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Lung cancer is the leading cause
of cancer death in both men and
women in the US.! Although most
lung cancers are stage IV at the time
of diagnosis,? lung cancer screen-
ing enables the diagnosis of earlier
lesions and reduces mortality.?
Thoracic stereotactic body radiation
therapy (SBRT) is a noninvasive
alternative to surgery for patients
with early stage lung cancers, and
its use is supported by multiple
studies including the randomized
trial CHISEL, which compared SBRT
to radiation therapy delivered with
standard fractionation and demon-
strated improved local control with
SBRT.* Based on available data to
date, 5-year tumor control with SBRT
is considered around 90%.¢

Randomized data comparing
surgery with SBRT is more limited.
Two randomized trials, STARS and
ROSEL, which compared lobectomy
to SBRT, were closed early due to
slow accrual. A secondary un-
planned combined analysis showed

excellent outcomes with SBRT, with
3-year overall survival (OS) of 95%,
3-year recurrence-free survival of
86%, and grade 3 toxicity of 10%,
with no grade 4 or 5 toxicities.” After
expansion of the SBRT arm of the
STARS trial to a single-arm study
with longer follow-up, 5-year OS was
87% and 5-year progression free
survival (PFS) was 77%, comparing
favorably to a matched cohort of
patients treated with surgery, with
no differences in PFS or cumula-
tive incidence of local, regional, or
distant failures. Three- and 5-year
OS were higher with SBRT.? Given
the caveats of these analyses, further
data are needed. Additional trials
including the randomized studies
STABLE-MATES (NCT02468024) and
VALOR (NCT02984761) are underway.
Despite the excellent local control
seen with SBRT, severe toxicities
have been reported in tumors near
the airways and mediastinal struc-
tures, leading to classification of
tumors as peripheral (noncentral), or
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central (within 2 cm of the proxi-
mal bronchial tree including the
distal 2 cm of the trachea and lobar
bronchi).’ Within central tumors,
ultracentral has emerged as a higher
risk category of tumors.'® While the
definition of ultracentral has differed
across studies, ultracentral generally
refers to abutment of the tumor or
planning target volume (PTV) with
critical organs at risk (OARs) such as
the proximal bronchial tree, esopha-
gus, or great vessels. In the SUNSET
trial, ultracentral tumors were
defined as those with a PTV touching
or overlapping the central bronchial
tree, esophagus, pulmonary vein or
pulmonary artery.* Various SBRT
regimens have been tested prospec-
tively for peripheral,®'»1? central,*1®
and ultracentral’* lung tumors.
These classifications and regimens
are summarized in Table 1.

Reports of excess toxicity for
tumors in high-risk locations have
also led to risk-adapted approaches
to SBRT, which balance tumor cov-
erage at adequate biologic effective
dose for alpha/beta of 10 (BED,,)
with OAR sparing. An example of an
institutional approach using a con-
ventional linear accelerator is shown
in Figure 1. In this example, if OARs
cannot be spared without compro-
mising tumor coverage, further
fractionation is pursued. Based on
data from Onishi et al,?* local control
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Table 1. Overview of Peripheral, Central, and Ultracentral Lung Cancer Definitions and Treatment Regimens

LOCATION DESCRIPTION REGIMENS PROSPECTIVELY EVALUATED PROSPECTIVE STUDIES

(DOSE/FRACTIONATION)

Peripheral More than 2 cm from proximal bronchial 54 Gy in 3 fractions RTOG 0236 (Timmeran, 2006)
tree and with PTV not abutting 34 Gy in 1 fraction RTOG 0915 (Videtic, 2015)
mediastinal OARs 48 Gy in 4 fractions JCOG 0403 (INagata, 2015)

Central Within 2 cm of proximal bronchial tree 50-60 Gy in 5 fractions RTOG 0813 (Bezjak, 2019)

60 Gy in 8 fractions
70 Gy in 10 fractions

Ongoing EORTC 221133 (Adebahr, 2015)
Xia, 2006

Ultracentral PTV abutting or overlapping tree or

mediastinal OAR

50 Gy in 5 fractions
70 Gy in 10 fractions
60 Gy in 8 fractions
60 Gy in 15 fractions

Washington University (Henke, 2019)
Prospective registry at MDA (Li, 2014)
HILUS (Lindberg, 2021)

NCIC CTG Br.25 (Cheung, 2014)

Key: PTV = planning target volume, RTOG = Radiation Therapy Oncology Group, JCOG = Japan Clinical Oncology Group, EORTC = European Organization for

Research and Treatment of Cancer, OARs = organs at risk, MDA = MD Anderson, NCIC CTG = Canadian Cancer Trials Group

and OS are inferior below a BED,  of
100; thus, in the example approach
in Figure 1, rather than compro-
mising adequate tumor coverage to
meet OARs, alternate regimens are
considered to maximize BED, to the
extent possible.

The risk-adapted approach shown
in Figure 1 is impacted by the addi-
tional options afforded by MR-linacs.
An MR-linac is a device combin-
ing an MRI scanner with a linear
accelerator, currently available as
FDA-approved devices from Elekta,
as the Unity, and from ViewRay,
as the MRIdian.” MR-linacs allow
for MR-guided tumor setup and
real-time MRI monitoring during
treatment for tumor tracking. Impor-
tantly, these technologies permit on-
line adaptive radiation therapy, the
replanning of radiation treatment
with the patient on the treatment ta-
ble, accounting for daily differences
in tumor and OAR location and mor-
phology. Online adaptive radiation
therapy is also possible on non-MR-
linacs through systems such as Ethos
(Varian).?? OARs contoured for initial
and adaptive MR-linac plans are sim-
ilar to OARs contoured for conven-
tional non-MR guided, nonadaptive
radiation therapy.” In the absence
of new data, dose constraints for
MR-guided SBRT are generally based
on accepted constraints used for
non-MR linac SBRT. Due to the dose
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fall-off with SBRT and time required
for recontouring, MR-guided online
adaptive recontouring may focus on
the recontouring of structures within
a high-dose region (2 to 3 cm from
the target) on treatment day. Outside
of this high-dose region, the dose

is unlikely to violate OAR metrics.
When delivered using an MR-linac,
adaptive SBRT is often referred to as
stereotactic MR-guided adaptive radi-
ation therapy (SMART), with various
workflows previously described.*?
SMART is available for both Elekta®
and ViewRay? MR-linacs. Although
the specific steps for SMART differ
by vendor, SMART requires steps to
be implemented on treatment day in-
cluding acquisition of a new MRI on
the day of treatment, recontouring
on the MRI acquired at treatment,
plan reoptimization, plan approval,
and quality assurance checks prior
to delivery. Lung lesions have been
treated with both systems.?? Major
differences between the Elekta Unity
and ViewRay MRIdian MR-linacs are
shown in Table 2.%** Currently, there
is no consensus on clinical indica-
tions for utilizing an adaptive replan;
thresholds for requiring SMART vary
by center and disease site. MR-linacs
can be used to treat lung cancer in
peripheral, central, and ultracentral
locations, with relevant data and
considerations reviewed. Due to the
ability of SMART to account for daily

changes in target and OARs, and the
potential for reduced PTV margins
with real-time MR guidance, SMART
may also be beneficial for thoracic
reirradiation in these locations.

Peripheral Lesions

Peripheral thoracic tumors are
more than 2 cm from the proximal
bronchial tree, not involving the cen-
tral pleura or mediastinum. They can
be further classified by their prox-
imity to the chest wall. Chest wall
proximity is important to recognize
due to the association of chest wall
dose with severe chest wall pain and
rib fracture.* V30 < 30 cc is a con-
straint used for 3-fraction regimens.*
Optimized V37, the 5-fraction BED,
equivalent of V30, was associated
with reduced toxicity in a retrospec-
tive study of 5-fraction regimens.*®

Safety and efficacy of single-frac-
tion SBRT for peripheral tumors was
demonstrated in the prospective trial
RTOG 0915."%% In data from Cleveland
Clinic, which included a review of
patients treated on RTOG 0915, chest
wall toxicity with single-fraction reg-
imens was increased with abutment
or proximity of the chest wall, with
grade 2 to 4 toxicity 5.7% in tumors >2
cm from the chest wall and 30.6% for
tumors abutting the chest wall.*” Prox-
imity to the chest wall or to central
structures remains a challenge for
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FIGURE 1. Risk-adapted approach to lung stereotactic body radiation therapy using a conventional linac. addition, the daily adaptive replan-

*Consider 34 Gy in 1 fraction. GTV = gross tumor volume, OARs = organs at risk, PTV = planning target volume ning enabled by MR-linac treatment
may be useful for rapidly growing, or

shrinking, tumors abutting the chest

Additional planning
options if OARs or
PTV coverage not

met

o . wall due to the ability of adaptive re-
Initial planning v P

Consideration

Classification by
GTV location

planning to account for daily chang-
es in the relationship between tumor
position and chest wall. An import-
ant consideration for the treatment

55 Gy in 5 of peripheral tumors with SMART is

fractions that arms are typically positioned at

Overlapping

the sides due to the time on table. An
chest wall: 60 Gy
in 5 fractions

arms-down position may limit beam
angles and may also bring the infra-

50Gyin5

] mammary fold into the field.
fractions

Peripheral In a report of 23 patients with
peripheral lung tumors treated with
SMART in the Netherlands, online

Not near chest adaptation improved PTV coverage.*

wall: 54 Gy in 3
fractions*

60 Gy in 5
fractions For the subset of patients who also
underwent free-breathing 4-dimen-
sional computed tomography (4DCT),
SMART breath-hold PTVs were 53.7%

the volume of PTVs generated from

60 Gy in8

fractions an ITV. In a subsequent study of

17 patients simulated at the same

50Gyin5

: center for planned single-fraction
fractions P &

MR-guided SBRT,* 7 patients were
unable to undergo single-fraction
SBRT (because of difficulty in gross
tumor volume [GTV] tracking due

60 Gy in 15
fractions

to tumor size in 1 patient, difficulty

Abutting non- in GTV tracking due to blood vessels

airway OAR: 60
Gy in 8 fractions

60 Gy in 15
fractions

in 4, proximity to chest wall in 1
patient, and difficulty in breath holds
in 1 patient). Of the 10 undergoing
single-fraction SBRT, 9 completed
Ultracentral treatment in one session, and median

total in-room procedural time was 120

Abutting airway
OAR: 60 Gy in 15 S
fractions

minutes. Online adaptive replanning

52.5Gyin 15

4 improved PTV coverage but did not
fractions

impact GTV coverage. These studies
provide support for the use of SMART
in peripheral tumors. The phase I
trial SMART ONE (NCT04939246) is

assessing the feasibility of single-
the safe implementation of single-fraction

regimens in peripheral tumors.
Peripheral tumors close to the dia-
phragm may also experience significant

which has also been performed on
conventional linacs, can mitigate this
effect. The availability of MR imag-
ing during treatment for real-time

fraction SMART in tumors in the lung
as well as other sites.

Due to the limited availability of
simulation appointments at many

respiratory motion, leading to larger
volume internal target volumes (ITVs)
when motion reduction techniques are
not used. Use of breath-hold gating,
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breath hold monitoring may be an
advantage of MR-guided SBRT for the
treatment of peripheral tumors sus-
ceptible to motion (Figure 2A-2B). In

centers, and the difference in im-
mobilization required for MR-guid-
ed vs non-MR-guided simulation,
additional research is also needed
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Table 2. Summary of Key Differences Between Two Commercially Available MR-linacs

PARAMETERS VIEWRAY MRIDIAN ELEKTA UNITY

Static magnetic field strength 0.35 Tesla 1.5 Tesla

Magnet configuration Split Closed

Bore diameter 70cm 70 cm

Cine orientation for intrafraction tumor tracking Sagittal Multiple planes
Commercially available beam gating based on tumor motion Automated pausing of beam Manual pausing of beam
Treatment beam, relative to static magnetic field Perpendicular Perpendicular

Photon energy 6 MV 7 MV

Availability of online adaptive replanning Yes Yes

Maximum field size, superior to inferior 24 cm 22cm

FIGURE 2. Example cases utilizing MR-guided radiation therapy. Left lower lobe lung tumor is seen on MR-linac simulation scan
performed with breath hold (A). Maximum intensity projection (MIP) created from 4D-CT for the same tumor shows tumor motion,
leading to a larger internal target volume for stereotactic body radiation therapy (SBRT) performed with free breathing (B). The
treatment plan for an ultracentral lung tumor treated with SMART, 50 Gy in 5 fractions is shown, superimposed on an axial MR image
acquired with True Fast Imaging with Steady State Precession (TRUFI). The 40 Gy line is seen curving around tree (green); 52.5 Gy line is
seen carving out great vessel (C).
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FIGURE 3. Radiation pneumonitis (RP) following treatment with volumetric-modulated arc therapy (VMAT) vs MR-
guided intensity-modulated radiation therapy (IMRT). Axial (left) and coronal (RT) chest computed tomography
(CT) for a patient with Grade 1 RP treated with VMAT (A). Corresponding VMAT plan, with 15-20 Gy isodose lines
conforming to the tumor shape and correlating with consolidation seen at CT (B). Axial (left) and coronal (right) CT
chest for a patient with grade 1 RP treated with MR-guided IMRT (C). Corresponding IMRT plan, showing 15-20 Gy
isodose lines correlating with consolidation in contralateral and ipsilateral lung (D).
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to better identify optimal candi-
dates for MR-guided RT. A recent
case report, which did not require
online adaptive replanning, noted a
reduced treatment time for sin-
gle-fraction lung SBRT.” The ability
to better predict which tumors do
not benefit from online adaptive
replanning could also further re-
duce on-table time.
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Central tumors are within 2 cm of
the proximal bronchial tree, with fur-
ther subclassification of tumors touch-
ing the tree as ultracentral. Due to the
proximity of the proximal bronchial
tree, these tumors are at increased
risk for OAR toxicity as seen on the
phase II prospective study reported

by Timmerman et al.’ The online
adaptive replanning workflows utilized
in MR-guided SBRT may be promising
for central tumors due to the ability

to account for daily changes in OAR
location and morphology. In addition,
MR-linacs allow for real-time tumor
tracking during treatment, which may
be helpful in decreasing appropriate
PTV margin. A decreased PTV margin
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FIGURE 4. Example of artifact from an aortic stent interfering with tracking

for MR-guided stereotactic body radiation therapy (SBRT). Contrast-enhanced
pre-radiation therapy chest computed tomography shows an ultracentral lung
tumor (A). MR-linac artifact is seen inferior and cosagittal to tumor, with tumor
denoted by green crosshairs, impairing tracking during treatment (B).

could enable improved target coverage
while sparing OARs.

In a retrospective analysis from
VU Medical Center in the Nether-
lands of 25 patients with central lung
tumors treated with SMART in 5 or 8
fractions, the reoptimized plan was
selected in 92% of cases.* SMART
also reduced the number of OAR
violations. The feasibility of SMART
for central lung tumors is being
studied on a prospective, phase I trial
in the US (NCT04115254). The pro-
spective phase II trial LUNG STAAR
(NCT04917224) is assessing SMART
in central lung cancers.

Although ultracentral tumors have
been defined variably across studies,
definitions generally consider these
tumors as touching, close to (< 1
cm) or overlapping critical OARs.

The SUNSET trial categorized PTVs
abutting the tree or mediastinal OARs
as ultracentral.’® SBRT for ultracentral
tumors requires careful consideration
of tumor location and motion. Retro-
spective data from Memorial Sloan
Kettering Cancer Center identified an
increased risk of grade 5 toxicity (haz-
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ard ratio 16.9, confidence interval 3.2-
88%) in ultracentral tumors treated
with SBRT in the setting of antiangio-
genic agents. The recent prospective
HILUS trial reported grade 5 toxicity
in 10 of 65 patients (15%) using a regi-
men of 60 Gy in 8 fractions, with dose
to the hottest 0.2 cc of main bronchi
and trachea as the strongest predic-
tor for grade 5 bronchopulmonary
hemorrhage.* In this trial, dose was
prescribed to the 67% isodose line,
with hot spots of 150%. The protocol
did not specify OAR dose guidelines
for the lobar and segmental bronchi.
MR-guided SBRT holds promise for
ultracentral tumors due to the poten-
tial for MR-guided setup and tumor
tracking with real-time MRI during
treatment, as well as the potential for
online adaptive replanning to ensure
sparing of OARs based on daily ge-
ometry and morphology (Figure 2C).
Online adaptive replanning can also
ensure that absolute dose constraints
are met daily. In a prospective
feasibility study from Washington
University in St. Louis, 5 patients
with ultracentral tumors were treat-
ed with 50 Gy in 5 fractions, with 10
of 25 fractions requiring adaptive
replanning to improve PTV coverage

or reverse OAR violations.'® Case

reports and case series describe the
safety and feasibility of MR-guided
SBRT for cardiac lesions, which are
ultracentral by definition due to their
location in the heart.**

Challenges for MR-guided SBRT
for ultracentral tumors include
identification and contouring
of structures that may be better
defined on CT such as the proximal
bronchial tree, the limited spatial
resolution of MR and challenge in
tracking very small tumors, and the
use of IMRT on MR-linacs, which
may have a less favorable distri-
bution of low dose compared to
VMAT. In Figure 3, a case of CTCAE
(Common Terminology Criteria for
Adverse Events) grade 1 (asymp-
tomatic) pneumonitis is shown for a
patient treated with SBRT on a non-
MR linac using volumetric-modu-
lated arc therapy (VMAT). A case of
CTCAE grade 1 pneumonitis is also
shown for a patient with an ultra-
central tumor treated with MR-guid-
ed SBRT using static field, coplanar
(intensity-modulated radiation ther-
apy) IMRT on an MR-linac. The low
dose is more diffuse in the MR-linac
case, leading to radiation changes

Applied Radiation Oncology
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even in the contralateral lung.
Despite the potential of MR-guided
SBRT for the treatment of peripheral,
central, and ultracentral primary and
secondary lung cancers, challeng-
es to the broad application of this
technique remain. Evidence to date
has largely been in the form of retro-
spective or prospective phase I trials,
motivating the need for additional
phase II or III data. In addition, pa-
tients with primary lung cancer may
have comorbidities such as chronic
obstructive pulmonary disease, lim-
iting ability to breath-hold or to lay
flat for the 1 hour or more duration
of SMART. Careful assessment of
patients prior to simulation is need-
ed. MR-unsafe pacemakers or other
devices may preclude the use of
MR-guided SBRT for some patients.
Artifacts can also be associated with
MR conditional implants, impairing
the ability to contour or safely track.
For example, in Figure 4, the sagittal
cine obtained at MR simulation is
shown for a patient with an ultra-
central lung metastasis and an MR
conditional aortic stent. The artifact
from the stent was inferior to the
target, but cosagittal, and preclud-
ed safe tracking on sagittal cine
during treatment. This patient was
treated with non-MR-guided SBRT
with an excellent response. This
case illustrates the need for both
MR-guided and non-MR-guided SBRT
options for patients.

Future Directions

In light of the toxicity seen on
HILUS and other studies, additional
research is needed to ensure the safe
and effective treatment of central
and ultracentral lung cancers. Use
of radiosensitizers could improve
the therapeutic window by allowing
for the utilization of lower radiation
treatment doses, which when com-
bined with a radiosensitizer localiz-
ing to tumor, could allow for simul-
taneous local control of the tumor
and improved normal tissue sparing.

Applied Radiation Oncology

Given the promise of MR-guided
radiation therapy for the treatment
of central and ultracentral lung
tumors, gadolinium-based nanopar-
ticles may be especially useful due
to their ability to localize the tumor
and serve as radiosensitizers. Such
agents that provide both therapeutic
and diagnostic information are also
known as theranostics.*

The Nano-Rad study in France
recently demonstrated the safety
of combining gadolinium-based
nanoparticles with whole-brain radi-
ation in patients with multiple brain
metastases.* The selective distri-
bution of the nanoparticle in brain
metastases was also demonstrated.
A similar preferential distribution in
lung tumors would be particularly
beneficial for the treatment of cen-
tral and ultracentral cancers in close
proximity to normal tissues if doses
lower than standard ablative SBRT
doses could be utilized. A clinical
trial is currently open studying the
use of gadolinium-based nanoparti-
cles in the MR-guided treatment of
central lung cancers (NCT04789486).
Because the clinical efficacy of gado-
linium-based nanoparticles in this
setting is unknown, the trial utilizes
an ablative prescription dose of 50
Gy in 5 fractions. In the future, it
would be particularly advantageous
for ultracentral tumors if radio-
sensitizers could enable treatment
of these cancers to doses of 40
Gy in 5 fractions, or lower, facil-
itating sparing of more sensitive
normal tissues.

Artificial intelligence (AI) may
help accelerate efficiency and
facilitate the adoption of MR-guided
radiation therapy. Currently, there
is a daily, time-intensive process of
manual recontouring required for
daily online adaptive replanning.
Due to the proximity of nearby
normal tissues, central, ultracen-
tral, and peripheral lung tumors
frequently require recontouring of
dose-limiting OARs. AI algorithms,
including deep learning, have

shown the ability to produce highly
accurate OARs within seconds on
both CT and MR images.*»*° AI

has also shown promise in tumor
auto-contouring, which can be cou-
pled with online dose optimization
to limit time for adaptive replan-
ning.’ Because radiation therapists,
radiographers, and physicists also
participate in recontouring at some
centers,*>*® Al has the potential to
improve workflows for the interdis-
ciplinary team. As SBRT options for
patients broaden, AI may also be
able to accelerate development of
mock plans,’ allowing for compari-
son plans to be generated proactive-
ly, assisting in selection of frac-
tionation scheme and MR-linac vs
non-MR linac for each patient. This
will allow for truly individualized,
risk-adaptive SBRT.

Conclusions

MR-linacs expand options for
the treatment of thoracic tumors
with SBRT by offering excellent
soft-tissue contrast compared with
CT, as well as additional advantages
including MR-guided setup, online
adaptive replanning, and real-time
MRI-based monitoring of breath-
hold treatments. For peripheral
tumors, MR-guided SBRT may be
advantageous in minimizing dose
to the chest wall, and in mini-
mizing normal lung treated with
MR-guided breath-hold treatment.
MR-guided setup may help with
the visualization and sparing of
OARs in the treatment of central
and ultracentral tumors with SBRT.
Disadvantages of MR-guided SBRT
for peripheral, central, and ultra-
central lung tumors include the
potential for longer times on the
treatment table and incompatibility
of this technology with MR unsafe
implants. Future work evaluating
MR-guided lung SBRT on prospec-
tive studies is needed. By allowing
OAR sparing with the potential for
dose escalation, MR-guidance holds
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promise in improving risk-adapted
SBRT for the treatment of thorac-
ic malignancies.
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