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Purpose: Endobronchial electromagnetic transponder beacons (EMT) provide real-time, precise positional data of moving lung
tumors. We report results of a phase 1/2, prospective, single-arm cohort study evaluating the treatment planning effects of EMT-
guided SABR for moving lung tumors.
Methods and Materials: Eligible patients were adults, Eastern Cooperative Oncology Group 0 to 2, with T1-T2N0 non-small cell lung
cancer or pulmonary metastasis ≤4 cm with motion amplitude ≥5 mm. Three EMTs were endobronchially implanted using
navigational bronchoscopy. Four-dimensional free-breathing computed tomography simulation scans were obtained, and end-
exhalation phases were used to define the gating window internal target volume. A 3-mm expansion of gating window internal target
volume defined the planning target volume (PTV). EMT-guided, respiratory-gated (RG) SABR was delivered (54 Gy/3 fractions or
48 Gy/4 fractions) using volumetric modulated arc therapy. For each RG-SABR plan, a 10-phase image-guided SABR plan was
generated for dosimetric comparison. PTV/organ-at-risk (OAR) metrics were tabulated and analyzed using the Wilcoxon signed-rank
pair test. Treatment outcomes were evaluated using RECIST (Response Evaluation Criteria in Solid Tumours; version 1.1).
Results: Of 41 patients screened, 17 were enrolled and 2 withdrew from the study. Median age was 73 years, with 7 women. Sixty
percent had T1/T2 non-small cell lung cancer and 40% had M1 disease. Median tumor diameter was 1.9 cm with 73% of targets
located peripherally. Mean respiratory tumor motion was 1.25 cm (range, 0.53-4.04 cm). Thirteen tumors were treated with
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EMT-guided SABR and 47% of patients received 48 Gy in 4 fractions while 53% received 54 Gy in 3 fractions. RG-SABR yielded an
average PTV reduction of 46.9% (P < .005). Lung V5, V10, V20, and mean lung dose had mean relative reductions of 11.3%, 20.3%,
31.1%, and 20.3%, respectively (P < .005). Dose to OARs was significantly reduced (P < .05) except for spinal cord. At 6 months, mean
radiographic tumor volume reduction was 53.5% (P < .005).
Conclusions: EMT-guided RG-SABR significantly reduced PTVs of moving lung tumors compared with image-guided SABR. EMT-
guided RG-SABR should be considered for tumors with large respiratory motion amplitudes or those located in close proximity to OARs.
© 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
The treatment of early-stage non-small cell lung cancer
(NSCLC) using SABR technique was first described by
Timmerman et al1 almost 2 decades ago. They reported
3-year local control rates of 90% and 40% overall survival
at 5 years among patients who were medically inoperable
or who preferred nonoperative management.2,3 Since that
time, SABR has been widely adopted and expanded for
use in the pulmonary oligometastatic4-7 and oligoprogres-
sive settings.8,9

The delivery of ablative doses of radiation to lung
tumors presents several challenges because they are con-
stantly in motion in multiple axes owing to respiratory
motion and cardiac pulsations, raising the possibility of a
geographic miss, particularly for tumors of the lower or
middle lobes where the influence of diaphragmatic move-
ments is the greatest. Furthermore, multiple critical organs
at risk (OAR) are often in close proximity to the tumor
target and must be carefully spared from the toxicity of
SABR. Therefore, reliable motion control strategies are
imperative to ensure both safety and effectiveness of SABR.

Various motion control strategies have been developed
for lung SABR, including abdominal compression devices
to reduce diaphragmatic excursion,10,11 respiratory gating
using external motion amplitude surrogates,12,13 breath
hold techniques,14,15 and motion encompassing techni-
ques including internal target volumes (ITV) generated
from free-breathing (FB) 4-dimensional computed
tomography simulation (4D-CT) scans.16 However, tech-
niques such as abdominal compression or breath holding
may be poorly tolerated, especially among patients with
limited pulmonary reserves, and require high levels of
patient compliance.17 Respiratory gating by external
motion amplitude surrogates is subject to potential
abdominal-thoracic asynchrony, which can produce a
respiratory phase lag and result in unintentional gating of
the treatment during the incorrect respiratory phases,
thus generating a geographic miss.18-20 Finally, tumors
with large motion amplitudes can result in prohibitively
large ITVs and planning target volumes (PTVs), which
may encroach on nearby OARs.21 Therefore, there
remains a bona fide need for the development of a well-
tolerated, highly precise methodology for the effective and
safe delivery of SABR for moving pulmonary tumors.
Endobronchially implanted electromagnetic trans-
ponders (EMT) are miniature encapsulated copper coils
that are anchored within the small airways of the lungs by
expandable nitinol anchoring legs that prevent beacon
migration.22 When excited by the electromagnetic field
generated by a transponder array, each beacon produces a
unique response radiofrequency signal that is used to pro-
vide real-time, in vivo positional telemetry for moving
lung tumors during SABR treatment with submillimeter
precision.23

Real-time positional telemetry data obtained from
EMTs are not subject to the same potential errors of
abdominal-thoracic asynchrony because the EMTs report
the position of the moving lung tumor and lung paren-
chyma itself instead of an external surrogate measure of
lung tumor motion. Thus, endobronchially implanted
EMTs can be used both in the FB or breath-held state to
facilitate high-precision respiratory-gated SABR (RG-
SABR) or deep-inspiration breath hold SABR (DIBH-
SABR) with smaller PTV margins compared with stan-
dard image-guided SABR (IG-SABR) techniques.

EMTs have been successfully used to guide SABR
treatments in other disease sites including prostate cancer
and liver malignancies.24,25 Furthermore, the delivery of
EMT-guided SABR for pulmonary tumors has been eval-
uated in several phase 1 studies,26-31 which have found
that EMT-guided SABR is feasible to deliver and is associ-
ated with minimal toxicity.

The dosimetric effect of smaller PTV margins and
respiratory-gating methods afforded through the use of
EMTs during pulmonary SABR is presently unknown.
We report the findings of a phase 1/2 prospective cohort
study that aimed to assess the effect of endobronchially
implanted EMT−guided RG- or DIBH-SABR on treat-
ment volumes and patient outcomes compared with stan-
dard IG-SABR including (1) differences in PTVs; (2)
dosimetric differences to OARs; (3) toxicity profiles; and
(4) treatment responses to date.
Methods and Materials
This prospective, single-arm, phase 1/2 cohort study
was registered with ClinicalTrials.gov (trial identifier:
NCT03322072).
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Patient population

Eligible patients were adults (≥18 years) with surgically
inoperable, biopsy-proven or suspected malignancies
located in the right middle lobe, lingula, or lower lobes of
the lungs, including (1) American Joint Committee on
Cancer (seventh edition) stage I or II NSCLC or (2) pul-
monary oligometastatic or oligoprogressive tumors.
Upper lobe tumors were eligible if the tumor motion
amplitude was ≥5 mm (verified by fluoroscopy or 4D-CT
scan). Maximal tumor diameter was ≤4 cm. Confirmation
of malignancy by biopsy was encouraged; however, a posi-
tron emission tomography−positive tumor demonstrat-
ing growth on serial CT scans was acceptable in lieu of
biopsy. Participants required forced expiratory volume in
1 second (FEV1) of ≥0.8 L and diffusing capacity for car-
bon monoxide (DLCO) of ≥35% predicted, Zubrod per-
formance status of 0 to 2, life expectancy of ≥6 months,
and ability to tolerate bronchoscopy and SABR. Patients
were excluded in the following circumstances: target
tumor in contact with the proximal bronchial tree; history
of SABR to the same lesion; uncontrolled systemic dis-
ease; connective tissue disease; autoimmune disorder;
active pulmonary infection; requirement for supplemental
oxygen at rest; or inability to lie supine for ≥30 minutes.
EMT implantation procedures

A high-resolution, noncontrast CT scan of the chest
with 1.25-mm slice thickness was performed and exported
to the SuperDimension electromagnetic navigational
bronchoscopy system (Medtronic). Before implantation, a
thoracic surgeon preselected 3 EMT implantation loca-
tions that were positioned within 3 cm of the target tumor
in the small airways of the lung (2-3 mm diameter), and
the endobronchial routes to navigate to the preselected
sites were mapped. Under general anesthesia or conscious
sedation, 3 anchored EMTs (Calypso Beacons; Varian
Medical Systems) were implanted endobronchially by a
trained thoracic surgeon using the SuperDimension elec-
tromagnetic navigational bronchoscopy system (Med-
tronic). The locations of EMT implants were verified by
fluoroscopy directly after each EMT placement.
Radiation therapy

CT simulation scan
One week after EMT implantation, patients underwent

a FB 4D-CT simulation scan (Siemens SOMATOM Defi-
nition Edge; Siemens) in the supine position with arms
abducted above their heads, body immobilized with a
Vac-Lok bag (CIVCO Radiotherapy), and knee rest in
either the FB state or in a prone position with arms down
for a DIBH-CT simulation scan. The respiratory-gating
system for scanners (Varian Medical Systems) was used
to create the respiratory wave form for generation of the
10-respiratory phase correlated CT data sets for the 4D-
CT simulation scan. Coregistration of pretreatment posi-
tron emission tomography scans was encouraged to aid
contouring.

Treatment planning
Treatment planning was performed using the Eclipse

(version 15.6) treatment planning system (Varian Medical
Systems). For the first 2 patients (phase 1 of the study),
the gross target volume (GTV) was delineated in all 10
respiratory-phase correlated CT data sets, the ITV was
generated using the accumulate structure function of all
10 GTVs (Boolean merge) in Eclipse, and the PTV con-
sisted of the ITV plus a 5-mm isometric expansion. For
the remainder of the study (phase 2 of the study), the
GTV was contoured at end-exhalation (CT50 data set)
plus several respiratory phases before and after CT50
(typically CT30-CT70, when the tumor is minimally dis-
placed from end-exhalation). The GTVs contoured on
CT30-70 were Boolean merged to generate a respiratory
gating window ITV. The PTV consisted of a 3-mm iso-
metric expansion around the gating window ITV. For
patients treated with prone DIBH, 2 simulation scans
were obtained: (1) prone DIBH-CT simulation scan and
(2) supine FB 4D-CT simulation scan (for backup). For
prone DIBH treatment, the ITV was defined as the GTV
from the breath hold CT simulation scan, and the PTV
was generated using a 3-mm isometric expansion of the
ITV. A 3-mm isometric expansion of the EMTs was gen-
erated to determine the treatment threshold. Dose pre-
scriptions were 54 Gy in 3 fractions for tumors located
≥1 cm away from the chest wall or 48 Gy in 4 fractions
for tumors located <1 cm from the chest wall or other
critical OAR. Dose coverage specifications for treatment
planning were as follows: (1) 99% of the ITV covered by a
minimum of 110% of the prescription dose; (2) 95% of
the PTV covered by the prescription dose; and (3) 99% of
the PTV covered by a minimum of 90% of the prescrip-
tion dose. Dose hotspots >105% were confined within the
PTV. Treatment plans were optimized using the Varian
Acuros dosimetric algorithm with inhomogeneity correc-
tion and volumetric modulated arc therapy delivery using
2 coplanar 240° arcs, with a 10 MV flattening filter free
photon beam and maximum dose-rate of 2400 MU/min.
OAR constraints were derived from the Radiation Ther-
apy Oncology Group 0618 protocol by Timmerman et
al32 and American Association of Physicists in Medicine
Task Group 101.33

Treatment delivery
SABR treatments were delivered using a Varian Edge

linear accelerator with a 6°-of-freedom couch. EMT bea-
con localization telemetry was used to measure the inter-
transponder distance (ITD) difference (defined as the
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difference of distance between any 2 EMTs measured at
planning and before each treatment fraction), and the
geometric residual (GR; defined as root mean squared
error of intertransponder distance) was calculated. A GR
< 0.2 cm was required to proceed with EMT-guided RG-
SABR. Daily setup and verification cone beam CT scans
were performed daily to verify beacon positions pre- and
posttreatment and to assess for the possibility of beacon
migration. EMT positional data were captured in real-
time during each fraction to ensure data fidelity through-
out the entire setup and treatment procedure and to allow
personnel to gain familiarity with the operation of the
EMT system. For the first 2 patients (phase 1), the beam
was not gated on/off using EMT telemetry and patients
were treated FB. For phase 2, patients were FB and the
beam was gated on/off automatically using the EMT
telemetry. For 1 patient, who was simulated and treated
with a prone DIBH technique because of tumor location,
audio coaching was used to provide feedback to the
patient when EMT telemetry confirmed they were in a
proper breath hold.

Analysis
Baseline patient (age, sex, pulmonary function, perfor-

mance status, comorbidities), disease (tumor location,
tumor volumes, pathology, stage, maximum tumor
motion amplitude), and treatment (radiation therapy
[RT] dose/fractionation) variables were tabulated for
descriptive purposes.

Study endpoints
For each targeted tumor, 2 SABR treatment plans were

generated: (1) an EMT-guided RG- or DIBH-SABR plan
and (2) a standard IG-SABR plan.

The primary study endpoint was percentage change in
PTVs when comparing the EMT-guided RG- (or DIBH)-
SABR technique to standard IG-SABR. Percentage change
in PTV was calculated as

% Change in PTV ¼ PTVIG�SABR � PTVRG�SABRð Þ
PTVIG�SABRð Þ � 100%

Secondary endpoints included percentage change in
OAR metrics, including mean lung dose (MLD), V5, V10,
V20, and D2cm, calculated as

% Change in OAR dose ¼ DoseIG�SABR � DoseRG�SABRð Þ
DoseIG�SABRð Þ � 100%

Dosimetric data were extracted from the RG- and
DIBH-SABR and IG-SABR plans for each patient, includ-
ing PTV, MLD, lung V5, V10, V20, D2cm, and dose to
OARs of interest (chest wall, esophagus, heart, ribs, and
spinal canal). For RG- or DIBH-SABR, ITD difference,
GR, gantry tracking time, and beam-on durations were
extracted from the Calypso system for each patient per
fraction. RG- or DIBH-SABR and IG-SABR metrics were
tabulated and compared using the nonparametric Wil-
coxon sign-rank pair test, and P values <.05 were consid-
ered statistically significant differences.
Statistical considerations
Sample size and power calculations were performed

using the STATA version 12 software package (College
Station, TX). Zhao et al,34 who carried out dosimetric
analyses of lung tumors undergoing SABR lung treat-
ments with similar characteristics (T1-T2N0 NSCLC) to
those that were eligible for this study, found a median
PTV of 62.9 cm3 (standard deviation 43.6 cm3). Presum-
ing similar sized tumor volumes as Zhao et al, a sample
size of 28 tumors would yield a power of 0.99 to detect a
40% reduction in the mean PTV between standard IG-
SABR based treatment compared with EMT-guided RG-
SABR plans for the same tumor, with an a of 0.05 and
using a 1-sided test for statistical significance. A reduced
sample size of 13 tumors (keeping all other parameters
the same) would yield a power of 0.89.
Ethical considerations
This trial was conducted with prior written approvals

from the University of Manitoba Biomedical Research
Ethics Board (Approval: B2017:48) and the CancerCare
Manitoba Research Resource Impact Committee
(Approval: 2017-014). Written informed consent was
obtained from all patients before initiation of any trial-
related procedures. All patient care in this trial was in
accordance with the principles of human medical research
in the Declaration of Helsinki and the Canadian Tri-
Council Policy Statement for ethical conduct for human
research trials (version 2.0).
Patient follow-up
Patients were followed with serial clinical assess-

ments and chest CT scans every 6 months for 3 years.
Target tumor dimensions were recorded at each CT
scan, treatment response was graded according to
RECIST (Response Evaluation Criteria in Solid
Tumours; version 1.1), and the percentage change in
maximum tumor dimensions was calculated. Pulmo-
nary function tests (PFTs) were done at 6, 18, and 36
months posttreatment. History and physical examina-
tions were done at each visit with administration of
the European Organisation for Research and Treat-
ment of Cancer QLQ-C30 and QLQ-LC13 question-
naires. Toxicity profiles were graded using the
National Cancer Institute Common Terminology Cri-
teria for Adverse Events, version 5. Because of the
COVID-19 pandemic lockdowns, some patient follow-
up investigations were mandatorily canceled in accor-
dance with public health directives for follow-up
investigations in the period of March 2020 to July
2021.
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Results
Between December 2017 and December 2021, 41
patients were assessed for eligibility. Because of concerns
regarding patient safety and human and material (includ-
ing personal protective equipment) resource shortages
during the COVID-19 pandemic, trial accrual was tempo-
rarily halted by order of the Biomedical Research Ethics
Board from March 2020 to July 2021. Sixteen patients
(39.0%) did not meet eligibility criteria and 8 (19.5%)
opted to forgo trial participation, leaving 17 (41.5%) eligi-
ble patients who consented to trial participation. One
patient withdrew consent and 1 had disease progression
before EMT implantation procedures. EMTs were suc-
cessfully implanted in 15 patients. No significant beacon
migration was noted between the time of EMT implanta-
tion to the start of SABR or between the first fraction of
SABR until completion of the final fraction of SABR. One
patient had a tracking failure of the EMTs because of the
distance between the array to the beacons of just greater
than 20 cm in 2 of the beacons. These 2 beacons did not
migrate after their successful implantation, but the dis-
tance from the beacons to the array was larger than
planned because of anterior protuberance of the abdo-
men, which was inferior to the lowest slices of the CT
chest used to plan the navigational bronchoscopy. The
increased abdominal standoff distance was discovered at
the time of setting up for the first fraction of SABR. The
patient was offered to be resimulated in the prone posi-
tion for EMT-guided SABR; however, the patient did not
want to wait for a repeat CT simulation scan and treat-
ment planning processes and instead opted to have imme-
diate treatment using the backup IG-SABR plan. Two
patients were treated in the phase 1 feasibility component
of the trial, and 12 patients were treated with EMT-guided
RG- or DIBH-SABR in phase 2 of the trial. One patient in
phase 2 had 2 target tumors treated simultaneously by
RG-SABR using the same set of 3 EMTs. One patient was
treated with EMT-guided DIBH-SABR in the prone posi-
tion. Thus, a total of 13 target lung tumors were treated
with EMT-guided RG- or DIBH-SABR (see Fig. 1 for
CONSORT diagram). The study was closed to accrual in
December 2021 in accordance with the recommendation
by the trial monitoring committee, which concluded that
enough patients had been accrued to make a judgment on
the primary endpoint.
Patient and tumor characteristics

Baseline patient characteristics are summarized in
Table 1. The study cohort consisted of 8 men and 7
women, with a median age of 73 years (22-89). Seven
patients had T1N0M0 NSCLC (53%), 2 patients had
T2N0M0 NSCLC (13%), and 6 patients had pulmo-
nary oligometastatic disease (40%). Four patients
(27%) had central lesions (ie, located within 2 cm of
the proximal bronchial tree) as per the Timmerman et
al35 definition and 11 had peripheral lesions (73%).
Four tumors were located in the upper lobes (25%),
and 12 tumors were located in the lower lobes (75%).
Maximum tumor dimension at baseline was 2.1 cm
(0.7-3.8 cm). Mean pre-SABR FEV1 was 2.0 L (range,
0.8-3.45) predicted. Pre-SABR DLCO was 84% (52%-
123%) predicted.
Treatment characteristics

Treatment characteristics are summarized in Table 1.
Seven patients were treated with 48 Gy in 4 fractions
(47%) and 8 with 54 Gy in 3 fractions (53%). Mean PTV
for IG-SABR plans was 40.1 cc (range, 14.7-112.5) and
22.1 cc (range, 7.9-56.5) for RG-SABR. The average maxi-
mum tumor motion amplitude was 1.2 cm (range, 0.5-4).
Mean tracking time (including setup and treatment) per
fraction was 19.9 minutes (range, 8.6-46) with mean
beam-on time of 2.8 minutes (range, 1.7-6.7) per fraction.
Mean ITD difference per fraction was 0.087 mm (range,
0-0.27) with mean GR per fraction of 0.057 cm (range, 0-
0.12). In 4 patients, 1 of the 3 implanted beacons needed
to be disabled because of tracking failure (all of which
were in patients in the supine position with the posterior-
most beacon located just beyond the 20-cm range of the
Calypso array).
Dosimetric and treatment planning
outcomes

The PTVs of EMT-guided RG- (or DIBH)-SABR
plans were significantly reduced compared with PTVs
of the same tumors when planned using IG-SABR
techniques (FB 4D-CT simulation scan plus 5-mm IG-
PTV margins). Compared with IG-SABR, we observed
that EMT-guided SABR plans yielded mean %PTV
and %ITV reductions of 47.2% (range, 11%-65%; P <
.005) and 36.4% (6.0%-65.5%; P < .005) respectively
(Fig. 2A, Table 2).

Significant relative reductions were also observed in
the mean V5 (−11.6% [−20.1% to −3.0%]; P < .005),
V10 (−20.3% [−36.2% to −9.0%]; P < .005), V20
(−31.1% [−48.8% to −19.6%]; P < .005), D2cm (−15.5%
[−36.3% to −4.2%]; P < .005), and MLD (−20.2%
[−34.2% to −3.8%]; P < .005) of the bilateral lungs with
RG- (or DIBH)-SABR treatment plans compared with
IG-SABR treatment plans (Table 2, Fig. 2B). For IG-
SABR plans, the absolute mean MLD, V5, V10, V20, and
D2cm were 3.8 Gy (2.4-6.1 Gy), 16.1% (8.9%-27.3%),
10.2% (5.2%-14.5%), 4.7% (2.2%-8.7%), and 3.1 Gy (2.4-
3.9 Gy), respectively. In RG- (or DIBH)-SABR, the abso-
lute mean MLD, V5, V10, V20, and D2cm were 3.1 Gy



Figure 1 CONSORT (Consolidated Standards of Reporting Trials) diagram.
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(2.0-5.1 Gy), 14.1% (8.5%-19.7%), 7.9% (4.6%-15.2%),
3.1% (1.6%-6.0%), and 2.6 Gy (2.1-3.3 Gy), respectively
(Table 2). For other thoracic OARs, significant reductions
in maximum point dose (Dmax) were observed in chest
wall (−8.4% [−29.2% to 6.0%]; P < .005), esophagus
(−10.3% [−37.0% to 14.3%]; P < .025), heart (−18.3%
[−55.9% to 3.8%]; P < .005), and ribs (−4.9% [−12.7% to
11.2%]; P < .025). There was no significant sparing of the
spinal cord Dmax (1.7% [−25.7% to 31.1%]; P = .86).
Dose-volume analyses for these OARs showed a greater
effect on the relative dose change in chest wall (−26.6%
[−100.0% to 0.02%]; P < .005), esophagus (−24.1%
[−74.5% to 29.8%]; P < .005), heart (−17.8% [−60.8% to
23.1%]; P < .005), and ribs (−13.9% [−100% to 8.8%];
P < .025) (Table E1).
Case illustrations
Case 1: Left lower lobe tumor located in close
proximity to the heart

Prone DIBH-SABR technique was used in a patient
with metastatic colorectal carcinoma with a solitary pul-
monary metastasis in the right lower lobe located poste-
riolateral to the heart. When simulated using an FB 4D-
CT scan and planned using the standard IG SABR for a
dose of 48 Gy in 4 fractions, the PTV margin extended
into the heart with heart Dmax of 6182 cGy (Fig. 3A).
When CT simulation was repeated in prone DIBH, the
distance between the heart and the target tumor increased
such that when using a 3-mm EMT-based PTV margin,



Table 1 Patient, disease, and treatment characteristics

Variable No. %

Sex Male 8 53

Female 7 47

Median age 73 (22-89)

Stage T1N0M0 7 47

T2N0M0 2 13

Oligometastatic 6 40

Central/peripheral Central 4 27

Peripheral 11 73

Location Upper lobes 4* 25

Lower lobes 12* 75

Dose/fractionation 48 Gy/4 fractions 7 47

54 Gy/3 fractions 8 53

Median tumor dimension (cm) 2.1 (0.7−3.8)

Mean pre-SABR FEV1 (%) 74 (33−118)

Mean pre-SABR DLCO (%) 84 (52−123)

Mean tumor motion (cm) 1.2 (0.5−4.0)

Mean track time (min) 19.9 (8.6−46)

Mean beam-on time (min) 2.8 (1.6−6.7)

Mean intertransponder distance difference (cm) 0.087 (0−0.27)

Mean geometric residual (cm) 0.057 (0−0.12)

Abbreviations: DLCO = diffusing capacity for carbon monoxide; FEV1 = forced expiratory volume in 1 second; SABR = stereotactic ablative radio-
therapy.
* One patient had 2 lesions in the lower lobes, with 16 total tumors from 15 patients.
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the PTV no longer overlapped with the heart and the
heart Dmax was reduced to 2523 cGy (59.2% reduction).
This patient successfully received EMT-guided DIBH-
SABR and did not suffer any grade 2+ acute/late toxicities
(Fig. 3A).

Case 2: Two right lower lobe tumors treated
concurrently with EMT-guided RG-SABR with 1 set
of beacons

Although EMTs are typically used for the treatment of
a single pulmonary tumor target, it is possible to treat
more than 1 tumor target with a single set of 3 EMTs if
the targets are located in relative proximity to one
another. A 22-year-old woman with metastatic synovial
sarcoma presented with 2 pulmonary oligometastatic
lesions of the right lower lobe in close proximity to the
diaphragm with large respiratory motion amplitude of
4.0 cm (Fig. 3B). To spare the maximum amount of nor-
mal lung from RT dose, the decision was made to use
EMT-guided RG-SABR for both tumor targets simulta-
neously. This treatment was successfully delivered to a
dose of 54 Gy in 3 fractions without complications. Com-
pared with FB IG-SABR, PTVs were reduced by 50.6% for
the anterior tumor and 54.7% for the tumor located more
posteriorly in the right lower lobe, with a corresponding
29.9% reduction in lung V20 combined (Fig. 3B).
Treatment-related toxicity

No grade 2+ acute or late treatment-related toxicities
were observed during or after EMT implantation. No
postimplant complications such as pneumothorax, pul-
monary hemorrhage, pneumonia, bronchitis, or expecto-
ration of EMTs occurred. No grade 2+ SABR-related
treatment toxicities were observed during treatment or
follow-up. Eight patients reported no treatment-related
toxicities whatsoever. Six patients reported grade 1 toxic-
ities during follow-up including: fatigue (2), cough (1),
dyspnea (1), chest wall pain (1), and radiation pneumoni-
tis (1).
Tumor outcomes

The database was frozen on October 15, 2022, with a
median follow-up of 18 months (6-48), and no local treat-
ment failures were observed. Three patients had regional



Figure 2 Dosimetric outcomes: (A) waterfall plot of per-
centage planning target volume reduction comparing
EMT beacon guided, respiratory-gated, SABR with stan-
dard image-guided SABR. Red striped bar represents
the mean reduction of 47.2%, P < .005. (B) Lung dose
metric(V5Gy, V10Gy, V20Gy) comparison of standard
image-guided SABR (black columns) with EMT beacon
guided, respiratory-gated, SABR. *P < .005.
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and distant disease progression: 1 at 6 weeks and 2 at 6
months after treatment. One had regional progression of
NSCLC, while the other 2 had systemic progression of
nonpulmonary primary malignancies. In terms of best
Table 2 Lung dosimetric outcomes

IG-SABR (mean) RG-SABR (mean) Ab

MLD (Gy) 3.8 (2.4−6.1) 3.1 (2.0−5.1) 0.7

V5 (%) 16.1 (8.9−27.3) 14.1 (8.5−19.7) 2.0

V10 (%) 10.2 (5.2−14.5) 8.0 (4.6−15.2) 2.2

V20 (%) 4.7 (2.2−8.7) 3.1 (1.6−6.0) 1.6

D2cm (GY) 30.9 (24.2−39.2) 26.1 (21.1−32.8) 4.8

ITV (cc) 15.4 (3.8−54.4) 9.0 (2.7−29.8) 6.4

PTV (cc) 40.1 (14.7−112.5) 21.6 (7.9−56.5) 18

Abbreviations: IG = image guided; ITV = internal target volume; MLD = me
SABR = stereotactic ablative radiotherapy; V5 (%) = percentage volume of lu
Gy; V20 (%) = percentage volume of lungs receiving 20 Gy.
treatment response, 5 (33%) patients had complete
response on serial imaging, 7 (47%) patients had partial
response, and 3 (20%) had stable disease (Table E2). The
progression-free survival at 12 and 24 months was 79%,
and the median progression-free survival was not reached
(Fig. E1B).

All patients completed scans at 6-month follow-up,
and 9 patients were able to complete PFTs (access to
PFTs was limited during the COVID-19 lockdowns).
Average maximum tumor dimension at 6 months was
1.3 cm (0.7-3.4 cm), compared with the baseline of 2.1 cm
(0.7-3.8 cm). Mean percentage reduction of tumor volume
was 53% at 6 months compared with baseline measure-
ments (Fig. E1A; P < .005). Of the 9 patients who com-
pleted PFTs at 6 months, mean FEV1 change was not
statistically significant at −8.1% (−27% to 15%; P > .1).
There was a significant change in DLCO of −17.6%
(−41.7% to 15.9%; P < .025).
Discussion
This study found that EMT-guided SABR is highly
precise both during localization and treatment delivery.
During localization, EMTs provided highly accurate posi-
tional telemetry with a mean ITD difference of 0.087 cm
(0-0.27 cm) and GR of 0.057 cm, which are consistent
with values reported in the literature.26,28,30 Although a 5-
mm PTV margin was used in the feasibility studies of
EMTs by others,26-31 we found that with the degree of
precision afforded by the real-time positional telemetry
from the EMTs, a smaller PTV margin of 3 mm was
justified.12,24 The 3-mm PTV expansion margin employed
in this study is the smallest in vivo PTV margin among
the published lung SABR literature.

Nonanchored, gold seed pulmonary fiducial markers
implanted into lung parenchyma via transthoracic or
endobronchial route are associated with a significant rate
of seed migration (as high as 19%) along needle tracks or
solute Reduction Relative Reduction (%) p- value

(0.3−1.3) 20.2 (3.8−34.2) <.005

(−0.3 to 3.4) 11.6 (−3.0 to 20.1) <.005

(0.57−4.2) 20.3 (9.0−36.2) <.005

(0.4−2.9) 31.1 (19.6−48.8) <.005

(1.4−14.2) 15.5 (4.2−36.3) <.005

(0.4−24.6) 36.4 (6.0−65.5) <.005

.5 (6.6−43.4) 47.2 (11.1−64.5) <.005

an lung dose; PTV = planning target volume; RG = respiratory gated;
ngs receiving 5 Gy; V10 (%) = percentage volume of lungs receiving 10



Figure 3 Illustrative cases. (A) Sixty-two-year-old male with a solitary pulmonary metastasis from colorectal cancer. Top:
standard IG-SABR was not safe/feasible to deliver because of PTV (orange contour) was overlapping with heart (pink con-
tour) and heart maximum dose of 6182 cGy. Bottom: Prone deep-inspiration breath hold SABR using Calypso EMT guid-
ance with maximum heart dose of 2523 cGy. The heart (pink contours) and PTV (orange contours) no longer overlap. (B)
Twenty-two-year-old female with metastatic synovial sarcoma with 2 pulmonary metastases in close proximity. Both
tumors were treated concurrently using 1 set of EMT beacons. Red contours: standard IG-SABR PTVs. Blue contours:
EMT guided, respiratory-gated, SABR PTVs. PTVs were reduced by 50.6% (anterior tumor) and 54.7% (posterior tumor),
respectively, using EMT-guided respiratory-gated SABR as compared with IG-SABR. Abbreviations:
EMT = electromagnetic transponders; IG = image guided; PTV = planning target volume.
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vascular/ventilatory pressure gradients.36,37 Coiled fidu-
cial markers (nonanchored) are also associated with sig-
nificant rates of marker migration. Casutt et al38 reported
16 fiducial coil migrations in their lung SABR study
within a cohort of 207 patients. Among the 16 migrated
coils, 13 coils were missing on CT simulation scans while
the remainder were discovered in other unexpected pul-
monary segments. By contrast, during this study, we did
not observe any significant migration of EMTs after
implantation based on pretreatment cone beam CT scans
for each patient and serial follow-up CT scans (data not
shown), highlighting the value of the miniature anchoring
legs of the Calypso EMTs, which held the EMTs firmly in
place in the endobronchial lumen of 2- to 3-mm diameter
airways of the lungs. McDonald et al39 retrospectively
investigated 17 patients treated with anchored EMT-
guided SABR and found 68% of EMTs were within 5 mm
of the locations at treatment planning on post-SABR
imaging at a median of 2.5 years. Of those that migrated
≥5 mm, all were attributed to peritumor fibrosis,39 which
altered the conformation of the lung parenchyma during
follow-up.

Conventional pulmonary IG-SABR treatments using
motion encompassing ITV techniques in the lower lobes of
the lungs have a propensity for large PTVs relative to the
size of the primary target, especially among tumors with
large motion amplitudes located close to the diaphragm.
The use of EMTs in this study reduced PTVs by 2 key ave-
nues. Firstly, the real-time target location and motion
telemetry allows for accurate, automated gating of the linear
accelerator such that SABR is delivered only during the gat-
ing window, and thus a smaller ITV is generated because it
did not have to include other phases of the respiratory cycle
when the tumor is moving themost. Secondly, the high pre-
cision positional telemetry minimized uncertainty of the
target location such that a smaller expansion on ITV (3
mm) could be used to generate the PTV. In this prospective
cohort study assessing the effect of EMTs on PTVs for lung
tumor SABR treatments, we found that the use of these 2
aforementioned strategies afforded by the EMTs led to a
mean 47.2% reduction in PTVs compared with IG-SABR.
These findings bolster the findings of a prospective clinical
trial by Booth et al,40 who demonstrated PTV reduction
with EMT-guided RG-SABR of 26%. In their study, a single
end-exhalation phase was designated as the gated window
with a PTV margin of 5 mm. They reported a decrease in
MLD from 2.9 to 2.6 Gy (9.3% reduction). In the present
study, the 47.2% PTV reduction and average MLD decrease
from 3.8 to 3.1 Gy (20.2% relative reduction) could poten-
tially be attributed to the use of the combination of a respi-
ratory gating window and a smaller PTV margin of 3 mm.
The risk of radiation pneumonitis (RP) has been correlated
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with MLD and V20.41-43 For example, Barriger et al41

reviewed 251 patients and found significant differences in
incidence of grade 2 to 4 RP with the thresholds of MLD of
4 Gy and V20 of 4%. The present study showed RG-SABR
achieved reduction of the mean V20 to 3.1% from 4.7%
compared with IG-SABR plans (Table 2). Thus, it is con-
ceivable that for some patients, EMT-guided RG-SABR
may effectively reduce the risk of grade 2+ RP.

Althoughwe observed a statistically significant reduction
of dose to OARs including the chest wall, ribs, esophagus,
and heart, we note that mean doses in both IG-SABR and
EMT-guided SABR plans were below the dose constraints
outlined by American Association of Physicists inMedicine
Task Group 101 report.44 This is likely because of the het-
erogeneity of tumor locations and their varied proximities
to OARs. The benefits of EMT-guided SABR are of height-
ened importance for treatment of a tumor/PTV that is
located in close proximity to an OAR, especially if PTV
overlaps or dose fall-off regions would be expected to result
in acute or late treatment-related toxicity. Thus, with the
use of implanted EMTs, careful selection of patients who
may appreciably benefit from their use is key. An example
of such a patient treated on this study had a left lower lobe
tumor that was located in close proximity to the heart
(Fig. 3A), for which standard IG-SABR would have been
expected to cause considerable harm to the heart. Without
EMTs, cases such as this would be managed with nonabla-
tive dose-per-fraction hypofractionated RT to meet OAR
constraints, which would likely deprive the patient of the
higher biologically effective dose of SABR. Therefore, EMTs
can be considered, especially in cases when SABR would
not otherwise be feasible to deliver.

In this study, EMT implantation procedures were safe
and well-tolerated by all patients with no procedure-
related complications observed, consistent with the expe-
rience reported in prior studies.26-31 A 7-day interval
between EMT implantation and CT simulation scans was
employed in this study to allow for any postimplant set-
tling of the EMTs before the simulation scans. However,
there was no definitive evidence, albeit difficult to quan-
tify (since comparisons of postimplant fluoroscopic
images compared with the CT simulation scan were
inherently qualitative in nature), of any postimplant EMT
migration seen in our cohort. Thus, it is possible that a 7-
day time interval between EMT implant and CT simula-
tion scan may actually be too lengthy. Compared with
forced shallow breathing methods (eg, abdominal com-
pression or coached breathing), respiratory gating of an
FB patient required essentially no additional special effort
or compliance from the patient compared with standard
FB IG-SABR, and as such our technique was well toler-
ated by all who underwent treatment.

The primary limitation of this study is its sample size,
which is smaller than the originally planned sample size
of 28. This study was closed early, largely as a result of sig-
nificant challenges to accrual. Of the 41 patients who were
screened eligible, only 17 (41.5%) patients were enrolled.
This was likely a result of a few factors, including (1) pro-
tocol related barriers; (2) COVID-19 pandemic−related
barriers; and (3) patient preference. Thirty-nine percent
of the candidates screened did not meet eligibility criteria
because of medical comorbidities, poor general/pulmo-
nary function, and inadmissible tumor characteristics,
and a higher patient referral rate may overcome these pro-
tocol-related barriers. However, our accrual was sus-
pended for over a year because of COVID-19 lockdowns,
leading to missed opportunities to recruit potential candi-
dates. In addition, about one-fifth of patients declined to
participate despite meeting eligibility requirements. This
may relate to the fact that EMT implantation is often
done under general anesthesia, which may not appeal to
patients who wished to avoid operative-style procedures
in the first place. In the pandemic era, COVID-19 risk-
averse patients may also be weary of the additional in-per-
son appointments at the hospital and tests required by the
protocol because of fears associated with iatrogenic
COVID-19 infection, especially given the high rate of
mortality associated with patients with comorbidities,
which made them inoperable to begin with. Furthermore,
an inverse relationship between study enrollment rates
and COVID-19 waves has been reported in the litera-
ture.45 Exacerbation of socioeconomic inequity and finan-
cial burden related to the pandemic has also been
speculated as a factor.45-47 Whether these higher-than-
normal, risk-averse behaviors and social-financial factors
were responsible, in part, for our lower-than-expected
accrual pace is difficult to objectively determine. Finally,
given our study’s modest sample size, our study was not
powered to determine, on a population level, which
patients would serve to benefit the most from our
approach. However, with further use of this approach off
trial, we intend to quantify the benefits of EMT-guided
and gated SABR in a larger population and provide guid-
ance as to which specific patients, from an OAR dosimet-
ric point of view, benefit the most from their use.
Conclusion
EMT-guided RG-SABR with 3-mm PTV margins
reduced the mean PTV by 47% compared with standard
IG-SABR. Careful selection of patients with moving lung
tumors with larger motion amplitudes or those that are
located in close proximity of thoracic OARs maximizes
the therapeutic utility of EMTs for SABR.
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