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Background and purpose: A novel O-ring gantry can deliver stereotactic body radiation therapy (SBRT) with
artificial intelligence-facilitated, CT-guided online plan adaptation. It gates mobile targets by optically moni-
toring skin surface motion. However, this gating solution has not been clinically validated. We conducted a trial
to evaluate the feasibility of optical skin surface-guided gating for patients with mobile upper abdominal or lower
thoracic malignancies treated with SBRT on this platform (NCT05030454).

Materials and methods: Ten patients who were prescribed SBRT to a thoracic or abdominal target and were
capable of breath-hold for at least 17 s enrolled. They received SBRT in five fractions with breath-hold technique
and optical skin surface motion monitored-gating with a = 2 mm tolerance. Online plan adaptation was left to
the discretion of the daily treating physician. The primary endpoint was defined as successful completion of > 75
% of attempted fractions. Exploratory endpoints included local control and acute grade > 3 toxicity rates after
three months. For adapted fractions the contouring, planning, quality assurance, and treatment delivery times
were recorded.

Results: Forty-seven of 51 SBRT fractions (92 %) were successfully gated at breath-hold by optical skin surface
motion monitoring. The tumor centroid position during breath-hold varied by a mean of approximately 2 mm.
Sixty-three percent of fractions were adapted online with a median total treatment time of 78.5 min. After three
months no local recurrences or acute grade > 3 toxicities were observed.

Conclusions: SBRT treatment to mobile targets with surface-monitored gating on a novel O-ring gantry was
prospectively validated.

Introduction However, SBRT demands the utmost precision and accuracy to protect

organs-at-risk (OARs) since acute and late toxicities can annul the

Stereotactic body radiation therapy (SBRT) involves the delivery of
high doses of radiation per fraction using advanced tumor localization
techniques. Ablative doses achieved by SBRT increase the probability of
local tumor control in numerous cancer types [1-8]. For example, SBRT
has demonstrated favorable local control in early stage non-small cell
lung cancer (NSCLC) and is now a standard of care form of radiotherapy
delivery for inoperable early stage lung cancer patients [9,10].
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benefit of the treatment [11-13]. In the lower thorax and upper
abdomen, respiratory, digestive, and cardiovascular motion introduce
particular OAR positional uncertainty, yet certain malignancies that
arise in these anatomic regions — such as non-small cell lung cancer
[14,15] and pancreatic adenocarcinoma [2,16,17] — may have improved
control with SBRT compared to conventionally fractionated radio-
therapy. Hence accurate intra-fraction motion management is necessary
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for safe and efficacious ablative radiotherapy in these disease sites.

A novel O-ring gantry capable of delivering SBRT to lower thoracic
and upper abdominal malignancies with artificial intelligence-
facilitated online plan adaptation was recently commercialized (Ethos;
Varian Medical Systems, Palo Alto, CA). To manage intra-fraction mo-
tion, Ethos relies on IDENTIFY (Varian Medical Systems, Palo Alto, CA),
which is an optical skin surface monitoring system equipped with
multiple stereo-vision cameras to facilitate surface-guided radiotherapy
(SGRT) [18]. However, an SGRT workflow for SBRT gating with Ethos
has not yet been clinically demonstrated [19]. Therefore, we conducted
a phase I clinical trial designed to evaluate the feasibility and safety of
SGRT to lower thoracic and upper abdominal malignancies on the Ethos
platform.

Methods and materials
Patient population

Between October 2021 and March 2022, ten patients with a biopsy-
proven or radiographically diagnosed primary or metastatic cancer in
the abdomen or lower thorax were enrolled on this prospective clinical
trial (NCT05030454). This trial was approved by the Human Research
Protection Office of the Washington University in St. Louis School of
Medicine (IRB #202107198).

Eligible patients were at least 18 years of age, had a Karnofsky Per-
formance Status of greater than 60, and had at least one site of disease
suitable for SBRT in the lower thorax or upper abdomen per the treating
radiation oncologist. Because patients were treated using deep end-
inspiratory or end-expiratory breath-hold technique, eligible patients
were also required to be able to hold their breath for 17 s. Patients were
required to have completed systemic therapy at least one week prior to
radiation and to refrain from treatment with systemic therapy for at least
one week following completion of radiation. Patients were not eligible if
they had prior radiotherapy in the projected treatment field, were un-
dergoing treatment with an investigational agent, had an uncontrolled
concurrent illness, or were pregnant.

Prescription

Trial protocol required SBRT delivery in five fractions of no less than
7 Gy per fraction. A gross tumor volume (GTV) or clinical target volume
(CTV) delimited by the treating physician was symmetrically expanded
5 mm to make a planning target volume (PTV). No internal target vol-
ume (ITV) expansion was utilized because all treatments were planned
at inhale or exhale breath-hold position. For patients undergoing non-
adaptive SBRT, the prescription was delivered to the PTV. For patients
undergoing CT-guided stereotactic adaptive radiotherapy (CT-STAR)
per the treating physician’s discretion, the prescription was delivered to
the optimized planning target volume (PTVopt) to maximize target
coverage within inviolable OAR constraints. The PTVopt was defined by
trimming any PTV within 5 mm of critical OARs, as has been previously
described [20].

Initial planning

Each patient underwent an initial simulation with a free-breathing
4D-CT and either an end-inspiratory or end-expiratory breath-hold CT.
Intravenous and oral contrast agents were used to identify normal
vascular and luminal structures, per physician discretion. Patients pre-
scribed CT-STAR also underwent an Ethos kilovoltage (kV) cone beam
CT (CBCT) to confirm the kV CBCT’s suitability for daily adaptation.
Patients with abdominal disease were positioned with one arm up and
the other down in custom immobilization devices, while those with
lower thoracic disease were positioned with both arms up, per our
institutional SBRT practice.
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Adaptive planning

For patients receiving CT-STAR, the Ethos adaptive workflow has
previously been described [21]. Briefly, the initial plan (P;) dose dis-
tribution was superimposed on the patient’s kV CBCT anatomy-of-the-
day. If the P; delivered excessive dose to OARs or insufficient dose to
the target, then the platform’s artificial intelligence-driven treatment
planning system (TPS) facilitated online creation of an adapted plan
(Pa). Our institutional practice is to treat with P, if P resolves an OAR
constraint violation or safely improves target coverage by five percent or
more. Re-optimization of dose deposition prioritized OAR hard con-
straints above target coverage. OAR constraints are described in Table 1.

Set-up and motion management

The IDENTIFY system is auxiliary to the Ethos treatment delivery
system and does not have a stereotactic room reference. To correlate
skin and internal anatomic positions, IDENTIFY must acquire a skin
surface reference region-of-interest (ROI) in the treatment (breath-hold)
position while a kV CBCT is simultaneously acquired. Patients were set
up to skin marks using an in-bore laser system and then shifted to
treatment isocenter. At isocenter patients were coached into a breath-
hold and IDENTIFY acquired a reference ROI Specifically, the ROIL
was selected by tracing a triangular pattern along the patient’s rib cage
beginning at the xiphoid process. IDENTIFY outputted the best signal
when the skin topographic gradient comprised prominent three-
dimensional features. IDENTIFY informed the therapy team when
enough features were present to establish a reference ROL. A + 2 mm
gating boundary was then generated about the reference ROI and
several repeat breath-holds were performed to determine if the position
was reproducible. If so, the patient was coached once again into breath-
hold position, a kV CBCT was acquired (Fig. 1A), and an updated
reference surface was simultaneously captured (Fig. 1B) to link the
surface and internal anatomic positions.

In fractions considered for adaptation, the steps of contouring,
optimization, and QA were performed (Fig. 1C-E), and thereafter a
verification CBCT was acquired to ensure the patient’s anatomy had not
substantially shifted during re-planning. During treatment delivery,
IDENTIFY’s tracing was monitored by the treatment team for manual
gating. Further CBCTs were acquired after each arc in volumetric
modulated arc therapy (VMAT) plans and at the completion of each
fraction to verify patient positioning during and after treatment
(Fig. 1F).

As described in full detail in a separate physics manuscript under
review [22] we also sought to evaluate tumor residual motion during
breath-hold and correlate this with skin surface residual motion. Here,
we report key clinical evaluations. To determine tumor residual motion,
120 intra-fractional CBCTs acquired during SGRT breath-hold were
manually aligned with positional reference breath-hold CBCTs acquired
at the beginning of each fraction. Tumor residual motion was then

Table 1
Planning constraints.

Organ-at-Risk Constraint

Stomach
Duodenum
Large intestine
Small Bowel

V 3300 cGy < 0.5 cc
V 3300 cGy < 0.5 cc
V 3300 cGy < 0.5 cc
V 3300 cGy < 0.5 cc

Kidneys Mean < 1500 cGy
Spinal Cord D 0.5 cc < 2500 cGy
Esophagus D 0.03 cc < 3500 cGy
Esophagus D 5 cc < 1950 cGy

Lungs V 1350 cGy < 37 %

Trachea/Bronchus D 0.03 cc < 4000 cGy
Trachea/Bronchus D 5 cc < 3200 cGy
Heart D 0.03 cc < 3800 cGy
Heart D 15 cc < 3200 cGy
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Fig. 1. A) End-inhale (left) and end-exhale (right) sagittal kV CBCT slices exemplify target motion in the superior/inferior dimension in one patient with pancreatic
adenocarcinoma. B) A stereotactic map of the abdomen and chest surface of the patient from Fig. 1A. A skin ROI was selected (in yellow) and a respiratory trace
monitoring the ROI was acquired. Beam delivery to the pancreatic target was manually halted if the ROI deviated outside a + 2 mm gating boundary. C-E) In patients
who underwent online adaptation, the original radiation plan was projected on a CBCT of the patient’s anatomy-of-the-day (C), the patient’s anatomic structures
were re-contoured (D), and re-optimization and quality assurance were performed (E). F) Regardless of whether the patient was treated with or without online
adaptation, the patient’s position during SBRT beam-on was monitored by SGRT and confirmed by verification CBCTs acquired at regular intervals (including after

each VMAT arc).

calculated as the difference in GTV centroid coordinate positions be-
tween intra-fractional CBCTs and their respective reference CBCTs. CTV
centroids were substituted in patients without grossly identifiable tumor
volumes. We also calculated dosimetric changes due to tumor residual
motion by registering pre-arc CBCTs to their respective reference CBCTs
and radiation plan.

Endpoints

This trial’s primary endpoint was feasibility, which was defined as
successful delivery of SBRT to abdominal or lower thoracic targets using
IDENTIFY SGRT in greater than 75 % of scheduled fractions. Six
exploratory endpoints were defined a priori: 1) calculation of geometric
agreement between patient skin and tumor positions in surface-
monitored, intra-fractional breath-hold CBCT image sets, 2) determi-
nation of minimal PTV margins to be used with SGRT, 3) comparison of
the SGRT system with a standard-of-care respiratory gating system, 4)
local control rates at three months using Response Evaluation Criteria in
Solid Tumours (RECIST) version 1.1, 5) acute (within 90 days) grade > 3
toxicity rates using Common Terminology Criteria for Adverse Events
version 5.0 (CTCAE v 5.0), and 6) qualitative description of patient
factors that might interfere with surface imaging tracking, such as pa-
tient surface topography or skin tone.

Data collection and statistics

Clinical data were recorded prospectively at the time of each patient
consultation, and toxicities were collected during radiation and three
months post-SBRT. Local control rates were assessed at three months
post-SBRT. Dosimetric data were likewise recorded prospectively during
each treatment fraction. For fractions that underwent online adaptation,
logistical re-planning data were recorded.

Results

Clinical characteristics of the ten treated patients are summarized in
Table 2. The median patient age was 72, all had Eastern Cooperative
Oncology Group (ECOG) performance statuses < 1, and most were fe-
male (70 %). Patient races were Caucasian (80 %), Asian (10 %), and

Table 2
Patient characteristics. Qualitative data are counts. Quantitative data are means
with ranges in parentheses.

Age 70.1 years (40-86)
Gender Male

Female
ECOG score 0
1
Site Pancreas
Retroperitoneum
Lung
Liver
Bile duct
Stage I
I
111
v
Indeterminate
Tumor volume 37.9 em® (2.3-68.3)
Body mass index 29.8 kg/m? (21.96-40.24)
Race White
Asian
Black
Abdominal hair None
Present
Arthritis or positional pain

R U R R NFRRFRRO U 0N W

W W N ==

Comorbidities at risk of complicating
treatment

\S)

Chronic obstructive pulmonary
disorder

Heart failure

Arrhythmias

Frontotemporal dementia
End-inhale

End-exhale

1.26 cm (0.6-2.6)

Respiratory treatment phase

N w = oUW

4D simulation CT superior/inferior
motion

Black (10 %). Patient cancer histologies were pancreatic adenocarci-
noma (50 %), non-small cell lung cancer, colon adenocarcinoma (10 %),
liposarcoma (10 %), and cholangiocarcinoma (10 %). Half of patients
had stage IV disease. In 80 % of patients the SBRT target was the primary
lesion; the remaining targets were comprised of metastatic lesions in the
liver (10 %) or pancreas (10 %). All but two patients had at least one
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medical comorbidity with potential to impede the feasibility of SGRT,
including respiratory and cardiovascular comorbidities that could
impair breath-hold (60 %), musculoskeletal, autoimmune, or neuro-
genic back or abdominal positional pain (30 %), and frontotemporal
dementia (10 %). Forty percent of patients had an implanted pacemaker
or cardioverter defibrillator, none of which were proximal to the lower
thorax or upper abdominal SBRT sites. The median patient BMI was
29.8 kg/m?. Thirty percent of patients had chest and/or abdominal hair.
One patient’s chest had numerous seborrheic keratoses, and another
patient had bilateral breast reconstructions.

The number of fractions successfully delivered with SGRT was 47 of
51 fractions (92 %). The total number of fractions was 51 rather than 50
because one patient tolerated only partial delivery of his first fraction
due to positional pain. However, the undelivered dose was successfully
delivered in a sixth/completion fraction. In three fractions there was an
IDENTIFY SGRT software outage, twice midway through a fraction and
once prior to a fraction initiation. In these instances each fraction was
still successfully delivered using a backup respiratory motion manage-
ment system [23]. Each software outage was resolved before the sub-
sequent fraction and there were no treatment delays. The median total
fraction time was 78.5 min for all fractions (IQR 63-95 min), 91.5 min
for adapted fractions (IQR 79-103 min), and 51.5 min for non-adapted
fractions (IQR 45-64 min).

All patients except one were treated to a nominal dose of 50 Gy in 5
fractions to the PTVopt. The exception was treated to a nominal dose of
55 Gy in 5 fractions. At three months no patient had been lost to follow-
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up, and the local control rate for all targets was 100 %. Fifty percent of
patients had distant disease progression, including in the liver (40 %)
and in the adrenal and peritoneum (10 %). The treatment-related CTCAE
grade > 3 toxicity rate was 0 %.

Residual tumor motion during breath hold was 1.8 & 1.8 mm (mean
+ standard deviation) in the superior/inferior dimension, 2.0 + 2.2 mm
in the medial/lateral dimension, and 2.0 + 1.8 mm in the anterior/
posterior dimension (Fig. 2). This was not significantly different be-
tween patients treated at end-exhale or end-inhale. Skin surface residual
motion was 2.3 + 2.1 mm in the superior/inferior dimension, 2.5 + 2.0
mm in the medial/lateral dimension, and 2.0 + 2.3 mm in the anterior/
posterior dimension. The most extreme residual motion deviations were
14 mm and 12 mm in the medial/lateral dimension, and both were
observed in the same fraction. Tumor residual motion changed the
percentage of GTV (or CTV in cases where a CTV was used) covered by
prescription dose by a mean of —2.8 % =+ 4.4 %.

Sixty-three percent (32/51) of fractions were adapted. The median
times to re-contour and re-plan (including quality assurance checks)

Table 3
Online adaptation times. Data are median times with interquartile ranges in
parentheses.

Adaptation time Re-contour 16 min (10-20.5)
Re-plan 11 min (9.5-13.5)
Delivery 28 min (22-34.5)

Fig. 2. A) Transparent circles visualize tumor residual motion in the medial/lateral (x) and anterior/posterior (y) axes in 120 intra-fractional CBCTs acquired during
skin surface optically monitored breath-hold. Each circle has a radius of 21 mm, the radius of a sphere that is volumetrically equivalent to the mean gross tumor
volume observed in this study. The axes’ origin represents the tumor centroid coordinate position in reference CBCTs acquired at the beginning of each fraction. The
dotted red circle frames the tumor with a 5 mm PTV margin. B) Tumor positions in all end-exhale and end-inhale CBCTs. C) Tumor positions in end-exhale CBCTs
only (n = 87 CBCTs from seven patients). D) Tumor positions in end-inhale CBCTs only (n = 33 CBCTs from three patients).
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were 16 and 11 min, respectively, and the median delivery time
(including verification CBCTs between arcs) was 28 min (Table 3).
Among twenty-eight adapted fractions with available data, 54 % both
resolved an OAR constraint violation and improved PTVopt coverage,
39 % resolved OAR constraint violations alone, and 7 % improved
PTVopt coverage alone. In adapted fractions the OARs most likely to
need adaptation were the stomach (71 %), small bowel (57 %), duo-
denum (43 %), and large bowel (39 %).

When indicated and performed, adaptation decreased the median
V33Gy to stomach by 3.0 cc, to small bowel by 1.1 cc, to large bowel by
0.4 cc, and to duodenum by 0.2 cc (Fig. 3A). Although the spinal cord
and kidney dose constraints were never violated, adaptation minimally
decreased the median dose to 0.5 cc of the spinal cord by 33 cGy and
minimally increased the median mean kidney dose by 9 cGy. Adaptation
increased the median dose to 95 % of the PTVopt volume by 3.72 Gy
(from 47.3 Gy (94.6 % of prescription dose) to 51.0 Gy (102.1 % of
prescription dose)) and the median percentage of the PTVopt volume
that received 95 % of the prescription dose by 4.3 % (from 94.9 % to
99.2 %) (Fig. 3B).

Discussion

Recent best-practice guidelines from the American Association of
Physicists in Medicine (AAPM) [24] and the European Society of Ther-
apeutic Radiology and Oncology (ESTRO) [19] highlight the need to
clinically validate the use of SGRT in emerging clinical use cases. In
keeping with this recommendation, the phase I trial results presented
here support the feasibility of IDENTIFY SGRT for SBRT treatment to
upper abdominal and lower thoracic malignancies using a novel O-ring
linear accelerator. All but four planned SBRT fractions were delivered
with SGRT guidance, which met our pre-specified feasibility threshold of
treatment delivery in 75 % of fractions. At a follow-up interval of three
months, no patient had suffered disease progression at the irradiated site
or a treatment-related grade > 3 toxicity.

As a secondary endpoint we explored what magnitude of skin surface
and tumor residual motion may be expected during breath-hold. In a
separate, forthcoming manuscript [22] we found that tumor residual
motion and skin surface residual motion were small and of similar
magnitudes, averaging approximately 2 mm. Dosimetric deviations due
to tumor residual motion were small. This encourages us that a 5 mm
PTV expansion reasonably accounted for tumor residual motion in our
cohort. Despite this, the most extreme residual motion deviations in our
study were 14 mm and 12 mm and were both observed in the same
fraction, highlighting the possibility of unacceptably high deviations
given patient anatomy-of-the-day or compliance with treatment proto-
col on a given day.

The magnitude of tumor residual motion we observed was compa-
rable to that reported by Dawson et al. [25] in each dimension: 1.8 mm
vs. 2.2 mm superior/inferior, 2.0 mm vs. 2.0 mm medial/lateral, and 2.0
vs. 2.0 mm anterior/posterior. Dawson et al. delivered SBRT to liver
targets with exhale breath-hold technique, but patient breathing cycles
were externally controlled by an active breathing control device rather
than monitored by SGRT, and daily image guidance consisted of meg-
avoltage anterior/posterior and lateral portal images rather than CBCTs.
In contrast to our results, Zeng et al. [26] reported larger magnitudes of
tumor residual motion in the superior/inferior dimension, with per pa-
tient averages of 3-21 mm. Zeng et al. delivered hypo- and conven-
tionally fractionated radiation with TrueBeam linacs (Varian Medical
Systems, Palo Alto, CA) to 13 pancreatic targets and 1 liver target with
inspiratory breath-hold gated by AlignRT optical skin surface guidance
(Vision RT, London, UK). The differences between the results reported
by this study and ours may be contributed to by differences in skin
surface motion gating tolerance (+3 mm vs. + 2 mm), the selection of
ROI (an abdominal ROI at least 20 cm x 15 cm vs. a sub-xiphoid ROI
optimized for prominent three-dimensional features), the treatment
breath-hold phase (exclusively inspiration vs. exclusively expiration for
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Fig. 3. A) Volumes of luminal organs-at-risk that would receive 3300 cGy pre-
adaptation (blue) and post-adaptation (lavender). The red line demarcates the
dose constraint for all luminal organs at risk: V3300 cGy < 0.5 cc. B) Percentage
of prescription dose to 95 % of the PTVopt volumes (D95) or percentages of the
PTVopt receiving 95 % of the prescription dose (V95) pre-adaptation (blue) and
post-adaptation (lavender). Box lines represent lower quartile, median, and
upper quartile values, while whiskers represent minimum and maximum
values. Points beyond the upper or lower whisker are greater than 1.5 times the
interquartile range from the upper or lower quartile.

pancreatic targets), the methodology for assessing tumor position (peri-
tumoral fiducial marker position in 2D kV images acquired during real-
time beam delivery every 20° — 40° of gantry rotation vs. tumor centroid
position in pre-beam-on verification CBCTs), or the frequency of
assessment (typically 27 images per fraction vs. typically 2-3 CBCTs per
fraction).

An advantage of the Ethos platform is its capability to produce SBRT
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plans adapted to a patient’s anatomy-of-the-day. Online adaptation was
not required by the trial protocol, but over half of the fractions delivered
underwent adaptation, and nearly all adaptations were motivated by
OAR constraint violations. The frequency of OAR violations was com-
parable to that reported in prior experiences with online adaptive RT
[20,27]. While this sample size is small, the absence of acute grade > 3
toxicity demonstrated in this study provides encouraging early safety
data for the delivery of CT-STAR to the thorax and abdomen. Further
clinical trials designed to establish the clinical significance of the in-
cremental dosimetric improvements made possible by modern online
adaptation technologies are needed.

This prospective clinical trial has limitations. We developed a backup
breath-hold visualization system in-house in case SGRT system mal-
functioned, and it was needed to successfully deliver treatment in three
fractions. Twice (in the same patient) SGRT malfunctioned midway
through a fraction. In a third instance (with a separate patient) the SGRT
system did not function at any point during the fraction. This illustrates
the utility of a contingency system to avoid unplanned treatment delays
or cancellations. Second, our sample size was small and follow-up was
short. This was appropriate for our primary feasibility endpoint, but
limits conclusions with respect to toxicity and efficacy. Notwithstanding
the small sample size, variations in skin tone, hair, body mass, and fe-
male breast shape did not appear to impede SGRT.

Conclusions

IDENTIFY SGRT to facilitate Ethos SBRT to abdominal and lower
thoracic targets was successfully delivered in 92 % of fractions, which
met this trial’s primary feasibility endpoint and remained feasible even
when online adaptation was employed. At three months, no patient had
progressed locally at the treated disease site or suffered a treatment-
related grade 3 toxicity. To our knowledge, this is the first clinical
validation of SGRT for Ethos SBRT treatment of lower thoracic or upper
abdominal malignancies.
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