 6 seconds while the reference at summit position. The bottom left: dosimetry
measurement without RGPT. The top right: profile comparison in the motion direction. The bottom right: gamma analysis.
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background contrast. With limited fluoroscopy imaging time, it is
challenging to identify the fiducial marker inside the prostate,
where thickness and density are relatively large or high compared
with other tumor sites (eg, lung). All fluoroscopic parameters except
sample rate should be defined and evaluated using a phantom with
similar WET as the prostate case. Notably, the image panel and
calibration are not identical for each proton system. Therefore, the
proper parameters should be selected based on phantom evaluation.
It is also recommended to create a written protocol with instructions
for the radiation therapists. With those instructions, they could ad-
just the parameters to match the template image created during a
simple simulation.
. Pulse rate

The fluoroscopy effective doses ranged between 0.04 and 0.14 mSv/
1000 pulses."' A low pulse rate of fluoroscopic imaging is re-
commended to minimize image dose and improve plan delivery
efficiency. The pulse rate should be maintained at an adequate level
for the automatically matching algorithm of RGPT to track motion
with its limited search windows. Based on our end-to-end testing,
the pulse rate of 1 per second is adequate for prostate treatment. The
effective image dose of 1 fraction prostate treatment would range
from 0.0048 to 0.0168 mSv. Meanwhile, a pulse rate of 7.5 is re-
commended for a moving target. A pulse rate of more than 7.5 is not

recommended when we consider field delivery efficiency.

. Gating tolerance

The tumor target positional uncertainty is not identical across tumor
sites or in each dimension. For example, the prostate has more po-
sitional variance in the superior and inferior direction due to daily
bladder and rectum volume changes. For a moving target, the spe-
cific pattern of motion in each direction is not uniform either, such
as a lung tumor at the apex versus near the diaphragm. The gating
tolerance for RGPT function should be set up individually in 3 di-
rections: superior-inferior, left-right, and anterior-posterior. To
properly determine gating tolerance, patient setup uncertainty
should be estimated based on existing patient daily setup data for
the clinic and disease site. We should also consider the proton plan
technique to finalize the gating tolerance. Ultimately, the expected
intrafraction motion of the target is most important when choosing
gating tolerances, as fiducial markers are typically always aligned to
plan position before each individual field.

Proton planning and patient setup with real-time gated proton therapy

Proton planning technique for RGPT should be adapted according to

the results of end-to-end dosimetry. With 2mm dosimetry delivery
uncertainty for a moving target, the setup uncertainty for robust plan
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Figure 2.

optimization and robust plan evaluation could be reduced to 3 mm for
most targets. Additional margin could be given for cases demonstrating
atypical motion.

The intrafraction motion of the prostate during treatment is limited
in most situations. No changes are made to our proton planning tech-
nique for prostate plans when utilizing RGPT. After the patient is set up
with the normal workflow based on the fiducial marker, we switch to
RGPT software and take a quick fluoroscopic image (1-2 frames) to
verify the fiducial marker position in the treatment beam’s eye view.
The RGPT server will directly communicate with the gantry and proton
plan delivery server to gate the entire treatment delivery.

Fiducial marker template and plan delivery

Hitachi RGPT system uses a 2D-2D matching algorithm and gen-
erates the 2D reference image data for each individual treatment field
during simple simulation. The reference image combined with fiducial
marker coordinates, which is from the plan structures DICOM file, is
used as a fiducial marker template.

After loading the treatment field, a quick fluoroscopic image is taken
and is auto-aligned to the template for the current treatment field. The
shift between the current fiducial marker and the template is calculated
and presented with the matching scores together. The value will be
highlighted with a yellow background when out of tolerance and the

(continued)

safety interlock will be initialized. The positional deviation tolerances
are manually set up for each field. The matching score tolerance is
defined during system configuration and is identical for all patients.
The gating signal will only turn the beam on when the fiducial marker
position is within tolerance and the matching scores for both fluoro-
scopic images are higher than the specified threshold.

The fiducial marker positions and corresponding gating signals are
recorded in the proton therapy system log file, which could be utilized
to qualitatively analyze treatment.'*'? Figure 5 shows 3 fiducial
marker motion curves in 3 dimensions combined with the corre-
sponding gating signal (black line) during delivery of 3 different
treatment fields. In Figure 5A and B, the fiducial marker position was
very stable (< 0.5mm) or shifted minimally (< 1 mm) in all 3 direc-
tions throughout the delivery of the entire field, demonstrating typical
fiducial marker motion curves during prostate treatment. The fiducial
marker intrafraction motion was < 1 mm. However, in Figure 5C, the
fiducial marker was observed to have a range of movement of 8 mm in
the superior-inferior direction. There was a simultaneous 4 mm range of
motion in the anterior-posterior direction. This extreme prostate mo-
tion can be caused by situations such as large gas distention within the
rectum or an extremely full and unstable bladder during treatment. The
proton beam was turned off when the prostate (ie, the fiducial marker)
moved outside of tolerance, which allowed for proper treatment of the
patient despite the large intrafraction motion.
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Figure 2. (continued)
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Figure 3. Matching score related to water equivalent thickness in X-ray direction. Abbreviation: RGPT, real-time gated proton therapy.
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C

Figure 4. (A) DRR for field at 90-degree. (B) DRR for field at 270-degree. (C) Selected Fiducial marker contour for RGPT with 2 mm tolerance. Abbreviations: DRR,
digitally reconstructed radiograph; RGPT, real-time gated proton therapy.
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Figure 5. (A) Fiducial marker motion (< 0.5mm) and gating signal during
field delivery. (B) Fiducial marker motion (< 1 mm) and gating signal during
field delivery. (C) Real-time gated proton therapy turns off the beam when fi-
ducial marker moves out of tolerance.
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Conclusion

In this paper, we introduce and commission RGPT with the Hitachi
proton system combined with fiducial marker evaluation through end-
to-end testing. This RGPT uniquely utilized a matching score to eval-
uate and predict potential delivery issues by triggering the safety in-
terlock. The matching score was fully investigated through the com-
missioning and clinic procedure setup. The plan delivery efficiency and
dose accuracy heavily depended on the setup parameters of the RGPT
system. It was then important to establish the proper clinical workflow
with sufficient documentation for training and implementation with
detailed instructions for therapists provided.

We have successfully treated patients with prostate cancer using
RGPT at our proton center for proof of principle, which has improved
patient treatment in situations where intrafraction motion was greater
than expected. With continued data collection regarding intrafraction
shifts, we can further improve our current proton planning techniques,
decrease patient daily setup uncertainty, and improve the quality of our
patient care. We plan to apply RGPT to different tumor sites using this
defined end-to-end evaluation process.
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