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Abstract

Stereotactic body radiation therapy (SBRT) and hypofractionation using pencil-beam scanning
(PBS) proton therapy (PBSPT) is an attractive option for thoracic malignancies. Combining the
advantages of target coverage conformity and critical organ sparing from both PBSPT and SBRT,
this new delivery technique has great potential to improve the therapeutic ratio, particularly for
tumors near critical organs. Safe and effective implementation of PBSPT SBRT/hypofractionation
to treat thoracic malignancies is more challenging than the conventionally-fractionated PBSPT due
to concerns of amplified uncertainties at the larger dose per fraction. NRG Oncology and Particle
Therapy Cooperative Group (PTCOG) Thoracic Subcommittee surveyed US proton centers to
identify practice patterns of thoracic PBSPT SBRT/hypofractionation. From these patterns, we
present recommendations for future technical development of proton SBRT/hypofractionation for
thoracic treatment. Amongst other points, the recommendations highlight the need for volumetric
image guidance and multiple CT-based robust optimization and robustness tools to minimize
further the impact of uncertainties associated with respiratory motion. Advances in direct motion

analysis techniques are urgently needed to supplement current motion management techniques.



Introduction

Lung cancer is the leading cause of cancer-related deaths and one of the most common
malignancies diagnosed in the United States and worldwide®?., particularly for medically

inoperable patients.

Radiation therapy is a standard treatment option for thoracic malignancies®. The conventional
prescription for the treatment of thoracic malignancies is 1.8 to 2 Gy per fraction as once-daily
course. Accelerated hyperfractionation is employed for small cell lung cancer patients treated with
1.5 Gy per fraction twice daily. While similar hyperfractionation techniques with lower (1.1-1.2
Gy per fraction) were also explored as part of chemoradiation, no clear advantage was established
in the setting of lung tumors. In contrast, advances in fundamental radiotherapy technologies
including image guidance, treatment planning, and treatment delivery have allowed safe delivery
of stereotactic body radiotherapy (SBRT*/SABR®; 7-34 Gy per fraction in 1-8 fractions (per the
clinical trial PACIFIC-4 NCT03833154 and SWOG S1914 NCT04214262)) and hypofractionated
regimens (2.5-8 Gy per fraction) at much higher dose-per fraction. Compared to conventional
radiotherapy that relies on the differential radiation repair between tumor and normal tissue, SBRT
seeks to “ablate” tumors while limiting normal tissue irradiation with highly conformal plans that
rely on accurate delivery®. Hypofractionation is an intermediate between conventional

fractionation and SBRT.

SBRT or SABR can be delivered by either photon or proton beam therapy. Numerous
photon-based SBRT studies for stage I/I1 non-small cell lung cancer have demonstrated excellent
outcomes’1%.Consensus guidelines describing the optimal utilization and technical requirements
for SBRT implementation with photons when treating thoracic malignancies have been

published*!t. Compared to photon therapy, the intrinsic Bragg peak sparing characteristic of



proton therapy that deposits all of its energy within a certain range, makes it a feasible option for

SBRT or SABR in lung cancers'?,

Due to the physical characteristics of proton dose deposition (e.g., sharp distal fall-off),
proton dose distributions are more sensitive to various forms of uncertainties than photon dose
distributions®-%8, First, proton range uncertainty due to the conversion of the Hounsfield unit (HU)
to proton stopping power for dose calculation can degrade the dose distribution quality®3, i.e., the
altered proton range could result in either underdose in the target or overdose in the adjacent organs
atrisk (OARs). Second, the tissue density heterogeneity in the thorax region (airways in the trachea
and bronchus, low-density lung parenchyma, and high-density vessels, liver, bone, and heart) can
have a significant impact on dose distributions, especially for pencil beam dose calculation
algorithms. Though having high calculation efficiency, pencil beam dose calculation algorithms
cannot achieve the desired dose calculation accuracy in heterogeneous media due to poor ability
to account for the inhomogeneities®>5355-%%, Third, intra-fractional motion (primarily from
breathing) is the biggest challenge in implementing proton for thoracic malignancies. The motion
perturbs the locations of the tumor and normal tissues, which directly blurs the dose gradient
between targets and nearby normal tissues, thus downgrading target coverage and normal tissue
sparing’4. Compared to the more “static” passive scattering proton delivery technique to generate
broad beams by double scattering, the pencil beam scanning (PBS) proton delivery technique is
more “dynamic” where the whole target is covered by a series of scanning proton beamlets (several
millimeters in size) controlled by two orthogonal magnetic field in a certain order. Unlike the
nature of broad beam in passive scattering proton therapy, the PBS dose distribution is determined
by the dose distribution of each pristine proton beamlet, which is very sensitive to various

uncertainties. Therefore, for PBS in particular, the interplay effect!?:2226:34:37.43,60-64 caysed by the



interference between dynamic beamlet delivery and intra-fractional tumor motion can cause
additional degradation of the delivered dose distribution. Higher fraction dose and Limited fraction
number in proton SBRT/hypofractionation can compound above uncertainties because of the

absence of the averaging effect of multiple fractions in a conventionally fractionated treatment®,

As such, motion management (during planning and treatment delivery) is critical for
accurate delivery of proton therapy for thoracic malignancies, esp. with SBRT/ hypofractionation
approach. Each institution should perform institution-specific measurements, assessments, and
management, due to inter-institutional variations in infrastructure (hardware and software), for
example, machine-specific spot size and monitor unit (MU) limit and availability of different

motion monitoring and analysis tools.

Several proton centers in the United States have begun to implement proton
SBRT/hypofractionation for lung cancer. In 2021, a questionnaire on the current clinical practice
of proton SBRT and hypofractionation in the treatment of lung cancers was distributed to all US
proton centers participating in NRG Oncology clinical trials. The questionnaire (included in
Supplemental Materials) was designed by the NRG Oncology Working Group on Proton Lung
SBRT/Hypofractionation and consisted of 83 questions, covering 7 categories: (1) Vendors,
Delivery Techniques, and Treatment Planning System (TPS), (2) Patient Selection, (3) Simulation
and immobilization, (4) Treatment Planning and Quality Assurance (QA), (5) Image-Guided
Radiation Therapy (IGRT) and Motion Management, (6) Follow-up, and (7) General Questions.
Most questions were of multiple selection type, with several explicitly given candidate answers
(commonly seen in clinical practice) and one “Other” option for less common or institution-
specific responses. In addition, every question allowed comments for further explanation and/or

customization.



The current study, on behalf of the NRG Oncology Proton SBRT/Hypofractionation
Working Group based on the questionnaire, presents a comprehensive description of the current
status (clinical workflow and approaches) of implementing proton SBRT/hypofractionation for
lung cancers, and discusses current needs to further optimize the proton SBRT/hypofractionation

practice for thoracic malignancies.

Response overview

The survey was distributed to 30 proton centers in the United States, among which 24 proton
centers in the US responded to the questionnaire (response rate 80%). Table Al lists the
distributions of proton system vendors, beam delivery techniques, and treatment planning systems
(TPS). Among the 24 proton centers, 11 had clinical practices in place for treating thoracic
malignancies using proton SBRT and/or hypofractionation, and 10 proton centers completed the
corresponding Imaging and Radiation Oncology Core (IROC) proton lung phantom credentialing.
One proton center expressed its intention to implement proton SBRT/hypofractionation in the
treatment of lung cancer in the near future. Notably, the quantitative evaluations of the
questionnaire hereafter are not necessarily restricted to the responses from the proton centers that
currently practiced proton SBRT/hypofractionation in lung cancer treatment (11 proton centers
from the survey). One proton center that had clinical proton SBRT practices employed double
scattering delivery technology, thus excluded in this quantitative evaluation focused on PBS.
Another two proton centers that had not performed proton SBRT/hypofractionation for lung cancer
yet, provided insightful information and responses on this topic, thus included in the quantitative

evaluation.



For most of the questions, there was a consensus response. A wide variety of responses,

however, was identified for a few questions, which were then categorized into two perspective

groups based on the related topics: physicists and physicians (see Table 1).

Table 1. Questions that received a variety of responses from two perspectives of physicists or physicians.

Physicists

Physicians

1. Patient CT Simulation
a. What CT scan slice thickness is typically
used for lung SBRT/hypofractionation?

2. Treatment Planning
a. How many beams are typically used?
b. What is the dose volume criterion for
target evaluation for robustness analysis?

3. Motion Management and IGRT
a. What motion management methods are
used?
b. What equipment is used for DIBH?
¢. What rescanning techniques is used (in-
layer or volumetric)?
d. What types of IGRT are used?

4. General
a. What are the 3 most important
technologies to improve lung treatment
quality?

1. Patient Selection
a. What is the maximum tumor diameter
allowed?
b. What is the prescription for primary lung
cancers?
c. What are the dose constraints for
uninvolved ipsilateral and contralateral
lung?

2. Treatment Planning
a. What are the dosimetry parameters for the
following targets (PTV, CTV, and GTV)?
b. Which target is used for coverage
evaluation for the nominal plan?
c. What is the inhomogeneity dose allowed
in the target?
d. What is the allowable mean lung-GTV
dose for 5 fx SBRT (if applicable)?

3. Follow up
a. What is the process for patient follow-up?

4. General
a. How can we increase the use of proton
SBRT in lung cancer treatment?




Patient Selection

The use of curative proton SBRT/hypofractionation was restricted to patients with an ECOG score
<2 for performance status (8/8%), early cancer stages (5/7 for stage | and 2/7 for stage I and I1),
and <3 discrete lesions (10/10). To treat patients with inoperable stage I/l lung cancers,
institutions usually adopt proton SBRT/hypofractionation (9/10). Proton SBRT/hypofractionation
was also used in re-irradiation (11/11) and lung metastases (9/11). If proton
SBRT/hypofractionation was used to treat patients with implanted cardiac devices (7/11), it was
important to ensure that the patients were not critically dependent on the device (6/7), sometimes
with additional constraints such as maximum dose to the device less than 2 Gy [RBE] and regular

device interrogation.

Several centers (4/11) set no limits for the maximum tumor diameter allowed, while other
centers had institution-specific limits (Figure 1 (a)). The prescribed fractionation was also diverse
(Figure 1 (b)), not only inter-institutionally but also intra-institutionally, primarily based on
different tumor location. For instance, one center prescribed 48 Gy [RBE] in 4 fractions for most
patients, while 50 Gy [RBE] in 5 fractions for centrally located tumors. Another center prescribed

60 Gy [RBE] in 5 fractions or 54 Gy [RBE] in 3 fractions for peripherally located tumors, but 50

1Hereafter, the numerator is the frequency of each effective answer from the survey, whereas the
denominator is the number of proton centers that provided the certain effective answers. Notably,
for some questions, certain proton centers provided multiple choices, which resulted in the
numerators from not adding up to the denominators. The denominator sometimes could also be
less than 12 because: 1) a few proton centers of the 12 proton centers included in the data analysis
did not provided answers to the questions and were thus neglected; 2) the question was a
conditional one that only a few qualified proton centers were required to provide answers.



Gy [RBE] in 5 fractions for centrally located tumors. Due to the difference in prescribed

fractionation, the dose volume constraints (DVCs) for the uninvolved ipsilateral and contralateral

lung were also varied accordingly (Table 2).

Table 2. Constraints for uninvolved ipsilateral and contralateral lung from different proton centers that
provided effective responses”.

# Prescription Constraints Comment
1 50Gy/5fx (central), Vaocy < 10%
48Gy/4fx (most)
2 50Gy/5fx Visscy < 37%, For both lungs, per RTOG 0813
V1256y < 1500cc,
V13scy < 1000cc
3 50Gy/5fx Dmean < 8GY[RBE], Per HyTEC for SBRT®, no real
V2o6y < 10%~15% constraint for hypofractionation
42 60Gy/15fx Visey < 35%,
Viey < 40%,
V3Gy < 60%
5 50Gy/5fx Visey < 1000cc,
V126y < 1500cc
6 60Gy/5fx or Viscy < 36%,
54Gy/3fx (peripherally),
50Gy/5fx (central)
7 50Gy/5fx V1256y < 1500cc, Avoid shooting toward/through
V1ss6y < 1000cc the contralateral lung; use
multiple beams with smaller
separation
8% 50~60Gy in 15~20 fx Dmean < 18 GY[RBE], Per PCG LUNOO5 study
V206y < 30%,
V1ocy < 40%
9 50Gy/5fx Dmean < 6GY[RBE] As low as possible for contralateral

(total lung)

Dmean < 10 Gy[RBE]

(ipsilateral lung)

lung

“ Constraints for proton SBRT only. For photon SBRT constrains please see the reference®’.

& Hypofractionation only



(a) maximum tumor diameter allowed (b) prescription for primary lung cancer

—= 48 Gy/4 fx 50 Gy/5 fx 60 Gy/15 fx 60 Gy/5 fx 54 Gy/3 fx 50-60 Gy in
No limit 4cm 5cm 6 cm Others 15-20 fx

(©) CT scan slice thickness (d) Number of beams used for
treatment planning

10cm 15cm 20cm 25cm 3.0cm 2-3 2-4 3 3-4 4-5

Figure 1. The summarized counts of (a) limit of maximum tumor diameter allowed, (b)
prescription for primary lung cancer, (c) CT scan slice thickness, and (d) number of beams used
for treatment planning from different proton centers.

Patient Immobilization

VacLoc was the dominant method for patient immobilization (10/12), while other methods
included the use of thermoplastic body mask (2/12), green foam (2/12), and CIVCO and Klarity
(1/122); one center used all 4 methods. Abdominal compression, which could be considered a

patient immobilization method, is discussed in the Motion Management section.



Treatment Simulation, Contouring, and Target Definition

Four-dimensional (4D) CT was routinely used for diagnosis and motion analysis (discussed in
detail in the Motion Management section) in proton SBRT/hypofractionation for the treatment of
lung cancer (12/12). While 4D CTs was sorted mainly using phase-based method(11/12), one
proton center used amplitude-based method. Different slice thicknesses (Figure 1 (c)) was used in
the CT scan, with 2.0 mm being the most used (6/12). After determining the motion magnitude
with the patient immobilization techniques previously discussed, a threshold of motion magnitude
was usually chosen (11/12) to initialize certain motion management techniques (discussed in detail
in the Motion Management section). The most frequently used threshold was 5 mm (6/12), whereas
a less stringent threshold of 1 cm (5/12) was also reported. When the motion magnitude was below
these thresholds, patients could be treated with free breathing, otherwise, patients would be re-
simulated with either breath-hold (BH) or compression belt. For deep-inspiration breath hold
(DIBH), simulations were repeated several times (3, 5, or 7 times) to quantify residual tumor

motion during DIBH CTs.

After the acquisition of multiple CTs (4D or multiple DIBH), a 3D CT scan was typically
generated for target delineation, which was usually the maximum intensity projection (MIP) scan
(7/12) or averaged scan (3/12). To assist with the target delineation, the patients received PET/CT
scans (11/11) and MRI scans (3/11). The NRG protocols (8/10) and institution-specific internal

protocols (3/10) were used for target and OAR delineation.

Once the gross tumor volume (GTV) was identified, some centers (2/12) directly adopted
it as the treatment target, while other centers (10/12) created a clinical target volume (CTV) by

adding an expansion to the GTV to account for the sub-clinical extension of the tumor. The



expansion was usually isotropic with a 5 mm margin (4/7; 3 centers did not provide details of their
expansion) or defined according to physician preference (3/7). Several OARs were cropped out of
the CTV expansion always or sometimes: heart (4/7 (always) and 2/7(sometimes)), chest wall (3/7
and 2/7), spinal cord (6/7 and 1/7), and esophagus (5/7 and 2/7). Internal target volume (ITV) was
another target volume routinely used in PBSPT for the treatment of tumors with motion, like lung
cancers, and was typically created by (1) adding another margin to CTV to compensate for the
motion or (2) adding another margin to internal GTV (IGTV) to account for microscopic disease.
Usually, IGTV was formed either by contouring in the MIP CT images or by combining all GTVs
of every phase of a 4D CT (or multiple DIBH CT) images. Sometimes (5/10), a further expansion,
usually 5mm isotropically (5/5), from CTV/ITV was added to create a planning target volume
(PTV) for reporting and evaluation purposes. Notably, the PTV concept has limitations and thus

is not suitable to be used in robust optimization for PBSPT®,

Treatment Planning

To obtain the optimal tumoricidal dose for targets and protection for OARs, various treatment
beams were selected per institution (Figure 1 (d)). In-house tools was developed and used by one

proton center to facilitate the search for optimal beam angles®°.

The plans were optimized through a single-field optimization (SFO) technique (5/11),
where target dose homogeneity was retained within each field, or a multi-field optimization (MFO)
technique (4/11), where target dose homogeneity was retained given all fields combined.
Compared to SFO, MFO has higher flexibility in optimization, thus often making it easier to meet

the dosimetric requirements but also more sensitive to target motion and uncertainties. Therefore,



MFO was often used as an alternative option to SFO (3/4) for challenging cases. A hybrid plan
(6/11) could also be generated by adding two weighted plans that used SFO and MFO, or a

controlled SFO with higher beam dose.

(a) patient setup uncertainty magnitude (c)
Combined?

» Optimization = Evaluation

3 mm 4 mm 5 mm Yes

proton range uncertainty magnitude

3% 3.50% 4% 5%

Figure 2. Summary of different robust optimization and robustness evaluation configurations: (a)
patient setup uncertainty magnitude, (b) proton range uncertainty, and (c) whether combining
patient setup and proton range uncertainties, in robust optimization and robustness evaluation
respectively, of different proton centers.

Robust optimization!®18:19.2125,26,31,33,34.41,42,68,70-73 \yas the routine method for treatment
planning of stage I/11 lung cancer using proton SBRT/hypofractionation, in which patient setup
and proton range uncertainties were explicitly included in the optimization algorithm (11/12), with
the exceptional one center because only SDX (DYN’R, France) images were used in the treatment
planning. Besides targets, dose distributions on the adjacent OARs were sometimes robustly

optimized in the treatment planning as well in most centers (10/12). The worst-case (9/12) and



second worst (2/12) scenario was the dominant strategy for robust optimization. The patient setup
uncertainty was usually addressed by an isotropic rigid shift in all possible cardinal directions with
a certain magnitude (Figure 2(a)), whereas the proton range uncertainty was considered by scaling
the relative stopping power (RSP) in the CT image up and down by a certain percentage (Figure
2(b)). However, patient setup and proton range uncertainties were only sometimes simultaneously
taken into account (simultaneously included in one perturbed scenario in the robust optimization)
(8/11, Figure 2(c)). Combinations of patient setup and proton range uncertainties (when
simultaneously considered) were +£3 mm/+3.5% (1/8), £5 mm/+3% (1/8), +5 mm/+3.5% (2/8),

+5 mm/+4% (3/8), and +5 mm/+5% (3/8).

Table 3. Dose volume constraints used by different proton centers the provided effective responses for the
treatment planning of proton SBRT/hypofractionation in stage I/11 lung cancer”.

# PTV CTV GTV

1 Doo% = 90%? V110% < 20%° Not used

2 V100% > 95%° Not used Not used

3 Not used V100% > 95%, Not used
Doow > 90%

4 Dos% = 95% Vosy > 95% -d

5 - Dos% = 100% Dosy% = 100%

6 Not used Dosy% > 100% Dos% > 100%

7 Not used Dagy» = 100% Not used

8 - Dosy% = 100% Dosy% = 100%

9 - Dosy% = 100% Dosw = 100%

10 Dosw = 95% Dosw = 100% Dogw > 100%

11 - Dosw = 100% -

“Constraints for proton SBRT only. For photon SBRT constrains please see the reference®’.

2Dy = Y%, at least x% of the structure volume receives dose no less y% of the prescription dose.

b Vs < Y%, the volume receives at least x% of the prescription dose is less than y% of the structure.

© Vs > Y%, the volume receives at least x% of the prescription dose is larger than y% of the structure.

4 No answer provided.



To address respiratory-induced tumor motion in proton SBRT/hypofractionation treatment
planning, the ITV (7/10) was usually the optimization target for 3D robust optimization on a 3D
averaged CT (9/11) with density overrides of soft tissue (8/9). For different targets (GTV, CTV,
and PTV), different dose volume constraints (DVCs) were used for robust optimization, listed in

Table 3.

Amongst available dose calculation engines®%¢5 for robust treatment planning, analytical
(4/12) and Monte Carlo (MC) dose calculation algorithms (8/12) are used in clinical practices.
Typically dose grid resolutions were 2mm (7/12), 2.5mm (4/12), and 3mm (1/12). If MC

algorithms were used, the statistical uncertainty in the target regions was kept below 0.5% (7/8).

Image Guidance and Motion Management

Image guidance is critical for patient alignment and accurate beam delivery, and this is often of
greater significance when using proton SBRT/hypofractionation to treat stage I/11 lung cancer, due
to the small volume of the target and reduced averaging effect with fewer fractions (Figure 1(a)(b)).
The most common image-guidance technique was projected x-ray based, from the basic 2
dimensional (2D) orthogonal kV image (9/12). Newer proton centers utilized space-resolved faster
but blurrier cone-beam CT (CBCT) (7/12) or slower but diagnostically equivalent CT-on-rails
(CToR) (3/12). Individual proton centers were equipped with multiple image-guided modalities
and used them solely (orthogonal kV/CBCT/CToR, 6/12), in simultaneous combination
(orthogonal kV and CBCT, 5/12), or in asynchronous complementarity (orthogonal kV and CToR,
2/12). During patient alignment, the position of the patient (guiding images) was matched to the
planning images by assessing the mutual deviations of structures, including the target (12/12) and

other regions of interest (ROIs) (7/12). The ROIs could be isodose line contours (3/7) and other



bony/landmark structures (4/7), e.g., spinal cord, carina, and diaphragm. The deviation tolerance

was 3 mm (7/11) or 2 mm (4/11).

If motion management was required at a particular stage of the treatment course, several
approaches were used (Table A2). All the motion management techniques could be used solely or
together, depending on the patient’s characteristics, conditions, and techniques available at the

treating institution.

DIBH (9/12) could be used in both treatment simulation and treatment delivery to mitigate
the impact of respiratory motion and better protect OARs. For centers equipped with CBCT, a
half-scan was usually used during DIBH (5/7). Equipment to obtain the respiratory motion
information to guide DIBH was commercially available, including Active Breath Coordinator™
(Eletka, Stockholm, Sweden) (1/9), Real-time Position Management™ (Varian, Palo Alto, CA)
(2/7), SDX (5/9) and alignRT (visionRT, London, UK) (1/9). Abdominal compression is, in
principle, similar to DIBH to reduce tumor motion by using a compression plate/belt/corset on the
abdomen to limit the magnitude of patient respiration without respiratory training. Anzai (Anzai
Medical Co., Ltd., Tokyo, Japan) abdominal pressure sensor was also used for respiratory motion
analysis to guide abdominal compression (1/9). All the time-resolved respiratory information (lung
volume, body surface, and abdominal pressure) acquired by the aforementioned respiratory
monitoring systems and fluoroscopy (x-ray videos) could also be used to do real-time tumor
tracking with the help of fiducial markers. Using the aforementioned respiratory monitoring
systems, gating was also used to mitigate tumor motion impact (3/12) in treatment delivery. By
defining a gating window (usually selecting certain respiratory phases associated with 4D CTs),
the beam delivery could be synchronized with the tumor/surrogate motion. Rescanning’#-’®, also

known as repainting, was another simple technique used to minimize the dose uncertainty caused



by the interplay effect in the treatment delivery (10/12) by visiting each spot position multiple
times. Due to the attenuated averaging effect of decreased fraction number in proton
SBRT/hypofractionation, the averaging effect brought by rescanning became more indispensable.
Rescanning could be layered (4/10) and volumetric (7/10). In layered rescanning, each energy
layer was rescanned entirely before proceeding to the next energy layer, while in volumetric
rescanning, the whole target volume was repetitively scanned. Range shifter (RS) with a larger air
gap was used to produce a larger spot size (10/12), which would result in improved dose

homogeneity in moving targets'’.

Plan quality evaluation

After the plan is optimized, a comprehensive plan quality evaluation should be completed. The
evaluation usually consisted of an independent second dose calculation (10/11), linear energy
transfer (LET) evaluation (3/11), and robustness evaluation (12/12) on the planning CT and a few
CTs associated with different respiratory phases. For the second dose calculation, analytical (4/10)
and MC (6/10) dose engines were used per institution. For the patients treated with free breathing,
the 2 extreme breathing phase CTs (maximum inhale and maximum exhale) were usually used for
the plan evaluation besides the planning CT. Similarly, for the patients undergoing DIBH or gating,
other independent DIBH scans or phase CT scans (within the selected gating window) could be
used for the plan evaluation besides the planning CT. The original plan could only be approved to
treat the patient until all of the required target coverage, and normal tissue criteria are met on all

CTs, otherwise, the original plan should be adjusted.

The plan quality evaluation matrices included target coverage (12/12) (with varied targets
per institution, Figure 3(a)), conformity index (Cl) (5/12) (with varied inhomogeneity dose

allowed per institution, Figure 3(b)), and non-involved lung protection (refer to the constraints in



Table 2). The LET evaluation is a relatively new metric that has yet to have a consensus on its
necessity or the LET-related constraints that could be referred to. Therefore, only in-house
developed tools have been utilized, either based on analytical (1/3) or MC (3/3) algorithms. The
robustness configurations in plan robust evaluation differed slightly from those in plan robust
optimization (Figure 2). The evaluating matrices were also varied (Figure 3 (c)) based on either
the dose-volume histogram (DVH) indices in the worst-case scenario or the bandwidths of DVH
indices from the DVH family for all uncertainty scenarios.

(a) Targets for nominal plan coverage
evaluation

ITVonly CTVonly GTV&CTV CTV&PTV iGTV & PTV

(b) Inhomogeneity dose allowed in
target

108% 110% 115% 120% 125-135%

(¢) Dose volume criterion for target evaluation
for robust analysis

D95% =2 95% D95% 2 D98% = 95% V100% = D95% BW <
95%, D99% 95% 3%
2 90%
Figure 3. Summary of different (a) targets for nominal plan coverage evaluation, (b)
inhomogeneity dose allowed in targets, and (c) dose volume criterion for target evaluation for
robust analysis ,from different proton centers. BW is the bandwidth of DVH indices from the DVH
family for all uncertainty scenarios.



The interplay effect was also evaluated (3/12) either by measurement (1/3) or by
calculation (2/3). In-house software to evaluate the interplay effect was developed by calculating
the 4D dynamic dose (4DDD)?022:24.26-28,34,37,434546,60-63,77 Tq calculate 4DDD, time-dependent
spot delivery was considered together with the time-dependent changes in anatomy. First, every
spot for each field per fraction was assigned to the corresponding respiratory phase according to
the temporal relationship between the spot delivery sequence and patient-specific respiratory
motions. Then, the dose of each phase was calculated for the assigned spots only. Finally, the
calculated dose of each phase was then deformed to the reference phase through deformable image

registration (DIR)® to get the final 4DDD.

The plan measurement-based patient-specific quality assurance (PSQA) verifies what is
delivered against what has been planned/calculated (11/11). This is typically done via Gamma
analysis’®® that quantifies the agreement between the calculated dose distribution and the
measured dose distribution, in terms of distance to agreement (DTA, mm) and dose difference
(DD, %). The dose calculation resolution for PSQA was usually 2 mm (8/11), and 2.5 mm (2/11).
With pre-selected criteria for both DTA and DD, a threshold of the Gamma analysis passing rate
was set to determine the acceptance (i.e., exceeding the threshold) of the plan, for example, a
threshold of 90% of pixels with the criteria of 2mm/2% (3/10), a threshold of 90% with the criteria

of 3mm/3% (6/10), and a threshold of 95% with the criteria of 3mm/3% (1/10).

Follow-up

The general follow-up strategy includes follow-up imaging (PET/CT or CT) and history and
physical (H&P) exams with a gradual reduction in frequency (Table 4). While CT was always

used, PET/CT was sometimes used 3-6 months post-radiation or for suspected recurrence.



Table 4. Follow-up process and the imaging modality from different proton centers that provided effective
responses.

# Phase 1* Phase 2 Phase 3
Image Frequency and Image Frequency and Image Frequency and
modality Duration modality Duration modality Duration
1 CT? Q6 mon, 2 yr CT? Annual, --° ¢
2 CT Q3 mon, --
3 PETICT Q3 mon, 2 yr
4 CT NA, 1yr
5 PET/CT Q3 mon, NA PET/CT Q3-6 mon, --
6 PET/CTY® Q3-4mon,2yr CT Q4-6 mon, 3 yr CT Annual, --
7 PET/CT Q3-4mon,1yr PET/CT SOF, --

abbreviations: NA for Not Answered, SOF for Spreading Out Frequency, Qx mon for every (quaque) x
months, x yr for x years.

“ Follow-up phase is decided based on the follow-up frequency and the corresponding duration.
2 PET was used when suspected progression was diagnosed.

b Continue until the death of the patient or when the patient drops from the follow-up.

¢ No follow-up.

4 PET/CT usually for the first post-radiation follow-up

Barriers to Implementation of Proton Lung SBRT/Hypofractionation

For the two general questions for physicists and physicians, we received 20 effective
responses (Figure 4), which shed light on unmet clinical needs. From the physicians’ perspective
(Figure 4(a)), the lack of technologies is the major barrier to more widespread utilization of proton
SBRT in lung cancer treatment. This includes reducing range uncertainty, increasing conformity
for small targets, improving robust optimization using Monte Carlo, improving CBCT quality,
volumetric or layer repainting, tumor tracking, and proton arc. Education and dissemination of
knowledge and clinical evidence to support proton SBRT in lung cancer treatment was the second

most mentioned problem that needs future work. This is despite a meta-analysis reporting



improved outcomes and reduced toxicities when delivering proton hypofractionation relative to
photon SBRT®!, and an increasing number of prospective reports of safe and effective proton
SBRT delivery®. Insurance approval was also a significant barrier. From the perspective of
physicists who were asked to name the 3 most important technologies to improve lung treatment
quality (Figure 4(b)), volumetric IGRT ranked first. Motion management and fast treatment were
the second most mentioned. Online adaptive planning, robust optimization, and improved
gating/breath holding integration were also considerably important. Some other issues, e.g.,
incorporation of MC dose engine in treatment planning, automated repainting, real-time tumor

tracking was identified by a few participants as well.

(a) Answers to question A

Improved technology/hardware: 7

Education and dissemination of knowledge: 5
Clinical evidence: 5

Insurance approval: 3

Open to participation on protocol treatment: 1

0 1 2 3 4 L] 6 7 8
(b) Answers to question B

Volumetric IGRT: 10

Fast treatment: 7

Motion management: 7

Online adaptive planning: 6

Improved gating/breath hold integration: 5
Robust optimization: 5

Incorporation of Monte Carlo in planning: 3
Automated repainting: 2

Real-time tumor (or surface surrogate) tracking: 2
Aperture-based PBS: 1

Proton Arc: 1

RBE-based planning: 1

FLASH: 1

0 1 2 3 4 5 6 7 8 9 10 11 12

Figure 4. Answers to question (a) How can we increase the use of proton SBRT in lung cancer
treatment? (b) What are the 3 most important technologies to improve lung treatment quality?



Recommended Technical Implementations and Future Developments

SBRT has been considered as a standard treatment approach for early-stage lung cancer'*# and
increasingly been used for intrathoracic oligometastatic or oligoprogressive disease® to achieve
durable disease control. In medically-inoperable early-stage non-small cell lung cancer (NSCLC),
photon-based SBRT resulted in better local control and overall survival for smaller, none-negative
peripheral tumors, compared to conventionally fractionated radiation therapy®. Higher rates of
local control were observed in photon-based SBRT for both peripheral and central NSCLC
compared to moderate hyperfractionation®. Although photon-based SBRT has shown great promise
across tumor stages and lung cancer histologies, there is reluctance to fully embrace it across the full
spectrum of lung cancer, based on well-founded toxicity concerns such as in larger tumors8'#” and
in central and ultra-central tumors'%888 Compared to photons, the unique physical properties of
protons (especially delivered in PBS fashion) allow them to deliver tumoricidal doses of irradiation
while limiting the volume of normal tissue exposed to a low dose bath, thus leading to improved
overall survival and reduced rates of toxicity in lung cancers*®%091, Therefore, PBSPT-based
SBRT has emerged as a solution to these toxicity risks and challenges with photon-based SBRT.
Several proton centers in the United States have begun to implement proton
SBRT/hypofractionation for lung cancer, with more to be expected thanks to the reported
encouraging results®>92 with early data, including randomized data and meta-analysis data,
supporting the benefits of protons over photons in early-stage NSCLC, and with the increased
accessibility of PBSPT, especially in those newly constructed proton centers. Under such
circumstances, a national survey was conducted to report the practice patterns of proton
SBRT/hypofractionation in thoracic malignancies with a goal of identifying points of consensus

and areas for future improvement.



Fundamental inter-institutional differences in target delineation were shown in the survey.
For instance, methods to delineate the targets from GTV to ITV differed considerably. When phase
CT in a multiple-CT set (4DCT or multiple DIBH CTs) was used for target delineation, per
International Commission on Radiation Units & Measurements (ICRU) Report 78, GTVs on each
CT were expanded by a margin to form CTVs to account for sub-clinical extension of the tumor,
which were then expanded by another margin to form an ITV to address internal uncertainties (e.g.,
motions). The order in addressing the internal uncertainties and sub-clinical disease could
alternatively be switched and margin amplitudes also varied from physician to physician and from
institution to institution. When a MIP CT was used for target delineation, the motion induced
internal uncertainties were inherently included by the MIP CT images, thus the GTV delineated
on MIP CT images was essentially internal GTV (IGTV). Such differences could lead to different
target DVCs in both plan optimization and evaluation. The margins used in the definitions of
different targets try to balance the tumoricidal dose coverage and the protection of adjacent normal
tissues in the presence of all kinds of uncertainties. The potent fraction dose of SBRT calls for
more attention to the protection of adjacent normal tissues. Therefore, the margins used in the
target definitions should preferably be smaller than those used in conventionally fractionated
proton therapy, which further calls for more accurate image guidance, uncertainty consideration,
and motion management. At the same time, a guiding protocol is needed to regulate the target

definition process further.

For IGRT technologies, CToR can provide high-quality volumetric imaging, but take
longer operation time and usually result in more diagnostic dose to patients. CBCT can also
provide volumetric IGRT but suffers from low image quality. Algorithms have been proposed to

enhance the quality of CBCT images®*-%. The 4D CBCT has also been developed for better image



guidance for mobile tumors®”-1%, In addition, improvements in CBCT can promote its use in daily

online adaptive therapy?3101-104,

Motion management is another major area that needs technology improvements. In the
robust optimization stage, 3D robust optimization with ITV as the target is the current clinical
routine. Centers equipped with the more recent research version of RayStation or dedicatedly
developed in-house tools had the capability of conducting the 4D robust optimization?37.105-109 |
the 4D robust optimization, multiple CT images from different phases (theoretically all but
typically representative) with CTVs (phase-specific delineation or copied from the corresponding
3D CT) as the main targets were incorporated to explicitly consider the respiratory motion in the
optimization algorithm through the 4D accumulated dose (4DD) on the reference CT or uniform
dose distributions on all the selected CTs, negating the need for an ITV. The 4DD on the reference
CT was the phase-averaged sum of the dose calculated on all incorporated phases and warped to
the reference CT via DIR. For simplicity, the two extreme respiratory phases (maximum inhalation
and exhalation) could be used in the 4D robust optimization?>%’. Note that the idea of 4D robust
optimization based on 4DCTs could be analogously translated to the robust optimization using
multiple DIBH CTs or multiple phase CTs* in the gating window. In the stage of plan evaluation,
the interplay effect should also be evaluated since newly built proton centers are equipped with
PBS-based proton machines. Unfortunately, like the multiple CT (4D CTs, or multiple DIBH CTs)
robust optimization, the interplay evaluation is only supported by a few in-house developed tools
developed*111-113 and the more recently research version of one of the vendors (RayStation).
Therefore, we recommend that proton centers engage vendors to provide to options of multiple CT
robust optimization and interplay effect evaluation. In the stages of treatment simulation and

treatment delivery, current technologies are performing indirect analysis of tumor motion, i.e.,



surrogate-based, for instance, lung volume, abdomen surface, abdominal pressure, etc. However,
the movement of surrogates is not necessarily synchronized with the tumor motion. Fluoroscopy
may help give internal anatomical information, yet only in 2D. Better motion analysis can be
achieved by (1) building a model that reflects the comprehensive relationship between tumor
motion and the motion of all the surrogates and (2) developing easily-invasive or non-invasive
techniques for direct motion analysis. The advances in motion analysis will further improve motion
management based on it, e.g., DIBH, abdominal compression, and gating. In addition, fast
treatment delivery and automated repainting from the hardware aspect is also desired for better

motion management.

MC methods are recognized to be more accurate than analytical algorithms for proton dose
calculation, especially in heterogeneous media, e.g., thoracic area. However, the time consumption
prevents the clinical use of MC with robust optimization due to intensive computation needs.
Recently, MC dose engines with simplified physics models and graphic processing unit (GPU)
acceleration have enabled the dose calculation of a typical proton plan within minutes, and even
seconds®’ 114121 \With the state-of-the-art super-fast MC dose engine, the MC-based robust
optimization (even multiple CTs-based) can be conducted, which will prominently improve the

dose accuracy in proton SBRT for lung cancer.

FLASH effect!?? where, with ultrahigh dose rate (UHDR, >40Gy/s) and high dose, normal
tissue radiosensitivity is significantly reduced whereas tumor control is maintained potentially
allows a novel radiation therapy modality to further increase the therapeutic ratio. A recent study*?
exploited the feasibility of proton FLASH-SBRT, using patient-specific ridge filters to spread the
Bragg peak from a fixed transmitting energy beam to a proximal beam-specific planning target

volume.



Artificial intelligence (Al)-based technology is the new boost to the radiotherapy
community in all aspects, let alone its applications people can expect for proton SBRT in lung
cancer treatment. Auto-segmentation of targets and organs is currently the most acknowledged
application of Al in radiotherapy. Al-based DIR?4126  the fundamental technology in calculating
4DD and 4DDD, has also been reported with equivalent or even better accuracy but dramatically
increased efficiency compared to the conventional DIR algorithms. Al-based denoising
technologies in MC dose engines can vastly improve the MC simulation efficiency with acceptable
accuracy*?’12_ Al-based dose engines have also been developed and can achieve MC simulation
equivalent accuracy within seconds for calculating a typical proton plan dose'?. We believe
incorporating Al-based technologies as an alternative or complementary method will further

promote using proton SBRT for lung cancer.

With the development of technologies, additional proton SBRT clinical trials need to be
carried out. By collecting the patient outcomes from clinical trials, proton centers need to (1)
provide evidence on the efficacy of proton SBRT in lung cancer treatment, (2) gather experiences
and establish protocols for a standard workflow of proton SBRT in lung cancer treatment and each
component within, (3) convince physicians, physicists, and insurance providers of the superior
effectiveness of SBRT in treating lung cancer, and (4) educate physicians and physicists to conduct

standardized proton SBRT for lung cancers.

This report showed the ongoing clinical use of proton SBRT for lung cancers. In this report,
we have tried to report how proton SBRT for lung cancers had been performed from different
proton centers to identify the challenges and to highlight areas in need of additional research and
development. Proton SBRT is quite complex and technology-intensive. No one report can include

all the needed information and provide omniscient instructions. Enrollment in a clinical trial is



encouraged for proton SBRT in lung cancer, as proton SBRT for non-small lung cancer is a
component of the recently activated NRG Oncology trial LU0O8, and we hope this report could

serve as a stepping stone for development of that and future clinical trial.
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