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Scientific Article

Prospective In Silico Evaluation of Cone-Beam
Computed Tomography-Guided StereoTactic
Adaptive Radiation Therapy (CT-STAR) for the
Ablative Treatment of Ultracentral Thoracic
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Abstract
Purpose: We conducted a prospective, in silico study to evaluate the feasibility of cone-beam computed tomography (CBCT)-guided
stereotactic adaptive radiation therapy (CT-STAR) for the treatment of ultracentral thoracic cancers (NCT04008537). We
hypothesized that CT-STAR would reduce dose to organs at risk (OARs) compared with nonadaptive stereotactic body radiation
therapy (SBRT) while maintaining adequate tumor coverage.
Methods and Materials: Patients who were already receiving radiation therapy for ultracentral thoracic malignancies underwent 5 additional
daily CBCTs on the ETHOS system as part of a prospective imaging study. These were used to simulate CT-STAR, in silico. Initial, nonadaptive
plans (PI) were created based on simulation images and simulated adaptive plans (PA) were based on study CBCTs. 55 Gy/5 fractions was
prescribed, with OAR constraint prioritization over PTV coverage under a strict isotoxicity approach. PI were applied to patients’ anatomy of
the day and compared with daily PA using dose-volume histogram metrics, with selection of superior plans for simulated delivery. Feasibility
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was defined as completion of the end-to-end adaptive workflow while meeting strict OAR constraints in ≥80% of fractions. CT-STAR was
performed under time pressures to mimic clinical adaptive processes.
Results: Seven patients were accrued, 6 with intraparenchymal tumors and 1 with a subcarinal lymph node. CT-STAR was feasible in 34 of 35
simulated fractions. In total, 32 dose constraint violations occurred when the PI was applied to anatomy-of-the-day across 22 of 35 fractions.
These violations were resolved by the PA in all but one fraction, in which the proximal bronchial tree dose was still numerically improved
through adaptation. The mean difference between the planning target volume and gross total volume V100% in the PI and the PA was −0.24%
(−10.40 to 9.90) and−0.62% (−11.00 to 8.00), respectively. Mean end-to-end workflow time was 28.21 minutes (18.02-50.97).
Conclusions: CT-STAR widened the dosimetric therapeutic index of ultracentral thorax SBRT compared with nonadaptive SBRT. A
phase 1 protocol is underway to evaluate the safety of this paradigm for patients with ultracentral early-stage NSCLC.
© 2023 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Although stereotactic body radiation therapy (SBRT)
has become standard of care for medically inoperable
early-stage non−small cell lung cancer (NSCLC) as well
as an option for regionally recurrent or oligometastatic
thoracic disease, the use of SBRT for the treatment of
ultracentral thoracic disease remains controversial.1-3 Sev-
eral seminal clinical trials have established that the deliv-
ery of ablative doses of ultrahypofractionated radiation
therapy to the ultracentral thorax, which may be defined
as disease within 1 cm or touching the proximal bronchial
tree, pulmonary arteries, and/or esophagus, can incur
unacceptably high rates of grades 3 to 5 toxicity.4-8 Most
recently, the HILUS trial, in which 56 Gy in 8 fractions
was delivered to tumors within 1 cm of the bronchial tree,
demonstrated significant toxicity, with 34% and 15% of
patients experiencing a grade 3 to 5 or grade 5 toxicity,
respectively.6 Given the concern for toxicity, many practi-
tioners use more protracted radiation therapy regimens
(60 Gy in 8-15 fractions). Although extended fraction-
ation aims to mitigate risk to organs at risk (OARs), toxic-
ity persists with these regimens, and they are often of
subablative biologic effective doses (BED10 < 100 Gy)
compared with typical SBRT regimens delivered in 5 or
fewer fractions.9-12

Online adaptive radiation therapy (online ART) enhances
the therapeutic ratio of SBRT by improving interfraction
motion management via the use of daily recontouring and
replanning to match a patient’s anatomy of the day while the
patient remains on the treatment table. Stereotactic magnetic
resonance-guided adaptive radiation therapy (SMART) has
been demonstrated to improve the dosimetric therapeutic
index of SBRT and yield durable local control and toxicity in
a variety of disease sites.13-16 The dosimetric benefits of
SMART as well as efficacy and toxicity have been demon-
strated in thoracic disease, specifically with regards to central
and ultracentral tumors.17-21 In a large series by Finazzi et
al,19 50 patients with high-risk lung tumors, including 29
patients with primary lung cancer, were treated with SMART.
In this series, the local control at 12 months was 95.60% and
there were no grade 4 or 5 toxicities. SMART for central and

ultracentral early-stage NSCLC is currently being evaluated in
a phase 2 prospective trial (NCT04917224) but is necessarily
limited to the few centers with magnetic resonance imaging
−guided radiation therapy.

Recently, a ring gantry computed tomography (CT)-
guided linear accelerator (ETHOS; Varian Medical Sys-
tems, Palo Alto, CA) has become commercially available,
enabling rapid acquisition of high-quality volumetric on-
board cone-beam CT (CBCT) images. This imaging unit
is coupled with a dedicated, on-board treatment planning
system (TPS) capable of online ART.22-24 Its utility for
adaptive SBRT for the ultracentral thorax has yet to be
investigated. In that context, we conducted a prospective
in silico imaging clinical trial to evaluate the feasibility
and potential dosimetric advantages of CBCT-guided ste-
reotactic adaptive radiation therapy (CT-STAR) for the
ablation of ultracentral thoracic disease.

Methods and Materials

Patients

Patients with ultracentral thoracic disease intended to be
treated with standard-of-care external beam radiation therapy
were enrolled in a prospective in silico trial between January
1, 2019, and February 15, 2022. Patients were mandated to be
able to give informed consented, to be ≥18 years of age, and
had either primary lung, locoregionally recurrent, or oligome-
tastatic disease of the ultracentral thorax. Standard-of-care
radiation therapy occurred in parallel with image acquisition
for this study; clinical care took place on varying treatment
machines in our department as delineated by the treating
radiation oncologist and was not a focus of this study. The
prospective clinical trial (NCT04008537) was approved by the
institutional review board (Human Resource Protection
Office #201908024).

Acquisition of imaging

Patients underwent 5 separate imaging sessions using
ETHOS (v.02.01.00) kilovoltage CBCTs on 5 separate days to
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capture interfraction motion. The images were obtained in
end-exhale breath-hold, which is our institution’s standard
treatment position for thoracic SBRT on the ETHOS system,
or deep-inhale breath-hold if the patient couldn’t tolerate
end-exhale breath-hold. These imaging sessions were sched-
uled at the convenience of the patient and preceded or fol-
lowed their standard clinical radiation. A minimum of 1
CBCT scan was acquired per session. The protocol mandated
that no more than 6 CBCT scans could be acquired per ses-
sion and no more than 10 sessions in total. These images
were then used to emulate, in silico, the online ART workflow.
Patients were evaluated for adverse events possible related to
study imaging, and further assessment was performed at on-
treatment-visits and posttreatment follow-up.

Initial planning

Baseline treatment plans with the emulated prescription
dose (55 Gy in 5 fractions [BED10 = 115.5Gy]) independent
from their standard-of-care radiation therapy treatment plans

were produced for all patients according to the patient’s initial
anatomy at CT simulation (PI). Simulation typically consisted
of a helical CT followed by a 4-dimensional CT. Intravenous
contrast administration was dictated at the discretion of the
treating physician. A custom immobilization device was used
in which the patient was supine with both arms overhead, per
our institutional thoracic SBRT policy. Gross tumor volume
(GTV) was defined using simulation and diagnostic imaging,
and no clinical target volume was used per standard institu-
tional SBRT practice. An internal target volume was not
defined as we were simulating treatment at breath-hold (our
institutional standard for intrafraction motion management
on ETHOS). The planning target volumes (PTV) comprised
a standard 0.5-cm volumetric expansion of the GTVs.

The critical thoracic organs, namely trachea, proximal
bronchial tree, great vessels, heart, esophagus, brachial
plexus, and spinal cord were protected using a described,
strict isotoxicity approach.18 These OAR constraints may
be reviewed in Table 1. As ultracentral tumors typically
abut at least one of these names OARs, a planning optimi-
zation structure (PTVopt) was used to direct target

Table 1 Constraint data and coverage metrics

Organ at risk Constraint No. of PI constraint violations PI mean (range) PA mean (range)

Trachea V50Gy <0.20cc 0 0.00 (0.00-0.00) 0.00 (0.00-0.00)

Proximal bronchial tree V50Gy <0.20cc 22 0.74 (0.00-3.85) 0.08 (0.00 -0.92)

Great vessels V47Gy <10.00cc 3 4.65 (0.00-14.79) 2.43 (0.05-6.98)

Heart V32Gy <15.00cc 0 1.31 (0.00-4.63) 0.86 (0.00-3.61)

Esophagus V32Gy <0.50cc 6 0.19 (0.00-1.88) 0.01 (0.00-0.10)

Stomach V33Gy <0.50cc 0 0.00 (0.00-0.00) 0.00 (0.00-0.00)

Brachial plexus V27Gy <3.00cc 0 0.02 (0.00-0.42) 0.01 (0.00-0.28)

Spinal cord V25Gy <1.00cc 0 0.02 (0.00-0.35) 0.00 (0.00-0.01)

Chest wall* V30Gy <30.00cc 1 13.31 (0.00-45.05) 11.64 (0.00-29.62)

Uninvolved lung* CV12.5Gy <1500.00cc
CV13.5Gy <1000.00cc

0 488.04 (277.75-992.44) 461.25 (277.75-992.44)

Target volume metric Goal PI mean (range) PA mean (range)

PTV V100% (%) N/A 80.67 (42.80-94.30) 80.43 (40.00-96.60)

PTV V50Gy (%) N/A 86.96 (53.50-97.60) 87.16 (53.00-98.90)

PTVopt D95% (Gy) >95% Rx (10.45 Gy per fraction) 10.86 (8.20-11.61) 11.43 (10.77-11.82)

GTV V100% (%) N/A 91.29 (65.60-99.90) 90.67 (63.40-100.00)

GTV V50Gy (%) N/A 95.54 (76.50-100.00) 95.98 (79.10-100.00)

Planning metric Goal PI mean (range) PA mean (range)

PTV CI N/A 1.02 (0.48-1.26) 0.95 (0.42-1.26)

PTVopt CI N/A 1.33 (1.13-1.75) 1.24 (1.00-1.37)

PTV R50 N/A 3.85 (1.86-5.26) 3.54 (1.72-4.47)

PTVopt R50 N/A 5.09 (4.38-7.57) 4.67 (4.24-5.29)

Abbreviations: CI = conformality index; CV = critical volume; GTV = gross total volume; N/A = not applicable; OAR = organ at risk; PA = adapted
plan; PI = patient’s initial anatomy at CT simulation; PTV = planning target volume.
OAR constraint data as well as coverage and planning metrics are demonstrated.
* Indicates an OAR constraint that is not a hard constraint, and therefore isn’t a primary driver of tumor coverage.
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coverage sacrifice in areas of PTV/OAR overlap. Creation
of the PTVopt structure is reviewed in Fig. 1. The optimi-
zation structure margin was 5 mm for esophagus, heart,
brachial plexus, and 3 mm for trachea, bronchial tree, and
great vessels. Notably, this structure is not specifically
constrained (not a true planning organ at risk volume, or
PRV) but is a tool for plan optimization to ensure pre-
scription coverage of as much of the target as reasonably
achievable while directing the dose fall-off region to meet
strict OAR constraints for critical structures.

Adaptive planning

The ETHOS adaptive workflow has previously been
described.25-27 A vendor-supplied emulator (virtual worksta-
tion), which contains the same online ART TPS system as the
clinical ETHOS system and allows the offline injection of pre-
viously acquired CBCT scans, was used to simulate online
ART. Simulated online ART planning was timed and per-
formed in concert by a physician and physicist to mirror the
in vivo workflow. First, a CBCT scan was injected into the
emulator. Then, the ETHOS integrated TPS generated “influ-
encers” (critical OARs by disease site) via a pretrained, ven-
dor-supplied convolutional neural network-based artificial
intelligence auto-segmentation algorithm. In the ETHOS sys-
tem, the right lung, left lung, and heart are thoracic “influ-
encers.” However, the artificial intelligence autosegmentation
algorithm does not currently autosegment OARs in the tho-
rax, and therefore all influencer contours were deformed onto
the anatomy of the day in each simulated fraction and edited
if needed in a latter workflow step. The planning-CT-defined

GTV was then rigidly copied onto and aligned to the centroid
of the GTV on the daily CBCT; our institution does not use
the deformed GTV that is automatically generated by the
TPS, as this does not account for critical diagnostic scan infor-
mation used to delineate a GTV at time of simulation such as
a CT with intravenous contrast or a positron emission tomog-
raphy scan. GTV contours were edited at the discretion of the
treating radiation oncologist and medical physicist if there
was substantial tumor change or changes in patient align-
ment. All other OARs were automatically deformed from the
planning CT to the injected CBCT. The GTV as well as
OARs within a 3-cm contour ring (previously described for
online ART planning28) were subsequently edited manually
based on the patient’s anatomy of the day and confirmed by
the radiation oncologist. Edited contours were then used to
create an adapted plan (PA).

PTV coverage goals were the same for PI and the PA,
again using a described strict isotoxicity approach. Each
daily adapted fraction was planned and analyzed using a
target dose and OAR constraint correlating with a 5-frac-
tion regimen. The PI was evaluated on the patient’s anat-
omy of the day while the reoptimized PA was generated.
The PI and PA were then compared using dose volume his-
togram objectives, and the superior plan was delivered. The
PA was considered superior if it resolved ≥1 OAR hard
constraints and/or improved target coverage by ≥5%.

Dosimetry and feasibility evaluation

Doses delivered to the PTV, PTVopt, and GTV as well as
the OARs in both the PI and PA were evaluated for each

Figure 1 Creation of PTVopt structure. This figure illustrates the steps necessary to creating the PTVopt structure that
dose is prescribed to. The PTV is generated using a 5-mm volumetric expansion of the GTV (Step 2). Gradient margins
are created in Step 3, which are volumetric expansions of critical OARs. Finally, in Steps 4 and 5, the PTVopt structure is
created, which is the PTV minus the gradient margins. The PTVopt structure is commonly used to prescribe dose to in
standard adaptive radiation therapy practice and allows for de-escalation of dose at the interface of targets and critical
OARs. Abbreviations: GTV = gross tumor volume; OAR = organ at risk; PTV = planning target volume.
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fraction. Relevant planning metrics for thoracic SBRT
including the conformality index and R50 were also evalu-
ated. The conformality index was defined as the volume
receiving 100% or greater of prescription dose divided by
the target volume and the R50 was defined as the volume
receiving 50% or greater of prescription dose divided by the
target volume. The primary objective of this study was to
demonstrate that a CT-STAR workflow was feasible for
clinical use, which was defined as successful completion of
online-ART with compliance with strict OAR constraints in
≥ 80% of simulated adaptive fractions.

Data collection and statistics

Baseline and treatment characteristics were collected
on all patients enrolled in the study. Time points collected
prospectively for each fraction of simulated CT-STAR
have previously been described and are summarized in
Table 2. Monitor units delivered were collected for each
adapted fraction as well for the simulation (reference)
fractions.

Results

Seven patients with ultracentral thoracic disease receiv-
ing standard of care radiation therapy were accrued to this
prospective clinical imaging trial. Four of 7 patients had
primary lung cancer, and 3 of 7 patients had

locoregionally recurrent lung cancer. Six of 7 lesions were
intraparenchymal. One lesion was a subcarinal lymph
node. CT-STAR was feasible in 34 of 35 (97%) fractions,
in silico, for the ablative treatment of ultracentral thoracic
disease. Dosimetry results for the PI and PA are demon-
strated in Table 1 and visualized in Figs. 2 and 3. There
was a total of 32 dose constraint violations in the PI which
occurred across 22 of 35 (63%) fractions. Online adapta-
tion was able to resolve a constraint violation in the PI in
all but one fraction. In that fraction, the V50Gy for the
proximal bronchial tree in the PI was 1.37 cc, which was
numerically reduced to 0.92 cc in the PA yet remained
above the 0.20 cc constraint. In this patient, the bronchi-
ole intended to be spared was located within the tumor,
with the tumor wrapping around the bronchiole. After
this fraction, we amended our planning template to fur-
ther prioritize the bronchial tree to account for these chal-
lenging anatomic situations. Figure 4 demonstrates how
daily online adaptation was able to resolve an OAR hard
constraint violation in the PI in the PA when replanning
based on the patient’s anatomy-of-the-day.

Coverage metrics are demonstrated in Table 1 and
visualized in Fig. 3. The mean difference between the
PTV and GTV V100%Rx in the PI and the PA was
−0.24% (−10.40 to 9.90) and −0.62% (−11.00 to 8.00),
respectively. The mean difference between the PTV and
GTV V50Gy in the PI and the PA was 0.20% (−5.40 to
7.50) and 0.44% (−5.60 to 7.80), respectively. The mean
absolute difference between the PTVopt D95Gy in the PI
and the PA was 0.57 Gy (−0.04 to 3.23). Minimum

Table 2 Timing data

Time point
Mean time per
fraction (range) Description

Influencer creation 0.83 (0.50-1.12) TPS deforms simulation heart and lung contours onto the
patient’s anatomy of the day

Influencer verification 0.35 (0.25-0.83) Physician and physicist verify the deformed influencers

Target generation 1.07 (0.25-0.83) TPS deforms GTV onto the patient’s anatomy of the day

Target verification 1.82 (0.42-5.23) Physicist rigidly copies the GTV over the deformed GTV and
verifies its alignment

OAR and GTV contouring 13.60 (4.62-31.82) Treating physician amends and/or recontours all OARs within
the 3-cm contour ring as well as edits the GTV if needed

Plan generation 9.47 (6.97-11.88) TPS generates the PA while the PI is simultaneously projected on
the patient’s anatomy of the day

Plan evaluation 1.19 (0.58-3.45) The PI and PA are compared, and the superior plan is delivered.
The PA is selected if it resolves ≥1 OAR hard constraint viola-
tion and/or improves target coverage by ≥5%

Total 28.21 (18.02-50.97) Total ETHOS adaptive workflow time

Abbreviations: GTV = gross total volume; N/A = not applicable; OAR = organ at risk; PA = adapted plan; PI = patient’s initial anatomy at CT simula-
tion; PTV = planning target volume; TPS = treatment planning system.
Average timing data per fraction are presented in minutes for each step of the workflow as well as the total workflow time. Included are descriptions
of each step of the ETHOS adaptive workflow. Notably, the in silico workflow does not capture timing data while the patient is on the treatment table
as well as timing data for intrafraction motion management via breath-hold. Timing data are presented in minutes.
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coverage of 98% of the GTV was also evaluated, with the
D98% being 9.82 Gy (5.42-11.67) in the PI and 9.96 Gy
(6.81-12.17) in the PA. When evaluating the 6 intraparen-
chymal lesions alone, mean PTV V100%Rx was 86.89%
(73.20-94.30) and 86.48% (62.8-96.6) in the PI and PA,
respectively, and mean GTV V100%Rx was 95.42%
(88.10-99.90) and 94.37 (77.10-100.00) in the PI and PA,

respectively. Mean PTV V50Gy in those 6 patients was
92.44% (84.20-97.60) and 92.37% (80.10-89.90) in the PI
and PA, respectively, and mean GTV V50Gy was 98.51%
(94.50-100.00) and 98.33% (94.50-100.00) in the PI and
PA, respectively.

Across all fractions, 1 or more coverage metrics were
improved by at least 5% in 9 of 35 (26%) fractions, all of

Figure 2 Computed tomography−guided stereotactic adaptive radiation therapy and nonadaptive OAR metrics. Hard con-
straint OAR metrics are demonstrated for both the scheduled (PI) and adapted (PA) plans. The adapted plans (green) only
exceeded an OAR constraint (black) once, whereas the scheduled plans (red) exceeded a constraint 32 times. Data points in
which the value was zero were excluded from this figure. The y-axis is log-scaled and the specific constraint data for each
OAR can be reviewed in Table 1. Abbreviation: OAR = organ at risk.

Figure 3 Computed tomography−guided stereotactic adaptive radiation therapy and nonadaptive target metrics. Cover-
age metrics are demonstrated for both the scheduled (PI, red) and adapted (PA, green) plans for each of the 7 patients on
this clinical imaging study. Metrics presented from right to left per patients are PTV V100%, PTV V50Gy, GTV V100%,
and GTV V50Gy. Patients one through 6 had intraparenchymal tumors, and patient 7 had a subcarinal lymph node. The
specific data for each coverage metric can be reviewed in Table 1. Abbreviations: GTV = gross tumor volume;
PTV = planning target volume.
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which were fractions in which 1 or more OAR constraint
violation was resolved in the PA. If this were a clinical
cohort, 22 of 35 (63%) of the PA would have been selected
over the PI, 13 of 35 (37%) for resolution of an OAR con-
straint violation, and 9 of 35 (26%) for our standard clini-
cal criteria of adapting: (1) resolution of a strict OAR
constraint violation and/or (2) improvement of target
coverage by 5% or greater. In the remaining 13 of 35
(37%) of fractions, the PI would have been considered
acceptable for delivery by these institutional criteria. Tim-
ing data for this study are demonstrated in Table 2. Mean
monitor units delivered in the reference and adapted
plans were 5891.93 (4927.20-7331.30) and 5741.20
(4587.00-7331.30), respectively.

Discussion

We demonstrate here that CT-STAR widens the in sil-
ico dosimetric therapeutic index of SBRT for ultracentral
thoracic disease and is a feasible treatment paradigm for
this patient population. Adaptive replanning was able to
resolve at least one OAR constraint violation in all but
one fraction, and there were minimal average differences
between GTV and PTV coverage in the PI and the PA.
Although this study was performed to test this paradigm
for all ultracentral thoracic tumors, special attention was
paid to the 6 patients who were representative of patients

who would be treated on a phase 1 protocol evaluating
this paradigm for early NSCLC that is currently under
development. In those 6 patients, PTV and GTV V100
coverage was markedly improved when excluding the the-
oretically nontrial eligible subcarinal lymph node patient,
and the mean percent of volume of PTV and GTV receiv-
ing an effective ablative dose of radiation therapy
(≥50 Gy/5 fractions = ≥100 Gy BED10) were greater than
90% and 95%, respectively, in both the PI and the PA.

The effective local control of early-stage NSCLC is gen-
erally thought to require a radiation therapy dose of
BED10 ≥100 Gy for optimal outcomes, and yet the abla-
tion of ultracentral lung tumors carries the inherent risk
of incurring significant toxicities such as bronchovascular
fistula or bronchopulmonary hemorrhage.4,5,29,30 This
excess toxicity was first described by Timmerman et al4 in
a series in which treatment of central lung tumors to 60 to
66 Gy/3fx resulted in greater rates of grade 3+ toxicity
compared with treatment of peripheral lung tumors (27%
vs 10%). The overall grade 5 treatment rate for this study
was 7% for all patients. This toxicity risk has been repli-
cated in multiple subsequent studies,5-7 but most recently
in the HILUS trial, in which patients with tumors ≤1 cm
from the proximal bronchial tree were treated with
56 Gy/8 fractions.6 Their analysis demonstrated that the
maximum dose to 0.2 cc of the main bronchi and trachea
was the strongest predictor of lethal bronchopulmonary
hemorrhage, highlighting the paramount need to account

Figure 4 Computed tomography−guided stereotactic adaptive radiation therapy and nonadaptive plans. In this plan,
which is projected on an ETHOS kv CBCT, a part of the proximal bronchial tree (yellow) is within the tumor, which can
introduce significant challenge when treating ultracentral thoracic disease with SBRT. Here, minor changes in anatomy
and rotation between simulation and treatment would have led to overdosing (≥50 Gy) of the proximal bronchial tree in
the PI (A) which was resolved in the PA (B), all while maintaining GTV (red) and PTV (cyan) coverage. The dose to proxi-
mal bronchial tree, GTV, and PTV are represented in the DVH for both the PI (squares) and PA (triangles). Abbreviations:
CBCT = cone-beam computed tomography; DVH = dose-volume histogram; GTV = gross tumor volume;
PTV = planning target volume; SBRT = stereotactic body radiation therapy.
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for maximum doses delivered to critical central thoracic
OARs. The high toxicity demonstrated in these trials
demonstrates that there is need for a technique such as
the one developed, tested, and described within this study
to widen the therapeutic index of SBRT for ultracentral
thoracic disease. In this study, we demonstrate that CT-
STAR was able to meet standard 5 fraction lung SBRT
constraints in all but one fraction, suggesting that this
technique may produce a more favorable toxicity profile
than the one produced by previously tested ablative meth-
ods for the ultracentral thorax.

Because of the established concern and demonstrated
risk of traditional ablative SBRT (5 or fewer fractions by
United States definition) regimens, patients with ultracen-
tral tumors are often treated with hypofractionated
courses like 60 Gy in 8 to 15 fractions in our clinic. This is
based on the theory that increasing fractionation reduces
central thorax OAR risk and the data suggesting that these
less ablative fractionation schemes are better
tolerated.5,9,10 For example, a series from the University
of Kansas evaluating the treatment of ultracentral lung
tumors with a 10-fraction regimen demonstrated limited
grade 3 esophagitis and no grade 4 or 5 toxicities.9 How-
ever, the 1-year local control rate in this study was 84%,
less than what one would expect from a 5-fraction regi-
men. Therein lies the compromise and issue with many 8
to 15 fraction regimens, as these regimens typically have
suboptimal BED10 (<100 Gy) for effective local control.29

The BED10 of 60 Gy in 8, 10, 12, and 15 fractions is 105,
96, 90, and 84, respectively. Given the significant dose het-
erogeneity in SBRT planning and coverage compromises
near OARs, it’s possible that significant portions of a
tumor could receive <100 Gy BED10, even in a 60-Gy-in-
8-fraction regimen. Therefore, one may surmise that the
development of an ablative technique capable of deliver-
ing a high BED10 (≥100 Gy) to the ultracentral thorax
while respecting OAR hard constraints may be of signifi-
cant benefit to this patient population. In this in silico
study, CT-STAR was able to maintain the volume of PTV
and GTV receiving ≥100 Gy BED10 to greater than 92%
and 98%, respectively, for the patients with intraparen-
chymal tumors, suggesting that the technique may be able
to ablate ultracentral thoracic disease without incurring
significant toxicity.

The adaptive approach, including the sacrificing of
coverage to prioritize strict OAR constraints while maxi-
mizing coverage in areas in which the PTV does not
directly overlap with a critical OAR, is well studied in sev-
eral disease sites. One disease site in which this methodol-
ogy is well studied that has similarities to ultracentral
NSCLC is pancreatic cancer. Like central and ultracentral
NSCLC, local control may be improved with delivery of a
radiation therapy dose of BED10 ≥100 Gy, which is chal-
lenging to deliver, given the proximity of adjacent critical
OARs.15,16,31-33 In addition, as in the treatment of ultra-
central disease, the priority is to limit the max dose

delivered to these critical OARs. Online-ART has been
demonstrated to improve the therapeutic ratio of SBRT
for pancreatic cancer, and our institution and others have
demonstrated excellent local control and toxicity out-
comes, as well as encouraging overall survival signals with
this approach.15 However, unlike pancreatic cancer, in
which overall survival for even localized disease is quite
poor, patients with early-stage ultracentral NSCLC have
curable disease, and it may be of concern that tumors in
otherwise-curable patients are underdosed using a PTVopt

approach. However, minimum tumor coverage was ade-
quate in this in silico study, and both GTV and PTV cov-
erage by at least 100 Gy BED10 were excellent in both the
PI and the PA when excluding the patient with a nonintra-
parenchymal tumor. This also compares favorably to
common clinical strategies used today, in which sacrifices
of ablative dosing are knowingly made through subabla-
tive, hypofractionated approaches. Furthermore, in a
future clinical implementation of CT-STAR, one could
consider minimum GTV coverage metrics to optimally
select patients for this approach, such as dose to 98% of
the GTV needing to be ≥45.00 Gy (9.50 Gy per fraction),
which is an equivalent dose by BED conversion to the
BED10 of a 60 Gy in 12 fractions regimen typically
offered, off-trial, for patients with ultracentral disease in
our clinic. In this present study, the mean GTV D98%
was 9.82 Gy (5.42-11.67) in the PI and 9.96 Gy (6.81-
12.17) in the PA, which would meet that minimum cover-
age requirement and thus ensure that at least equivalent
tumor ablation would be offered. For patients in whom
these minimum coverage requirements cannot be
achieved, it may be preferable to treat with standard,
more protracted and nonadaptive regimens.

This in silico study has also yielded several important
lessons that have been critical in the further development
of this technique for future in vivo implementation. We
have observed that when critical OARs, namely the proxi-
mal bronchial tree, bisect the tumor, it is particularly chal-
lenging to resolve OAR constraint violations through
optimization alone. In fact, the sole fraction in this study
where the TPS was unable to resolve this constraint viola-
tion was in this anatomic setting. Therefore, we have
updated our ETHOS planning template to add additional
optimization objectives to further prioritize the bronchial
tree in these patients as well as permit the TPS to increase
normalization, as needed, to meet this constraint in these
challenging anatomic scenarios (Fig. 4). Another interest-
ing point is that not all fractions required daily online
adaptation, which is in contrast to upper abdominal adap-
tive SBRT literature, where nearly all fractions benefit
dosimetrically from adaptive planning.15,34 In our clinic,
adaptation is used when an OAR strict constraint is
resolved and/or when target coverage is improved by at
least 5% in the adaptive plan. Applying those goals to this
study, 63% percent of patients would have been adapted
in this study. However, 6 of 7 patients benefitted, in silico,
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from adaptation of at least 1 fraction, and it is logical that
although thoracic OARs are somewhat mobile, there are
fewer degrees of freedom to OAR motion in the central
thorax compared with the upper abdomen.

Limitations of this study include the in silico design
and small patient cohort. However, the small patient
cohort was somewhat intentional, as it was determined by
the clinical trials team that this was a reasonable number
of patients to accrue to determine the dosimetric feasibil-
ity of CT-STAR for patients with ultracentral thoracic dis-
ease. Although timing data are comparable with previous
in silico and in vivo adaptive data,13,25,26 the adaptive ses-
sions performed on the emulator in this trial were sepa-
rate from the imaging sessions in which patients were
physically on the table to maximize patient convenience.
Therefore, the timing data might underestimate the time
it takes for adaptation as well as treatment, particularly
for patients treated at breath-hold. Although these data
demonstrate that this paradigm is dosimetrically feasible
in silico, confirmatory in vivo clinical data evaluating the
use of CT-STAR for the ablative treatment of ultracentral
thoracic disease are needed to evaluate the effect of this
paradigm on the therapeutic index.

Conclusion

The data from this prospective in silico imaging clini-
cal trial demonstrate the feasibility and dosimetric advan-
tages of CT-STAR for the treatment of ultracentral
thoracic disease. In this study, OAR hard constraints were
resolved while maintaining adequate tumor coverage, a
critical factor for a vulnerable yet curable patient popula-
tion. A prospective protocol in which this paradigm will
be evaluated in patients with ultracentral early-stage
NSCLC in the clinic is currently open and accruing
(NCT05785845).
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