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Adaptive hypofractionted and
stereotactic body radiotherapy
for lung tumors with real-time
MRI guidance

John M. Bryant1†, Austin J. Sim1,2†, Vladimir Feygelman1,
Kujtim Latifi 1 and Stephen A. Rosenberg1*

1Department of Radiation Oncology, H. Lee Moffitt Cancer Center & Research Institute, Tampa,
FL, United States, 2Department of Radiation Oncology, Comprehensive Cancer Center – The James
Cancer Hospital, Columbus, OH, United States
The treatment of central and ultracentral lung tumors with radiotherapy remains an

ongoing clinical challenge. The risk of Grade 5 toxicity with ablative radiotherapy

doses to these high-risk regions is significant as shown in recent prospective

studies. Magnetic resonance (MR) image-guided adaptive radiotherapy (MRgART)

is a new technology and may allow the delivery of ablative radiotherapy to these

high-risk regions safely. MRgART is able to achieve this by utilizing small treatment

margins, real-time gating/tracking and on-table plan adaptation to maintain dose

to the tumor but limit dose to critical structures. The process of MRgART is

complex and has nuances and challenges for the treatment of lung tumors. We

outline the critical steps needed for appropriate delivery of MRgART for lung

tumors safely and effectively.
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1 Introduction

Despite the widespread use of stereotactic body radiation therapy (SBRT) and image

guided radiotherapy (IGRT) for the treatment of primary and metastatic lung tumors (1–6),

central (7, 8) and ultra-central lesions (9, 10) remain a therapeutic challenge for safe delivery

of ablative radiation doses using conventional linear accelerators. Specifically, ablative doses

near central structures, such as the esophagus, proximal bronchial tree, and great vessels have

generated concerning toxicity signals in prior randomized controlled trials, even with slightly

lower doses per fraction (9) (Figure 1). Indeed, in the recently reported Nordic-HILUS trial,

delivery of 56 Gy in eight fractions to lesions adjacent to these central structures resulted in a

grade 5 toxicity rate of 15.4% (9). The toxicity in the Nordic-HILUS trial may be secondary to

significant hot spots (150% of prescription), heterogeneity in organs at risk (OAR)

segmentation, and not delineating the walls of critical organs (i.e. mainstem bronchi) (12).
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Although there is no consensus for defining ultracentral lung tumors,

our institution has adapted the Nordic-HILUS trial’s definition of ≤

1cm from the proximal bronchial tree. The highest risk patients are

those with tumors within 1 cm of the trachea and mainstem bronchi

(Group A in the Nordic-HILUS trial) as they had the highest risk of

death from treatment.

Respiratory and cardiac motion during radiotherapy necessitates

adequate motion management strategies to account for tumor

movement (13–15). An example includes the use of an internal

target volume (ITV) approach that results in larger treatment

volumes (16). These larger volumes may increase overlap with

critical OAR which may increase the rate and severity of potential

toxicities. This necessitates a trade-off between toxicity and potential

for local control in high-risk locations (17). These are critical

considerations in the central/ultracentral locations due to the

movement of OAR or slight changes in set up that alter the airway

position in relation to the tumor (Figure 2). With standard IGRT,

imaging and beam delivery are typically not simultaneous and must

be delicately balanced for the optimization of dose placement, which

represents a significant daily challenge for many clinicians (18).

However, the advent of magnetic resonance (MR) image-guided

adaptive radiotherapy (MRgART) has demonstrated promise in

mitigating many of these impediments, leading to the best of both
Frontiers in Oncology 02
worlds: ensuring adequate ablative dose, while at the same time

minimizing OAR doses to unprecedented levels (19, 20).

In this paper, we will review the workflow that our institution uses

to perform MRgART for central and ultracentral lung tumors. This

workflow incorporates the MRIdian (ViewRay Technologies Inc,

Oakwood Village, Ohio), a 0.35T MR linear accelerator (MRL), that

has a unique real-time tracking feature. This is important because the

motion management enabled by this feature underpins this process.
2 Patient selection

Radiotherapy always requires careful patient selection, however,

due to the functional design and geometry of MRgRT systems, proper

patient selection requires additional considerations prior to

simulation. The key aspects include (1) body habitus and (2)

presence of claustrophobia, given the narrow bore (70 cm diameter)

of both commercially available MRL systems (21, 22). While there are

no current effective strategies to deal with body habitus, many

patients can tolerate MRgRT with low-dose anxiolytics. The (3)

presence of MR-incompatible devices and implants must also be

considered and every institution utilizing MRgRT should implement

an effective MRI safety screening protocol. Patients must also be able
FIGURE 1

There is no consensus definition of ultracentral lung tumors. The Nordic-HILUS trial defines ultracentral targets as ≤ 1cm from the proximal bronchial tree,
which is also used at our institution. These close tumors may lead to high dose to critical organs such as proximal airways and the esophagus. This is a TRUFI
sequence on the MRIdian system showing an ultracentral tumor with doses approaching critical organs such as the esophagus and trachea (11).
frontiersin.org

https://doi.org/10.3389/fonc.2023.1061854
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Bryant et al. 10.3389/fonc.2023.1061854
to (4) lie flat and (5) hold their breath for at least 25 seconds for the

simulation scan, in addition to longer time intervals for treatment

delivery, particularly when respiratory gating is used for motion

management. Treatment times are significantly longer when using

an adaptive workflow, and therefore, patients must also (6) be able to

extend their arm(s) cranially for extended periods of time, which can

be more than 60 to 90 minutes.
3 Simulation

When scheduling for simulation (SIM), care must be taken to

schedule both an MR simulation for target delineation, as well as a

computed tomography (CT) simulation to acquire electron density

data. These scans are preferably performed in immediate succession

during the same patient visit to obtain the most accurate image

registration for subsequent dose calculations. Patients are taken to the

MRL and placed in a supine position between the flexible body coils,

with their arms up on an MR-safe wing board. Although having both

arms cranially extended is ideal to ensure the maximum number of

possible beam angles, patients with limited mobility and/or other

range of motion limitations may be simulated with one arm up

(ipsilateral to the tumor), or in the worst case, with both arms by their

side. No further immobilization is typically required. During

simulation, a 25-second 3D balanced fast imaging with steady-state

free precession (TRUFI) sequence (23) is obtained while the patient

performs a deep inspiratory breath hold (DIBH). A representative

sagittal slice containing the primary tumor is identified. This region of

interest (ROI) is then contoured on three consecutive sagittal slices to

create a tracking structure. A 3 mm isotropic expansion of the

tracking structure is then created to form a “boundary structure”

(i.e., gating envelope) for real time gating during treatment delivery at

our institution. The gating boundary structure should be completely

encompassed by the planning target volume (PTV) to ensure

appropriate dosimetric coverage. A 25-30-second cine sequence is
Frontiers in Oncology 03
obtained while the patient is performing cycling of breath hold and

free breathing maneuvers to ensure appropriate tracking and duty

cycle for treatment delivery. A percentage excursion threshold of the

tracking structure (i.e., primary tumor) outside of the boundary

structure is typically set at <5% to trigger beam on at our center.

Other institutions utilize a <5-20% trigger for beam on as long as the

PTVmargin is bigger than the boundary structure—for example if the

gating structure is the ROI (most commonly the tumor) expanded by

3 mm and the PTV margin is say 5 mm (20). The patient is

subsequently marked at the laser sites and taken to the CT

simulator after MR sim.

The patient is then placed in an identical supine position as they

were the MR-Linac at the CT simulator, complete with dummy coils,

and undergoes a deep inspiratory breath hold scan (DIBH). It should

be noted that this contrasts with a 4D CT scan that is typically done

for conventional SBRT when using an ITV approach. Some centers

utilize a shallow breath hold technique or a mid-respiratory cycle

approach. Our center uses DIBH if it is tolerated by the patient. If this

is not tolerated, we will often use a free breathing approach. There has

also been increased interest across centers to utilize 2-3 L of nasal

oxygen during treatment to improve tolerability and gating duty cycle

for treatment. We currently use this intermittently as needed.
4 Contouring

A static breath hold MRI is used to contour the gross tumor

volume (GTV) because MR guidance can utilize real-time gating.

Although the MR is the primary data set for contouring, the CT can

be valuable to help delineate tumor spiculations and OAR (e.g.,

airways). Therefore, the appropriate fusion of the CT and MR

images is critical for appropriate tumor and OAR delineation. The

GTV is isotropically expanded by 3 mm to create the nominal

planning target volume (PTV) and is equivalent to our

boundary structure.
FIGURE 2

In these ultracentral locations, there may a shift of anatomy secondary to setup uncertainty and movement of nearby critical organs (i.e., esophagus),
which may lead to an unacceptably high dose to these critical organs. (A) shows a patient with an ultracentral lung cancer at MR-simulation. (B) shows a
shift of the esophagus and trachea relative to the tumor before contours are adapted (changed to the anatomy of the day).
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A key aspect of contouring these structures is appropriate

contouring of OAR. Most importantly, this means including the

walls for tubular critical structures such as the esophagus and

proximal bronchial tree. The contour of these OAR should not be

only the air within these structures, as this may lead to incidental hot

spots within the walls during initial planning or adaptation. The

proximal bronchial tree includes the distal 1/3 of the trachea,

mainstem bronchi and lobar bronchi until segmental bifurcation

occurs. For simplicity, we often include the entire trachea as part of

the proximal bronchial tree contour. The entire course of the

esophagus should be contoured through the thorax. Again, it is

critical that the wall of the esophagus is included in this contour.

The great vessels are often underappreciated in contouring these

cases. It is important to include the walls of these vessels to ensure hot

spots are not being placed there. Although we include great vessels as

part of our contours (aorta, superior vena cava and pulmonary
Frontiers in Oncology 04
artery), we will also contour out the brachiocephalic vessels and the

azygous vein if within 2-3 cm of the target (Figure 3).

The PTV is then expanded by 2 cm sup/inf and 3 cm radially to

create an “OAR eval” structure, within which the OAR will be

recontoured daily for adaptive treatment. OAR that require

contours within this ring are any critical structures that include the

lungs, spinal cord, chest wall, heart, esophagus, proximal bronchial

tree (PBT) (7), and the brachial plexus if indicated, as they are in

conventional lung SBRT plans. Additionally, the great vessels (i.e.,

aorta, superior vena cava, and pulmonary artery) are typically

contoured separately to extend at least 2 cm beyond both the

cranial and caudal extent and, in addition, 3 cm beyond the radial

extent of the PTV (Figure 3). At our institution, we are not typically

recontouring the GTV daily for these patients. However, if there is a

change in tumor volume secondary to necrosis/edema, this may

necessitate adjusting the GTV contour and recreating the PTV
FIGURE 3

The OAReval structure is generated by taking the PTV and expanding 2 cm sup/inf and 3 cm radially. Central and ultracentral structures should be
contoured to ensure inclusion of the wall of critical structures such as the esophagus and airways (i.e., trachea, mainstem). The focus of adaptive
recontouring will be on OAR within the OAReval structure. However, it is critical to ensure an appropriate spinal cord contour is present. At our
institution, we recommend contouring all great vessels (Aorta, SVC, etc.). However, we also include the brachiocephalic and azygous if they fall within
the OAReval to ensure that they do not receive doses above 105% of the prescription.
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(with the same 3 mm isotropic expansion). Of note, there are some

centers that recontour the GTV daily with each fraction.

Central OAR that may trigger adaptation, including the PBT,

great vessels, and esophagus are combined into a single structure and

expanded by 3 mm to create an avoidance structure (OAR+3mm).

This avoidance structure is then subtracted from the nominal PTV to

generate a PTVopti structure that drives the optimizer and can be

modified by the daily adaptation process. The Boolean logic on the

structures that are expected to change daily is saved as rules that can

be easily applied during adaptation. Since all structures must have

placeholders prior to daily adaptations, the appropriate density

control structures are always added. At our institution, we use

densWater, densAir, and densOther structures as needed (Figure 4).
5 Planning

Our institutional practice is typically to treat the central and

ultracentral lesions to either 50 Gy in 5-10 fractions, 60 Gy in 8

fractions, or 60 Gy in 15 fractions, depending on the histology and

anatomic location. The most common dose and fractionation is 60 Gy

in 8 fractions. Our goals are to ensure we approach a biological

effective dose (BED) of at least 100 Gy for these regions while

respecting OAR tolerances (24). We limit the Dmax (single voxel,

2 mm isotropically) within these tumors to 120-125% of the

prescription dose. For critical OAR such as the great vessels and the

PBT when delivering 60 Gy in 8 fractions, we try to limit the Dmax to

105% of the prescription. To be conservative, we try to limit the

esophagus to 40 Gy Dmax over 8 fractions (Figure 1). Previous studies

have shown that D1cc<40 Gy to the esophagus has a low risk of

toxicity with 8 fraction treatment (11). The importance of low

esophageal dose in central and ultracentral tumors is critical as

esophagus may be associated with significant motion between

fractions (Figure 2). These dose constraints are consistent (and may

be more conservative in some instances) than those used in the
Frontiers in Oncology 05
SUNSET trial (NCT03306680). These plans typically have

approximately 15-18 beams and 50 segments although there can be

significant variance depending on lesion size, OAR locations, and if

stricter OAR constraints are utilized by the physician due to increased

concern of toxicity.

In addition to standard dose constraints for OAR dependent on

the dose/fractionation and the anatomy of the day, additional pre-

defined metrics are used as thresholds to trigger daily adaptation.

While every effort is taken to obtain the optimal plan, the option of

daily online adaptation allows for some additional flexibility in

accepting suboptimal plans a priori with the understanding that

online adaptation allows for incremental optimization based on the

anatomy of the day. The goal of treatment is isotoxic dose delivery to

tumor, i.e., ensuring a maximum cumulative BED during a course of

treatment while minimizing toxicity.

It is a good strategy to have a standardized plan labeling strategy

for the final approved base plan and each adaptive plan to minimize

confusion. For example, there could be up to nine total plans for a

patient if they are being treated with 60 Gy in 8 fractions. At our

institution, the final approved base plan is appended with the suffix

notation of “_A0.” Adaptive plans will thus be labeled in iterative

succession with the trailing integers representing the fraction number.

It is not necessary to use this labeling system but utilizing a

standardized system that is understood by all users will help

minimize errors in proper plan identification.
6 Technical considerations

Although MRgART has many advantages, including tighter

margins, real-time gating, and adaptive replanning, significant

challenges remain to overcome central and ultracentral lung lesion

treatment limitations. This includes the low proton density of the lung

and artifacts secondary to air-tissue interfaces in addition to both

cardiac and respiratory motion (25).
FIGURE 4

Secondary to changes in position to critical OAR, adaptive planning is pursued to decrease doses to critical OAR while maintaining high dose to the
tumor. To develop an adaptive plan, a PTVopti (PTVoptimization) is generated for the optimizer to re-plan based on the anatomy of the day. The PTV at
our institution is a 3 mm expansion from the GTV (A). The PTVopti is generated by taking the critical OAR and expanding them by 3 mm—we then take
the PTV minus the OAR+3mm to generate the PTVopti (B). This allows for appropriate fall off dose toward critical OAR.
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At this point, treatment planning for lung malignancies requires a

CT scan in the same respiratory phase as the planning MRI (see above

for simulation). MRI-only planning with a “synthetic CT” is hard to

implement in lung where the density can vary significantly (i.e.,

between 0.02 to 0.3 g/cm3) depending on the patient characteristics

and respiratory state (26). While MRI-based segmentation could

differentiate between air, lung, tissue and bone, a CT is needed to

estimate the lung density, which in turn affects the tumor coverage

and the normal lung dose (27). The bulk lung density assignment is

definitely not dosimetrically appropriate and it remains to be seen if

machine learning approaches could eventually become reliable in

determining the actual lung density (28). As of now, the thorax is not

a region that is believed to be feasible initially with MRI-only planning

techniques (29).

Deformable image registration in MRIdian is usually sufficiently

accurate to properly align the soft tissue/tumor, lung, and airways

between the MRI and CT datasets. To achieve a more accurate

deformable registration, the MR and CT scans should be done in

the same setup and in a relatively short time from each other,

preferably with MR sim being done first with CT reproducing its

setup shortly after. Unlike in the abdomen, manual replacement of air

density with tissue or vv. is virtually never required. The standard

motion management strategy is a combination of breath hold with

real time tumor gating technique with either fixed gantry angle 3D or

step-and-shoot intensity-modulated RT (IMRT) beam delivery. The

intrafractional MR cine of the MRIdian provides sufficient real time

tumor motion visibility to accurately gate the tumor directly without

relying on any indirect techniques despite magnetic interference of

nearby electrical motors. This method results in the least amount of

normal tissue irradiation compared to other motion-management

techniques, but it is also the slowest (30, 31).
7 Daily adaptive workflow

At our institution, the steps of the MRgART workflow outlined

below are embedded in formal checklists that are followed during

both the initial planning and adaptive treatment phases. We

encourage any new center looking to develop and implement an

MRgART program to develop similar checklists to ensure each step in

the adaptive processes is followed in a consistent manner.
7.1 Positioning

Daily online adaptation is performed while the patient is

positioned on the table reproducing the simulation set up. A new

3D MR scan of the day is obtained with the field of view including the

entirety of the target with a superior/inferior margin and the entirety

of corresponding patient anatomy. Positional adjustments are limited

to 3D translations only. The translational shifts are based on manual

primary tumor alignment and approved by the physician. An external

contour corresponding to the new patient scan/position is

automatically generated. It serves as a guide for the system to

determine if the shifts can be executed safely. Once confirmed, the

shifts are executed. The target volumes are always rigidly translated

and aligned from the simulation MR to the daily volumetric MR scan
Frontiers in Oncology 06
frame of reference. The OAR also need to be segmented on the daily

MR. At our institution, we found that rigid registration has been the

most consistent starting point in the thorax as compared to

deformable registration. The electron density map from a

simulation CT deformably registered to the daily MR is examined

and necessary overrides, if any, could be performed using the pre-

defined density control structures.
7.2 Adaptive re-contouring

The tracking structure, which is usually based on the GTV, is then

evaluated, and modified if necessary by a properly trained radiation

therapist. To save time, the OAR are typically edited only within the

bounds of the focused OAReval ring. However, the spinal cord is

always segmented, and dose verified even if it lies outside the OAReval

structure. Although the rigidly translated lung contours do not need

to be perfect on the daily MR, they should reasonably approximate the

daily anatomy to ensure that lung dose is appropriately accounted for.

At our institution, adaptive OAR contouring is a team effort, initially

completed by the radiation therapist or radiation oncologist trainee,

followed by a thorough review by an attending physician with

experience in adaptive radiotherapy.

GTV volume edits are usually not required because plan contours

are aligned to the target on the daily MR image and there are typically

minimal geometric changes of the target over the course of treatment

to justify edits to the GTV (i.e., the original GTV is able to encompass

the target). However, GTV edits are necessary if target geometry has

changed enough where the original contour no longer appropriately

delineates the tumor edges or if an interface with an abutting OAR

evolves over the course of treatment as such so that the GTV now

overlaps with the OAR. We realize there are institutions that do edit

the GTV daily for adaptive treatment. In our practice, we have found

that with SBRT (8 fractions or less) there is minimal change in the

tumor volume over a treatment course that necessitates daily GTV

edits (exceptions do exist). If edits are made to the GTV then the PTV

volumes must be regenerated as stated above. After the attending

physician is satisfied with the segmentation effort, the OAR contours

are cleaned up according to the pre-determined software protocol

(these settings are user defined and we use them to remove holes,

smooth out edges, and remove disconnected contours). Pre-set

Boolean rules are then applied to generate the new PTVopti. The

nominal PTV remains unchanged during this process, unless the

GTV was modified. A useful check of the adaptive process is to watch

the PTVopti change with application of the rules.
7.3 Dose Prediction

A prior plan, which can be the base plan or a previous adapted plan,

is recalculated on the daily imaging dataset taking the isocenter shift

into account. The target and recontoured OAR metrics achieved by

either the base plan or a prior adapted plan on the daily MR anatomy

scan are then evaluated. If any target coverage or OAR constraint

violations occur, a decision is made to either pursue a simple weight

optimization (i.e., changing the relative distribution of monitor units

[MUs] between the beamlets without changing their shape or number)
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or to immediately proceed to a full re-optimization, whereby the

beamlets will change based upon whether the cost function is

modified. The beam angles never change. After reoptimization, the

new plan may still require manual reoptimization to meet any of the

critical metrics, including target coverage or OAR constraint(s).

The original plan generated on the always remains available for

treatment should it be chosen after reoptimization. Once an optimal

plan is chosen based on the DVH metrics snapshot, the crucial last

step is to review the isodose lines through the target level and within

2 cm superiorly and inferiorly. This is a good practice since even if the

pre-defined DVHmetrics are all met, unexpected hot spots away from

the target or lack of coverage conformality could be easily visualized

and further corrected by replanning if necessary (Figure 5).

At the end of the planning process patient-specific dosimetric

quality assurance must be performed as with any inversely planned

treatment. It must rely on independent dose recalculation since a pre-

treatment measurement is obviously not possible with a patient on the

table. To that end, the MRIdian system has a second Monte Carlo

calculation engine that relies on a code completely different from the

main one. The two dose distributions are compared by gamma-analysis

(32). The gamma analysis is performed with 2% (local normalization)

dose-error threshold, 2 mm distance-to-agreement threshold, and 10%

of the maximum dose analysis cut off threshold.While 95% passing rate

with 3%/2mm dose-error/distance to agreement threshold should be

considered acceptable (33), in our experience 100% agreement with

more stringent 2%/2mm criteria is typically achieved. Also, the total

MUs for the daily online adapted plan are compared to the original

plan and recorded prior to treatment delivery.
7.4 Dose delivery

A MR-compatible monitor is installed on the far wall of the vault

where the bore axis intersects it, as a visual aid for coaching the
Frontiers in Oncology 07
patient to keep their breath held at the needed respiratory position.

The monitor replicates the pertinent portions of the operator console

screen, most importantly the moving tracking structure and the

stationary gating envelope. The patient can see the monitor in a

mirror thus receiving feedback on their efforts to hold the breath in

the optimal position as instructed by the therapists.

If the anatomy at simulation was not representative (e.g.,

underinflated lungs) or an optimal plan was not achievable, causing

the new online daily adapted plan to be clearly superior, it may be

saved as the new default base plan for future fractions. If keeping the

tracking structure within the boundary structure proves challenging,

the team may elect to liberalize the voxel excursion percentage to

above 5% to achieve a practical duty cycle depending on PTV margins

and the clinical context.
7.5 After the treatment course

Patients must be closely monitored for toxicity. Per our

institutional experience, the approach has been associated with

excellent primary tumor control and minimal toxicity with

presentations and manuscripts pending (Figure 6). However, these

patients remain at risk for regional (i.e., lymph node) failure and

should be followed closely with serial CT scans.
8 Conclusion

MRgART allows for ablative doses to be delivered safely to central

and ultracentral lung lesions, to achieve improved local control while

minimizing toxicity. However, the proper use of this technique is

required to ensure that OAR remain protected from ablative doses. In

this guide, we have reviewed our institution’s MRgART workflow that

allows us to achieve the necessary target coverage while respecting the
FIGURE 5

Although all the constraints for adaptive replanning may be met, a critical last step is to evaluate the isodose lines. This may be secondary to contouring
errors that could be overlapping into an inappropriate location. Additionally, a lack of conformality to the plan may lead to the prescription isodose line
not following the target. In this figure, all the constraints are met but the plan lacks appropriate conformality and another iteration of adaptive re-
planning may be warranted.
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OAR’ tolerances. This appears to be a practical and consistent interim

approach with MRgART, as we await the results of the prospective

LUNG STAAR trial (NCT04917224).
Data availability statement

The original contributions presented in the study are included in

the article/supplementary material. Further inquiries can be directed

to the corresponding author.
Author contributions

All authors confirm contribution to the paper as follows:

conception, design and drafting of the manuscript. All authors

contributed to the article and approved the submitted version.
Frontiers in Oncology 08
Conflict of interest

SR: Performs consulting work for Viewray and receives research

funding and honorarium. VF and KL: Perform consulting work

for Viewray.

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. Zimmermann FB, et al. Stereotactic hypofractionated radiotherapy in stage I (T1-2
N0 M0) non-small-cell lung cancer (NSCLC). Acta Oncol (2006) 45(7):796–801. doi:
10.1080/02841860600913210

2. Nguyen NP, et al. Can stereotactic fractionated radiation therapy become the
standard of care for early stage non-small cell lung carcinoma. Cancer Treat Rev (2008) 34
(8):719–27. doi: 10.1016/j.ctrv.2008.06.001

3. Xia T, et al. Promising clinical outcome of stereotactic body radiation therapy for
patients with inoperable stage I/II non-small-cell lung cancer. Int J Radiat Oncol Biol Phys
(2006) 66(1):117–25. doi: 10.1016/j.ijrobp.2006.04.013

4. Eriguchi T, et al. Suitability of metastatic lung tumors for stereotactic body
radiotherapy. Cancer Invest (2021) p:1–9. doi: 10.1080/07357907.2021.2017950

5. Rieber J, et al. Stereotactic body radiotherapy (SBRT) for medically
inoperable lung metastases-a pooled analysis of the German working group
"stereotactic radiotherapy". Lung Cancer (2016) 97:51–8. doi : 10.1016/
j.lungcan.2016.04.012

6. Siva S, MacManus M, Ball D. Stereotactic radiotherapy for pulmonary
oligometastases: a systematic review. J Thorac Oncol (2010) 5(7):1091–9. doi: 10.1097/
JTO.0b013e3181de7143
7. Bezjak A, 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

8. Timmerman R, et al. Excessive toxicity when treating central tumors in a phase II
study of stereotactic body radiation therapy for medically inoperable early-stage lung
cancer. J Clin Oncol (2006) 24(30):4833–9. doi: 10.1200/JCO.2006.07.5937

9. Lindberg K, et al. The HILUS-trial-a prospective Nordic multicenter phase 2 study
of ultracentral lung tumors treated with stereotactic body radiotherapy. J Thorac Oncol
(2021) 16(7):1200–10. doi: 10.1016/j.jtho.2021.03.019

10. Wang C, et al. Analysis of pneumonitis and esophageal injury after stereotactic
body radiation therapy for ultra-central lung tumors. Lung Cancer (2020) 147:45–8. doi:
10.1016/j.lungcan.2020.07.009

11. Duijm M, et al. Predicting high-grade esophagus toxicity after treating central lung
tumors with stereotactic radiation therapy using a normal tissue complication probability
model. Int J Radiat Oncol Biol Phys (2020) 106(1):73–81. doi: 10.1016/j.ijrobp.2019.08.059

12. Rosenberg SA, et al. The Nordic-HILUS trial: Ultracentral lung stereotactic
ablative radiotherapy and a narrow therapeutic window. J Thorac Oncol (2021) 16(10):
e79–80. doi: 10.1016/j.jtho.2021.06.030
FIGURE 6

This patient with an ultracentral tumor was treated with 60 Gy in 8 fractions with daily adaptive therapy. This tumor was adjacent to the trachea and
esophagus at the start of treatment (A). Follow-up at approximately 6 months (B), there has been significant tumor regression for this patient. This patient
experienced mild gastroesophageal reflux disease at baseline that was managed with proton pump inhibitor therapy without any other toxicities noted.
frontiersin.org

https://doi.org/10.1080/02841860600913210
https://doi.org/10.1016/j.ctrv.2008.06.001
https://doi.org/10.1016/j.ijrobp.2006.04.013
https://doi.org/10.1080/07357907.2021.2017950
https://doi.org/10.1016/j.lungcan.2016.04.012
https://doi.org/10.1016/j.lungcan.2016.04.012
https://doi.org/10.1097/JTO.0b013e3181de7143
https://doi.org/10.1097/JTO.0b013e3181de7143
https://doi.org/10.1200/JCO.18.00622
https://doi.org/10.1200/JCO.2006.07.5937
https://doi.org/10.1016/j.jtho.2021.03.019
https://doi.org/10.1016/j.lungcan.2020.07.009
https://doi.org/10.1016/j.ijrobp.2019.08.059
https://doi.org/10.1016/j.jtho.2021.06.030
https://doi.org/10.3389/fonc.2023.1061854
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Bryant et al. 10.3389/fonc.2023.1061854
13. Tachibana H, Sawant A. Four-dimensional planning for motion synchronized dose
delivery in lung stereotactic body radiation therapy. Radiother Oncol (2016) 119(3):467–
72. doi: 10.1016/j.radonc.2016.03.028

14. Underberg RW, et al. Four-dimensional CT scans for treatment planning in
stereotactic radiotherapy for stage I lung cancer. Int J Radiat Oncol Biol Phys (2004) 60
(4):1283–90. doi: 10.1016/j.ijrobp.2004.07.665

15. Chen T, et al. Frequency filtering based analysis on the cardiac induced lung tumor
motion and its impact on the radiotherapy management. Radiother Oncol (2014) 112
(3):365–70. doi: 10.1016/j.radonc.2014.08.007

16. Cao J, et al. Determination of internal target volume using selective phases of a 4-
dimensional computed tomography scan. Pract Radiat Oncol (2012) 2(3):186–92. doi:
10.1016/j.prro.2011.09.004

17. Onishi H, et al. Stereotactic hypofractionated high-dose irradiation for stage I
nonsmall cell lung carcinoma: clinical outcomes in 245 subjects in a Japanese
multiinstitutional study. Cancer (2004) 101(7):1623–31. doi: 10.1002/cncr.20539

18. Zhuang L, et al. Evaluation of image guided motion management methods in lung
cancer radiotherapy. Med Phys (2014) 41(3):031911. doi: 10.1118/1.4866220

19. Rudra S, et al. Using adaptive magnetic resonance image-guided radiation therapy
for treatment of inoperable pancreatic cancer. Cancer Med (2019) 8(5):2123–32. doi:
10.1002/cam4.2100

20. Finazzi T, et al. Clinical outcomes of stereotactic MR-guided adaptive radiation
therapy for high-risk lung tumors. Int J Radiat Oncol Biol Phys (2020) 107(2):270–8. doi:
10.1016/j.ijrobp.2020.02.025

21. Menard C, van der Heide UA. Introduction: Magnetic resonance imaging comes of
age in radiation oncology. Semin Radiat Oncol (2014) 24(3):149–50. doi: 10.1016/
j.semradonc.2014.02.001

22. Lagendijk JJ, Raaymakers BW, van Vulpen M. The magnetic resonance imaging-
l inac sys tem. Semin Radiat Onco l (2014) 24(3) :207–9. doi : 10 .1016/
j.semradonc.2014.02.009
Frontiers in Oncology 09
23. Scheffler K, Lehnhardt S. Principles and applications of balanced SSFP techniques.
Eur Radiol (2003) 13(11):2409–18. doi: 10.1007/s00330-003-1957-x

24. Onishi H, 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

25. Sim AJ, et al. A review of the role of MRI in diagnosis and treatment of early stage
lung cancer. Clin Transl Radiat Oncol (2020) 24:16–22. doi: 10.1016/j.ctro.2020.06.002

26. Andersson P, et al. Effects of lung tissue characterization in radiotherapy of breast
cancer under deep inspiration breath hold when using Monte Carlo dosimetry. Phys Med
(2021) 90:83–90. doi: 10.1016/j.ejmp.2021.09.009

27. Aarup LR, et al. The effect of different lung densities on the accuracy of various
radiotherapy dose calculation methods: implications for tumour coverage. Radiother
Oncol (2009) 91(3):405–14. doi: 10.1016/j.radonc.2009.01.008

28. Prior P, et al. Technical note: Is bulk electron density assignment appropriate for
MRI-only based treatment planning for lung cancer?Med Phys (2017) 44(7):3437–43. doi:
10.1002/mp.12267

29. Owrangi AM, Greer PB, Glide-Hurst CK. MRI-Only treatment planning: benefits
and challenges. Phys Med Biol (2018) 63(5):05TR01. doi: 10.1088/1361-6560/aaaca4

30. Keall PJ, et al. The management of respiratory motion in radiation oncology report
of AAPM task group 76. Med Phys (2006) 33(10):3874–900. doi: 10.1118/1.2349696

31. Kontrisova K, et al. Dosimetric comparison of stereotactic body radiotherapy in
different respiration conditions: a modeling study. Radiother Oncol (2006) 81(1):97–104.
doi: 10.1016/j.radonc.2006.08.006

32. Low DA, et al. A technique for the quantitative evaluation of dose distributions.
Med Phys (1998) 25(5):656–61. doi: 10.1118/1.598248

33. Miften M, et al. Tolerance limits and methodologies for IMRTmeasurement-based
verification QA: Recommendations of AAPM task group no. 218.Med Phys (2018) 45(4):
e53–83. doi: 10.1002/mp.12810
frontiersin.org

https://doi.org/10.1016/j.radonc.2016.03.028
https://doi.org/10.1016/j.ijrobp.2004.07.665
https://doi.org/10.1016/j.radonc.2014.08.007
https://doi.org/10.1016/j.prro.2011.09.004
https://doi.org/10.1002/cncr.20539
https://doi.org/10.1118/1.4866220
https://doi.org/10.1002/cam4.2100
https://doi.org/10.1016/j.ijrobp.2020.02.025
https://doi.org/10.1016/j.semradonc.2014.02.001
https://doi.org/10.1016/j.semradonc.2014.02.001
https://doi.org/10.1016/j.semradonc.2014.02.009
https://doi.org/10.1016/j.semradonc.2014.02.009
https://doi.org/10.1007/s00330-003-1957-x
https://doi.org/10.1097/JTO.0b013e318074de34
https://doi.org/10.1097/JTO.0b013e318074de34
https://doi.org/10.1016/j.ctro.2020.06.002
https://doi.org/10.1016/j.ejmp.2021.09.009
https://doi.org/10.1016/j.radonc.2009.01.008
https://doi.org/10.1002/mp.12267
https://doi.org/10.1088/1361-6560/aaaca4
https://doi.org/10.1118/1.2349696
https://doi.org/10.1016/j.radonc.2006.08.006
https://doi.org/10.1118/1.598248
https://doi.org/10.1002/mp.12810
https://doi.org/10.3389/fonc.2023.1061854
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Adaptive hypofractionted and stereotactic body radiotherapy for lung tumors with real-time MRI guidance
	1 Introduction
	2 Patient selection
	3 Simulation
	4 Contouring
	5 Planning
	6 Technical considerations
	7 Daily adaptive workflow
	7.1 Positioning
	7.2 Adaptive re-contouring
	7.3 Dose Prediction
	7.4 Dose delivery
	7.5 After the treatment course

	8 Conclusion
	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 /sRGB
  /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


