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Purpose:We investigated the feasibility of biology-guided radiotherapy (BgRT),

a technique that utilizes real-time positron emission imaging to minimize

tumor motion uncertainties, to spare nearby organs at risk.

Methods: Volumetric modulated arc therapy (VMAT), intensity-modulated

proton (IMPT) therapy, and BgRT plans were created for a paratracheal node

recurrence (case 1; 60 Gy in 10 fractions) and a primary peripheral left upper

lobe adenocarcinoma (case 2; 50 Gy in four fractions).

Results: For case 1, BgRT produced lower bronchus V40 values compared to

VMAT and IMPT. For case 2, total lung V20 was lower in the BgRT case

compared to VMAT and IMPT.

Conclusions: BgRT has the potential to reduce the radiation dose to proximal

critical structures but requires further detailed investigation.
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Introduction

In the last years, the role of stereotactic ablative radiation

therapy (SABR) has expanded dramatically with clinical trials

demonstrating an overall survival benefit of SABR for

oligometastatic disease and early-stage lung cancer (1–3). One

of the major limitations to expanding SABR to other systemic

sites is the anatomic proximity of many tumors to critical

structures that are particularly sensitive to radiation effects and

severe toxicities associated with respiratory-induced tumor

motion during SABR delivery (4). With improvements in

image guidance radiotherapy, recent advances in radiation

precision to reduce toxicity risk have included MR-guided

radiation therapy with an increase in soft tissue visualization

as well as real-time adaptive CT imaging (5, 6).

One approach to reducing surrounding normal tissue dose

during SABR is to increase the precision of radiation therapy

delivery. RefleXion Medical (Hayward, CA) aims to achieve this

by utilizing outgoing tumor positron emission tomography

(PET) imaging data to deliver a tracked dose to a moving

target during the normal breathing cycle, a concept called

biology-guided radiotherapy (BgRT). This may reduce the

dose to sensitive structures without the need for additional

motion management techniques. The first BgRT machine,

known as RefleXion X1®, is FDA cleared for intensity-

modulated radiotherapy (IMRT) and SABR, while the BgRT

component is available for investigational use.

In addition, the role of the biological signature from PET

images in characterizing oncological diseases (directed

personalized medicine) cannot be overemphasized. Studies

have shown that PET images plays a crucial role in generating

robust clinical trial data to support response-adapted treatment,

predict treatment outcome, and enhance tumor staging (7, 8).
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In this study, we investigated the feasibility of the BgRT dose

to various tumor-adjacent structures by performing a

preliminary dosimetric comparison to two other modern

radiation therapy techniques, volumetric modulated arc

therapy (VMAT) and intensity-modulated proton therapy

(IMPT), for two challenging thoracic tumors.
Methods and materials

About the RefleXion X1 system

RefleXion X1 radiotherapy machine
The RefleXion X1 radiotherapy machine is a linear

accelerator (linac) architecture with an integrated PET, an MV

detector, and a 16-slice fan beam kVCT subsystem, all mounted

on a 60 RPM rotatable slip-ring gantry (Figure 1) (9). The linac

component produces a 6-MV (flattening filter free) beam with a

nominal dose rate of 850 cGy/min. The X1 has a high-speed

binary multi-leaf collimator (MLC) with 64 leaves, each leaf

having a 6.25-mm width at the isocenter to achieve a highly

conformal treatment delivery. The PET subsystem of the X1

machine is designed to acquire PET emissions, which is useful

for creating BgRT plans and guiding the beamlet delivery

guidance in real time. It has two symmetrically opposed 90°C

arcs of PET detectors with 64 scintillation multi-pixel counter

(MPPC) modules on each arc. Animations illustrating the

technology and machine design are available at the RefleXion

website (10). For treatment delivery on the X1 machine, the

system leverages on the couch which operates in 5 degrees of

freedom and translates (in the IEC-Y direction) the patient

through the therapy plane to deliver the therapeutic beam to

the whole tumor length and also mitigate interplay effects.
FIGURE 1

An overview of the X1 radiotherapy system showing the major components (without the couch component).
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BgRT contouring
In standard treatment planning for respiratory induced

tumor, the internal target volume (ITV) is contoured based on

the tumor/gross tumor volume (GTV) motion extent provided

by the 4DCT images during the simulation CT acquisition.

In contrast, BgRT planning uses a single-phase GTV to

create a PTV from applying a biology-guidance margin (BgM)

which accounts for intrinsic biologic guidance localization

uncertainties to the GTV (Figure 2). A second volume

generated is the biology-tracking zone (BTZ) which

encompasses the motion extent of the GTV with addition of

the BgM. The BTZ is not a treatment volume but the limiting

region where the treatment dose would be delivered. It means

that the PET signal from outside the BTZ would not be a useful

information to guide the therapeutic beamlet delivery in real

time. Due to the PET biological signature, a 3-mm BgM was

chosen instead to account for biological localization

uncertainties in the BgRT workflow and algorithm. In

addition, a 4-mm isotropic expansion was included to account

for the BTZ dose delivery region extent. These expansions were

selected due to the spatial resolution of the RefleXion X1 PET

detectors (11). The BgRT planning process consists of first

defining the target coverage goals and organ-at-risk (OAR)

constraints and subsequently calculating a fluence mapping

from a planning PET image to achieve the desired dose

objectives using the cost function optimization process.
BgRT treatment planning system
BgRT delivers a radiotherapy plan to the tumor envelope

using the annihilated photons emanating from the PET avidity

tumor. It allows radiation dose delivery based on the collection

and processing of PET data from a radiotracer that is injected

into a patient on the day of treatment. In this way, BgRT

uniquely utilizes radiotracer uptake as a biological beacon for

targeting, tracking, and adjusting dose delivery in real time to
Frontiers in Oncology 03
account for target motion. Before treatment, patient PET data

are collected to evaluate the patient’s candidacy for BgRT

treatment. For 18F-FDG, the acceptable threshold for activity

concentration (AC) and the normalized tumor signal (NTS) are

5 kBq/cc and 2.7, respectively. However, these metrics may

change for non-FDG radiotracers.

The BgRT treatment planning system (TPS) is built to use the

PET data to optimize the treatment plans. The first step in the

treatment planning process is to import the CT simulation and CT-

defined RT structures to the BgRT TPS. Then, the physician will

define the prescribed dose objectives, and the patient is approved for

PET data acquisition procedure on the X1 machine. Post PET data

acquisition, the BgRT TPS algorithmwill then use the acquired PET

data to create a fluence map that will satisfy the prescribed dose

objectives. In this study, the PET data used for BgRT planning were

acquired on a third-party diagnostic static ring PET system (PET

data from the institutional archive) and extrapolated to a rotating

dual arc PET system on the X1 machine.

BgRT plan delivery
During BgRT delivery, the machine utilizes rapidly acquired

“limited time sampled (LTS)” PET images to guide the beam

using the mapping calculated during BgRT planning. The LTS

imaging data include 500 ms of data acquisition but are updated

every 100 ms in a sliding-window scheme. The average latency is

around 400 ms and is compensated by adding a BgRT-related

margin at the time of planning. This allows for tracked delivery

to the target in real time as it moves within the BTZ. The

updated LTS imaging data at the 100-ms interval is used to

calculate a partial fluence, which is segmented into machine

instruction to deliver the fluence until the whole planned dose is

delivered to the PET-avid tumor. BgRT accounts for various

treatment- and tumor-motion-related uncertainties, potentially

allowing its safe use to treat tumors that are both close to critical

structures and mobile (i.e., lung malignancies). A prior iteration

of the BgRT algorithm has been published (9, 12).
FIGURE 2

Schematic diagram showing the standard RT volumes (left) versus the BgRT volumes (8). IM, internal margin; SM, setup margin; BgM, biology-
guided margin; BTZ, biology-tracking zone.
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Patients and dose rationale

Because 4D-PET/CT data were required in order to create

BgRT plans at the time this study began, we accessed an archive

of patients with available 18F-FDG-PET/CT data without iodine

contrast collected through approved institutional review board

(IRB 2008-0853). From this set, two patients with lung tumors

amenable to SABR were selected for dosimetric analysis. All data

were appropriately anonymized.

The first patient was a 76-year-old woman who had been

treated twice with VMAT (once to 50 Gy in 10 fractions and the

second time to 60 Gy in 10 fractions) for a right middle lobe

bronchoalveolar carcinoma. Approximately 6 months after the

second treatment, a recurrence developed in a right lower

paratracheal node. This node was encompassed in the GTV,

which was expanded to create the planning target volume (PTV),

as described below. Plans for BgRT, VMAT, and IMPT were

created with the goal of administering 60 Gy in 10 fractions

(BED 96; a/b =10) to at least 95% of the PTV while attempting

to minimize the dose to the aorta, bronchus, chest wall, and

esophagus. This prescription was considered to be safe for using

SABR to treat centrally located tumors and was recently

confirmed by initial phase I results of RTOG 0813 data finding

12 Gy per fraction to be the maximal tolerated dose (13). In

addition, our institution had published data validating the

efficacy of treating central tumors in 10 fractions when unable

to meet normal structure constraints for four fraction plans (14).

This case was chosen for the difficulty in meeting normal-tissue

dose constraints because of the retreatment and the dose overlap

within critical structures.

The second treatment-plan comparison was for a 75-year-

old woman with a newly diagnosed 2.5 cm × 2.5 cm lung

adenocarcinoma in the left upper lobe, with close proximity to

the chest wall. BgRT, VMAT, and IMPT plans were created to

deliver 50 Gy in four fractions to at least 95% of the PTV while

attempting to minimize the chest wall V30 and the dose to the

left lung. This dose and fractionation produces a BED of 112.5,

and BED ≥100 has been retrospectively found to produce an

approximate 90% local control rate at 3 years (15).

Initial 4D positron emission tomography/computerized

tomography (PET/CT) data were obtained with a GE

Healthcare Discovery PET/CT 690.
Treatment planning parameters for
all plans

Because the patients selected from an IRB imaging study,

radiation planning was performed from the 4D-CT imaging

previously obtained as part of the study described above rather

than a standard CT simulation.
Frontiers in Oncology 04
VMAT and IMPT plans were created using commercial

treatment planning systems. BgRT plans were created using

research treatment planning software (v2017, RefleXion

Medical, Hayward, CA). The same planning goals and OAR

constraints were used for planning across all modalities (BgRT,

VMAT, IMPT). All three modalities for both patients were

normalized such that PTV D95, the fraction of the prescription

dose covering 95% of the PTV volume, was equal to the

prescribed dose (Drx) in order to facilitate comparison of

critical structure doses for all three modalities. A recent

retrospective analysis of early-stage lung cancers treated with

SABR noted higher rates of local control when PTV D95 BED10

was greater than 86 Gy, making PTV D95 an ideal normalization

metric (16). D1 (fraction of the prescription dose that covers 1%

of the PTV) was calculated for both cases to represent the

maximum PTV dose, which was then divided by the

prescribed dose to reflect differences in treatment heterogeneity.

For VMAT and IMPT plans, a GTV was contoured on a

single phase from the 4DCT scan. No other 4D imaging was

used to generate the treatment volume. For case 1, 6-mm

isotropic expansions to generate the PTV from the GTV were

chosen as mediastinal recurrences demonstrate minimal motion

within 7 mm (17). Additionally, due to prior radiation

treatment, smaller margins were chosen to minimize treatment

volumes and prior dose overlap. For case 2, 8-mm isotropic

expansion to generate the PTV from the GTV was utilized as

upper respiratory tumor display minimal motion (18).

VMAT planning
Volumetric modulation was achieved by using two dynamic

arcs per patient. The arc arrangement for case 1 consisted of a

total of 356° geometry starting at 182° and ending at 178°. The

arc arrangement for case 2 consisted of a total of 184° geometry

starting at 352° and ending at 176°. Collimation per arc was

chosen to maximize blocking adjacent structures while

providing adequate treatment to targets.

IMPT planning
Scanning-beam IMPT plans were created by using an inverse-

planning format and single-field optimization technique, meaning

that each beam individually covers the target. Appropriately

weighted objectives were used to maximize coverage and

conformality while minimizing hot spots. Care was taken

regarding beam selection to reduce exposure to normal tissues,

particularly critical structures distal to the target.

BgRT planning
The BgRT plan used the same GTV as the VMAT and IMPT

plan. However, because the BgRT can deliver a tracked dose of

radiation to a moving target, the range of motion of the target

does not need to be included in the PTV expansion.
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Results

Table 1 summarizes results for the two patients. In terms of

doses to critical structures for the first patient, BgRT delivered

comparable maximum point doses of 1 cc of the aorta (BgRT

56.4 Gy, VMAT 61.2 Gy, and IMPT 53.9 Gy) and 5 cc of the

aorta (47.9 Gy BgRT, 54.2 Gy VMAT, and 40.6 Gy IMPT). BgRT

decreased bronchus V40 values (38.7%) compared to 43.7% for

VMAT and 41.9% for IMPT, and bronchus D5cc doses (46.5 Gy

BgRT) compared to 54.6 Gy VMAT and 51.3 Gy IMPT. BgRT

esophageal V40 were lower (4.0%) than VMAT (10.6%) but

higher than IMPT (1.7%), while the D5cc values were similar

(1.8 Gy) to both VMAT (2.2 Gy) and IMPT (3.7 Gy). Similar

degrees of treatment inhomogeneity (D1/Drx) were present in

the BgRT (114.3%) and VMAT (113.1%) plans, but the IMPT

plan was higher (121.2%). CT images with isodose lines and the

corresponding DVH data are shown in Figures 3, 4.

For the second patient, involving SABR to the chest wall, the

BgRT chest wall V30 (1.4%) was less than those of VMAT (3.6%)

and IMPT (2.1%). Total lung V20 was also lower in BgRT (7.5%)

compared to VMAT (10.8%) and IMPT (9.3%). The D1/Drx for

the BgRT, VMAT, and IMPT plans were 114.9%, 108.6%, and

122.5%, respectively. CT images with isodose lines and the

corresponding DVH data are shown in Figures 5, 6.
Discussion

This preliminary treatment planning report investigated the

feasibility of using BgRT to deliver a therapeutic beam to adjacent

OAR and compare the dosimetric performance to VMAT or
Frontiers in Oncology 05
IMPT for the treatment of challenging thoracic tumors. Although

BgRT uses traditional linac technology with an integrated PET

subsystem, it represents an advancement in its consideration of

both tumor motion and treatment-related uncertainties.

Our first case involved a paratracheal lymph node relapse

after VMAT for two primary bronchoalveolar carcinomas in the

right middle lobe. A retrospective evaluation of the composite

dose to the aorta for 35 patients who received radiation as

retreatment for NSCLC showed that composite doses of >120 Gy

to 1 cc of the aorta correlated with high-grade aortic toxicity

(19). The location of the primary (previously treated) lesions

near the aorta in our first case (Figure 3) prompted us to evaluate

the aorta dose. We found that BgRT and IMPT would produce

similar maximum doses to 1 cc of the aorta and thus equivalent 1

cc composite doses. Additionally, a lower bronchus V40 (11%

lower in the BgRT plan than VMAT and 8% lower than in the

IMPT plan) could reduce the risk of radiation-induced bronchial

necrosis (20, 21).

In the second case, we investigated radiation exposure to the

total lung and chest wall for the treatment of an upper lobe

tumor, a situation commonly encountered in the clinic. A

previous investigation of SABR for thoracic tumors noted that

a chest wall V30 greater than 30 cc was associated with higher

rates of chest wall toxicity (22). Of the three treatment

techniques examined here, the BgRT plans had lower V30

values (27.8 cc) compared to VMAT and IMPT (71.1 cc and

40.6 cc, respectively). BgRT had the lowest V20 for the total lung

(7.5%) compared to IMPT (9.3%) or VMAT (10.8%), which is

notable because higher lung V20 values are associated with

increased risk of radiation pneumonitis (23). The ability of

BgRT to reduce exposure of the chest wall and lung could

reduce the risk of acute and chronic radiation-induced toxicity.

The primary goal of this study is to explore the feasibility and

potential of BgRT to reduce nearby organ dose. Nevertheless,

limitations are present in this dosimetric comparison study.

Because we compared treatment plans for only two patients, no

statistical comparisons were possible. Minor dose reductions to

nearby critical structure obtained by BgRT may not translate to a

clinical benefit. BgRT targets metabolically active tissue emitting

a positron from 18F tagged to a modified glucose unit; however,

elevated glucose metabolism occurs in a variety of conditions

other than cancer (24). This could lead to mistreatment of falsely

positive PET avid non-malignant conditions if not accounted.

Finally, smaller PTV expansion margins for BgRT plans

compared to IMPT and VMAT plans produce a smaller PTV

volume which reduces the dose to nearby structures. Further

experimental work is required to validate the safety of the 3-mm

GTV expansion margins used to create the PTV for the BgRT

plans. However, the purpose of the study was to explore the

dosimetric reduction potential of BgRT due to its ability to track

tumor motion and deliver radiation using PET signaling in real

time, which prompted the use of smaller margins than

conventional IMRT or VMAT planning. Finally, the authors
TABLE 1 Dose–volume statistics for the two clinical cases.

Case 1 BgRT VMAT IMPT

D1/Drx, %
Bronchus V40, % (cc)

114.3
38.7 (6.0)

113.1
43.7 (6.7)

121.2
41.9 (6.5)

Bronchus D1cc, Gy 61.2 64.9 64.9

Bronchus D5cc, Gy
Aorta V40, % (cc)
Aorta D1cc, Gy

46.5
7.6 (10.8)

56.4

54.6
10.7 (15.2)

61.2

51.3
3.5 (5.0)
53.9

Aorta D5cc, Gy 47.9 54.2 40.6

Esophagus V40, % (cc) 4.0% (0.6) 10.6 (1.7) 1.7 (0.3)

Esophagus D1cc, Gy
Esophagus D5cc, Gy

36.9
1.8

49.4
2.2

29.9
3.7

Mean lung, Gy
Lung V20, %
Chest wall V30, %

5.9
3.8
3.7

6.1
4.5
5.2

4.5
4.5
2.6

Case 2 BgRT VMAT IMPT

D1/Drx, %
Chest wall V30, % (cc)
Mean lung, Gy

115.0
1.4 (27.8)

4.7

108.7
3.6 (71.1)

5.7

122.6
2.1 (40.6)

4.6

Lung V20, %(cc) 7.5 (312.8) 10.8 (449.0) 9.3 (385.1)
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acknowledge that although our model attempts to limit the doses

to critical structures in the VMAT and IMPT plans, these dose

distributions may vary slightly in 4D gated plans, which is

currently under investigation.

Because BgRT utilizes positron emissions to target radiation,

logistical obstacles remain when integrating the technology into

clinical practice. Various steps in the workflow including

imaging, dose evaluation, and BgRT delivery require further

elucidation. Although radiation-induced inflammation tends to

peak at several weeks after treatment, high avidity in
Frontiers in Oncology 06
surrounding areas that are inflamed after single-fraction high-

dose radiation certainly poses an obstacle for use of BgRT (25).

Because patients undergoing BgRT would require daily

injections of a positron-emitting radioactive tracer, BgRT

would ideally be suited for patients who need high-dose

hypofractionated SABR treatment. The use of SABR has

increased over the past decade especially in the setting of

metastatic disease with or without immunotherapy (26–28).

BgRT could be applied in the oligometastatic setting,

improving the workflow and allowing SABR on a greater
FIGURE 4

Dose–volume histogram for case 1.
FIGURE 3

Isodose line images for case 1, involving a right lower paratracheal node recurrence after two VMAT regimens for a right middle lobe
bronchoalveolar carcinoma. Isodose lines depicted are 10 Gy (blue), 20 Gy (teal), 40 Gy (green), and 60 Gy (yellow). GTV is contoured in blue.
PTV displayed in red (6 mm GTV expansion for IMPT and VMAT and 3 mm for BgRT).
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number of isocenters. Because BgRT may be able to target the

GTV in real time, another possible approach to integrating it

into clinical practice would be for weekly boosts to IMRT.

In summary, because BgRT can provide real-time radiation

treatment independent of tumor motion, it has the potential to

be the next logical progression toward increasing precision of

radiation treatment. This preliminary investigation

demonstrates BgRT’s dosimetric feasibility compared to non-
Frontiers in Oncology 07
gated VMAT and IMPT. However, further investigation

effectively comparing BgRT to other photon and proton

treatment modalities to learn if BgRT has the potential to

reduce the dose to adjacent critical structures to a greater

extent is needed. Given the necessity for daily tracer injections,

BgRT is currently suited toward hypofractionated radiation.

However, as this technology enters into the clinic, novel

applications of BgRT into the classical 2-Gy per fraction
FIGURE 6

Dose–volume histogram for case 2.
FIGURE 5

Isodose line images for case 2, involving a newly diagnosed adenocarcinoma in the upper lobe of the left lung. Isodose lines depicted are 10 Gy
(blue), 20 Gy (teal), 40 Gy (green), and 50 Gy (yellow). GTV is contoured in blue. PTV displayed in red (8 mm GTV expansion for IMPT and VMAT
and 3 mm for BgRT).
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course require exploration, potentially as a boost. Going

forward, entirely new fractionation schedules could be

developed specifically to exploit the benefits of BgRT.
Data availability statement

The data analyzed in this study is subject to the following

licenses/restrictions: They are the CT Dicom datasets, which we

don’t have the privilege to share. Requests to access these

datasets should be directed to ooderinde@reflexion.com.
Author contributions

SS, RB, JW, and SM conceptualized the work. PO, OM, LT,

and YV supervised the work. SS and RB collected the data,

carried out the treatment planning, and analyzed the data. SS,

RB, JW, OO, SM, PO, OM, LT, JC, CW, PB, and YV wrote and

revised the manuscript. All authors contributed to the article and

approved the submitted version.
Frontiers in Oncology 08
Conflict of interest

JW is a member of the board of advisors and has equity at

RefleXion Medical. SM is the founder and CTO of RefleXion

Medical. YV is a software architect, RB is a medical physicist, PO

is a PET engineer at RefleXion Medical and OO is a clinical

scientist at RefleXion Medical.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Palma DA, Olson R, Harrow S, Gaede S, Louie AV, Haasbeek C, et al.
Stereotactic ablative radiotherapy for the comprehensive treatment of
oligometastatic cancers: Long-term results of the SABR-COMET phase II
randomized trial. J Clin Oncol (2020) 38(25):2830–8. doi: 10.1200/JCO.20.00818

2. Gomez DR, Tang C, Zhang J, Blumenschein GR Jr, Hernandez M, Lee JJ, et al.
Local consolidative therapy vs. maintenance therapy or observation for patients
with oligometastatic non-Small-Cell lung cancer: Long-term results of a multi-
institutional, phase II, randomized study. J Clin Oncol (2019) 37(18):1558–65. doi:
101200/JCO1900201

3. Chang JY, Mehran RJ, Feng L, Verma V, Liao Z, Welsh JW, et al. Stereotactic
ablative radiotherapy for operable stage I non-small-cell lung cancer (revised STARS):
long-term results of a single-arm, prospective trial with prespecified comparison to
surgery. Lancet Oncol (2021) 22(10):1448–57. doi: 10.1016/S1470-2045(21)00401-0

4. Chi A, Nguyen NP, Komaki R. The potential role of respiratory motion
management and image guidance in the reduction of severe toxicities following
stereotactic ablative radiation therapy for patients with centrally located early stage
non-small cell lung cancer or lung metastases. Front Oncol (2014) 4:151. doi:
10.3389/fonc.2014.00151

5. Luterstein E, Cao M, Lamb J, Raldow AC, Low DA, Steinberg ML, et al.
Stereotactic MRI-guided adaptive radiation therapy (SMART) for locally advanced
pancreatic cancer: A promising approach. Cureus (2018) 10(3):e2324. doi: 10.7759/
cureus.2324

6. Byrne M, Archibald-Heeren B, Hu Y, Teh A, Beserminji R, Cai E, et al. Varian
Ethos online adaptive radiotherapy for prostate cancer: Early results of contouring
accuracy, treatment plan quality, and treatment time. J Appl Clin Med Phys (2022)
23(1):e13479. doi: 10.1002/acm2.13479

7. Boellaard R, Delgado-Bolton R, Oyen WJ, Giammarile F, Tatsch K, Eschner
W, et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: version
2.0. Eur J Nucl Med Mol Imaging (2015) 42(2):328–54. doi: 10.1007/s00259-014-
2961-x

8. El Naqa I, Grigsby P, Apte A, Kidd E, Donnelly E, Khullar D, et al. Exploring
feature-based approaches in PET images for predicting cancer treatment outcomes.
Pattern Recognit (2009) 42(6):1162–71. doi: 10.1016/j.patcog.2008.08.011

9. Oderinde OM, Shirvani SM, Olcott PD, Kuduvalli G, Mazin S, Larkin D, et al.
The technical design and concept of a PET/CT linac for biology-guided
radiotherapy. Clin Transl Radiat Oncol (2021) 29:106–12. doi: 10.1016/
j.ctro.2021.04.003
10. Available at: https://reflexion.com/our-technology/.

11. Hu Z, Ferri V, Iagaru A, Kovalchuk N, Han B, et al. Image-mode
performance characterisation of a positron emission tomography subsystem
designed for biology-guided radiotherapy (BgRT). Br J Radiol (2022).

12. HrinivichWT, Phillips R, Da Silva AJ, Radwan N, Gorin MA, Rowe SP, et al.
Online prostate-specific membrane antigen and positron emission tomography-
guided radiation therapy for oligometastatic prostate cancer. Adv Radiat Oncol
(2020) 5(2):260–8. doi: 10.1016/j.adro.2019.10.006

13. Bezjak A, Paulus R, Gaspar LE, Timmerman RD, Straube WL, Ryan WF,
et al. Safety and efficacy of a five-fraction stereotactic body radiotherapy schedule
for centrally located non-Small-Cell lung cancer: NRG Oncology/RTOG 0813 trial.
J Clin Oncol (2019) 37(15):1316–25. doi: 10.1200/JCO.18.00622

14. Chang JY, Li QQ, Xu QY, Allen PK, Rebueno N, Gomez DR, et al.
Stereotactic ablative radiation therapy for centrally located early stage or isolated
parenchymal recurrences of non-small cell lung cancer: how to fly in a "no fly
zone". Int J Radiat Oncol Biol Phys (2014) 88(5):1120–8. doi: 10.1016/
j.ijrobp.2014.01.022

15. Onishi H, Shirato H, Nagata Y, Hiraoka M, Fujino M, Gomi K, et al.
Hypofractionated stereotactic radiotherapy (HypoFXSRT) for stage I non-small cell
lung cancer: updated results of 257 patients in a Japanese multi-institutional study. J
Thorac Oncol (2007) 2(7 Suppl 3):S94–100. doi: 10.1097/JTO.0b013e318074de34

16. Zhao L, Zhou S, Balter P, Shen C, Gomez DR, Welsh JD, et al. Planning
target volume D95 and mean dose should be considered for optimal local control
for stereotactic ablative radiation therapy. Int J Radiat Oncol Biol Phys (2016) 95
(4):1226–35. doi: 10.1016/j.ijrobp.2016.01.065

17. Schmidt ML, Hoffmann L, Knap MM, Rasmussen TR, Folkersen BH,
Toftegaard J, et al. Cardiac and respiration induced motion of mediastinal
lymph node targets in lung cancer patients throughout the radiotherapy
treatment course. Radiother Oncol (2016) 121(1):52–8. doi: 10.1016/
j.radonc.2016.07.015

18. Liu HH, Balter P, Tutt T, Choi B, Zhang J, Wang C, et al. Assessing
respiration-induced tumor motion and internal target volume using four-
dimensional computed tomography for radiotherapy of lung cancer. Int J Radiat
Oncol Biol Phys (2007) 68(2):531–40. doi: 10.1016/j.ijrobp.2006.12.066

19. Evans JD, Gomez DR, Amini A, Rebueno N, Allen PK, et al. Aortic dose
constraints when reirradiating thoracic tumors. Radiother Oncol (2013) 106
(3):327–32. doi: 10.1016/j.radonc.2013.02.002
frontiersin.org

https://doi.org/10.1200/JCO.20.00818
https://doi.org/101200/JCO1900201
https://doi.org/10.1016/S1470-2045(21)00401-0
https://doi.org/10.3389/fonc.2014.00151
https://doi.org/10.7759/cureus.2324
https://doi.org/10.7759/cureus.2324
https://doi.org/10.1002/acm2.13479
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1016/j.patcog.2008.08.011
https://doi.org/10.1016/j.ctro.2021.04.003
https://doi.org/10.1016/j.ctro.2021.04.003
https://reflexion.com/our-technology/
https://doi.org/10.1016/j.adro.2019.10.006
https://doi.org/10.1200/JCO.18.00622
https://doi.org/10.1016/j.ijrobp.2014.01.022
https://doi.org/10.1016/j.ijrobp.2014.01.022
https://doi.org/10.1097/JTO.0b013e318074de34
https://doi.org/10.1016/j.ijrobp.2016.01.065
https://doi.org/10.1016/j.radonc.2016.07.015
https://doi.org/10.1016/j.radonc.2016.07.015
https://doi.org/10.1016/j.ijrobp.2006.12.066
https://doi.org/10.1016/j.radonc.2013.02.002
https://doi.org/10.3389/fonc.2022.921473
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Seyedin et al. 10.3389/fonc.2022.921473
20. Mehta AC, Dweik RA. Necrosis of the bronchus. role of radiation. Chest
(1995) 108(5):1462–6. doi: 10.1378/chest.108.5.1462

21. Antunes A, Gomes J, Neves S, Oliveira A, Almeida J, JM ES, et al. Necrosis of
bronchus in lung cancer. J Bronchology Interv Pulmonol (2011) 18(4):348–51. doi:
10.1097/LBR.0b013e318235d805

22. Dunlap NE, Cai J, Biedermann GB, Yang W, Benedict SH, Sheng K, et al.
Chest wall volume receiving >30 gy predicts risk of severe pain and/or rib fracture
after lung stereotactic body radiotherapy. Int J Radiat Oncol Biol Phys (2010) 76
(3):796–801. doi: 10.1016/j.ijrobp.2009.02.027

23. Yamashita H, Takahashi W, Haga A, Nakagawa K. Radiation pneumonitis
after stereotactic radiation therapy for lung cancer.World J Radiol (2014) 6(9):708–
15. doi: 10.4329/wjr.v6.i9.708

24. Barthel H, Schroeter ML, Hoffmann KT, Sabri O. PET/MR in dementia and
other neurodegenerative diseases. Semin Nucl Med (2015) 45(3):224–33. doi:
10.1053/j.semnuclmed.2014.12.003
Frontiers in Oncology 09
25. Ulaner GA, Lyall A. Identifying and distinguishing treatment effects and
complications from malignancy at FDG PET/CT. Radiographics (2013) 33
(6):1817–34. doi: 10.1148/rg.336125105

26. Lin AJ, Roach M, Bradley J, Robinson C. Combining stereotactic body
radiation therapy with immunotherapy: current data and future directions. Transl
Lung Cancer Res (2019) 8(1):107–15. doi: 1021037/tlcr20180816

27. Palma DA, Olson R, Harrow S, Gaede S, Louie AV, Haasbeek C, et al.
Stereotactic ablative radiotherapy versus standard of care palliative treatment in
patients with oligometastatic cancers (SABR-COMET): a randomised, phase 2, open-
label trial. Lancet (2019) 393(10185):2051–8. doi: 10.1016/S0140-6736(18)32487-5

28. Videtic GM, Hu C, Singh AK, Chang JY, Parker W, Olivier KR, et al. A
randomized phase 2 study comparing 2 stereotactic body radiation therapy
schedules for medically inoperable patients with stage I peripheral non-small cell
lung cancer: NRG oncology RTOG 0915 (NCCTG N0927). Int J Radiat Oncol Biol
Phys (2015) 93(4):757–64. doi: 10.1016/j.ijrobp.2015.07.2260
frontiersin.org

https://doi.org/10.1378/chest.108.5.1462
https://doi.org/10.1097/LBR.0b013e318235d805
https://doi.org/10.1016/j.ijrobp.2009.02.027
https://doi.org/10.4329/wjr.v6.i9.708
https://doi.org/10.1053/j.semnuclmed.2014.12.003
https://doi.org/10.1148/rg.336125105
https://doi.org/1021037/tlcr20180816
https://doi.org/10.1016/S0140-6736(18)32487-5
https://doi.org/10.1016/j.ijrobp.2015.07.2260
https://doi.org/10.3389/fonc.2022.921473
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The potential of biology-guided radiation therapy in thoracic cancer: A preliminary treatment planning study
	Introduction
	Methods and materials
	About the RefleXion X1 system
	RefleXion X1 radiotherapy machine
	BgRT contouring
	BgRT treatment planning system
	BgRT plan delivery

	Patients and dose rationale
	Treatment planning parameters for all plans
	VMAT planning
	IMPT planning
	BgRT planning


	Results
	Discussion
	Data availability statement
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


