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Background: Stercotactic body radiotherapy (SBRT) is a precise and effective treatment for pulmonary
oligometastases, offering high local control (LC) rates. However, the optimal SBRT dose when combined
with immunotherapy remains unclear, and there is a lack of comprehensive studies focusing on dose
optimization in this setting. This study addresses this knowledge gap by exploring different SBRT dose
regimens and their impact on progression-free survival (PFS), overall survival (OS), and LC in patients
receiving concurrent immunotherapy, offering novel insights into the synergistic effects of these treatments.
Methods: A retrospective cohort study was conducted of 101 patients with 141 pulmonary oligometastases
treated from April 2018 to April 2022. Inclusion criteria included patients with a maximum of five lung
metastases and an Eastern Cooperative Oncology Group performance status of <2. Patients received SBRT
with doses ranging from 50-70 Gy in 5-10 fractions. Follow-up was performed quarterly, and the best dose
was determined by comparing survival outcomes across different dose groups. The patients received SBRT
with doses ranging from 50-70 Gy in 5-10 fractions. Patient demographics, tumor characteristics, treatment
details, and outcomes were collected. The Kaplan-Meier method was used for the survival analysis, and Cox
regression models were used to identify prognostic factors for LC, PFS, and OS.

Results: The median follow-up for the 101 patients was 22.4 months (range, 1-58 months). The cohort
comprised 82.2% male patients with a median age of 64 years (range, 36-81 years). The majority of the
patients (64.4%) had primary tumors originating from non-lung sites, with adenocarcinoma being the
predominant histological subtype (47.5%). The median tumor size was 13.5 mm. Across the entire cohort,
the median OS was 39 months, and the median PFS was 11 months. Pre-treatment with immunotherapy
significantly improved outcomes: the PES increased to 13 months compared to 7 months for those who did
not receive immunotherapy [P=0.02, hazard ratio (HR) = 0.523, 95% confidence interval (CI): 0.302-0.906],
and the OS was also significantly improved (P=0.008, HR =0.411, 95% CI: 0.214-0.792). The SBRT regimen
of 60 Gy in 10 fractions provided the best outcomes, with a median OS of 39 months, a median PFS of
10 months, and a LC rate of 92.4%, with relatively low toxicity compared to other regimens.
Conclusions: SBRT is a potent, minimally invasive option for managing pulmonary oligometastases,

especially when preceded by immunotherapy. The 60 Gy in 10 fractions regimen demonstrated significant
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efficacy in terms of OS and LC, while maintaining manageable toxicity. Although the retrospective nature of

the study introduces some selection bias, this dose regimen appears to offer a promising therapeutic option

for pulmonary oligometastases. Further validation through well-designed prospective studies would help

confirm the optimal SBRT dose and clarify the role of immunotherapy in this setting.
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Introduction

Approximately 30% of patients diagnosed with cancer develop
pulmonary metastases (1). Metastases predominantly
originate from primary lung cancers or other malignancies,
such as gastrointestinal cancers and soft tissue sarcomas (2).
Introduced by Hellman and Weichselbaum in 1995, the

Highlight box

Key findings

e This study showed that stereotactic body radiotherapy (SBRT) at a
dose of 60 Gy in 10 fractions is effective for managing pulmonary
oligometastases, particularly when combined with immunotherapy.
Compared to other regimens (50 Gy in 5 fractions, 50 Gy in
10 fractions, and 70 Gy in 10 fractions), the 60 Gy in 10 fractions
regimen provided significant improvements in local control (LC),
progression-free survival (PES), and overall survival (OS), with

relatively low toxicity.

‘What is known, and what is new?

e It is well established that SBRT offers precise radiation delivery,
minimizes injury to surrounding healthy tissues, and achieves
high LC in various cancers. However, the optimal SBRT
dosage regimen for pulmonary oligometastases and the effect of
concurrent immunotherapy require further exploration.

® This study provided evidence that a regimen of 60 Gy in
10 fractions was the most effective for maximizing therapeutic
outcomes while maintaining a favorable toxicity profile, especially

when integrated with immunotherapy.

What is the implication, and what should change now?

* The findings suggest that an SBRT regimen of 60 Gy in
10 fractions shows promise for the treatment of pulmonary
oligometastases, particularly for patients who are eligible
for concurrent immunotherapy. This approach could lead to
improved patient outcomes, including increased survival rates and
reduced treatment-related adverse effects. While these results are
encouraging, further prospective trials are needed to confirm the
efficacy of this regimen and to explore the synergistic effects of
SBRT and immunotherapy.

© AME Publishing Company.

concept of oligometastases represents a transitional state
between localized and widely disseminated disease (3).
"This concept has significantly influenced cancer management
strategies, as it suggests that localized treatment could
potentially be curative in a metastatic setting (4,5). Pulmonary
oligometastases represent a distinct clinical scenario in
the metastatic cascade, and they are characterized by
limited metastatic lesions that might benefit from localized
treatment strategies. Advances in imaging and targeted
therapies have enabled the identification and treatment
of such metastatic sites, which could improve patient
outcomes.

Stereotactic body radiotherapy (SBRT) has emerged
as a highly precise and effective treatment modality for
pulmonary oligometastases, providing superior local
control (LC) rates with minimal toxicity (6,7). SBRT is
characterized by the delivery of high doses of radiation
to small, well-defined targets over a limited number
of fractions (f). However, despite its growing use, the
optimal SBRT dose for patients receiving concurrent
immunotherapy remains unclear. Current clinical practice
in determining SBRT doses largely depends on biological
equivalent dose (BED), which takes into account both
the total dose and the fractionation scheme. A study has
suggested that BED values greater than 150 Gy may
yield better LC outcomes, but at the expense of increased
toxicity, particularly in larger or centrally located tumors (8).

In clinical practice, the choice of SBRT dose is influenced
by multiple factors, including tumor size, location, and
proximity to critical organs at risk (OARs), as well as the
patient’s overall treatment plan. For peripheral lung tumors,
higher doses are often achievable with reduced risk of severe
toxicity, whereas central tumors close to major bronchi
or vessels may require more conservative dose limits (9).
Additionally, the integration of immunotherapy into SBRT
treatment regimens has raised new considerations for
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dose optimization. Evidence from early studies suggests
that SBRT may enhance the effects of immunotherapy,
potentially through mechanisms such as the abscopal
effect, in which localized radiation induces systemic anti-
tumor responses (10). However, the ideal SBRT dose in this
combined treatment context has not been well-defined in
the literature.

Several studies have investigated the histologic and
clinical effects of SBRT when combined with other
treatment modalities, including surgery and immunotherapy.
For instance, Begum ez 4/. highlighted the potential for
neoadjuvant SBRT followed by metastasectomy to improve
outcomes (9). Palma et 4/. have indicated that combining
SBRT after effective systemic therapies may enhance
survival outcomes, further validating the role of SBRT
in multimodal therapeutic strategies (11). Meanwhile,
Piao et al. demonstrated the efficacy of SBRT combined
with immunotherapy for pulmonary oligometastases,
showing improved progression-free survival (PFS) and
overall survival (OS) with the use of SBRT doses around
60 Gy in 10 f (12). But there remains a significant gap in
understanding the optimal SBRT dose with immunotherapy.

This retrospective cohort study aimed to evaluate the
efficacy of different SBRT dose-fractionation regimens
on LC, PFS, and OS in patients with pulmonary
oligometastases. Additionally, the study sought to assess
whether pre-treatment with immunotherapy could enhance
survival outcomes. By identifying the optimal SBRT
regimen and gaining an understanding of the synergistic
effects of immunotherapy, this study sought to provide
evidence-based recommendations for the management
of pulmonary oligometastases, focusing on survival and
prognostic factors in a retrospective analysis from April
2018 to April 2022. We present this article in accordance
with the STROBE reporting checklist (available at https://
jtd.amegroups.com/article/view/10.21037/jtd-24-1624/rc).

Methods
Study design and patient cobort

This retrospective cohort study was conducted at the
Department of Radiation Oncology of The Affiliated Lihuili
Hospital, Ningbo University from April 2018 to April 2022.
The study aimed to evaluate the effectiveness of different
SBRT dose regimens and the role of immunotherapy in
enhancing survival outcomes in patients with pulmonary
oligometastases.

© AME Publishing Company.

To be eligible for inclusion in this study, patients had to
meet the following inclusion criteria: (I) have an Eastern
Cooperative Oncology Group (ECOG) performance status
(PS) with a score of <2; (II) have inoperable disease due
to severe comorbidities or unresectable tumors; (IIT) have
well-managed primary and extrapulmonary metastatic sites;
(IV) have oligometastatic disease characterized by up to
five metastatic lesions in the lung and the involvement of
two metastatic organs; (V) have pulmonary oligometastases
measuring <7 cm; and (VI) have confirmation of pulmonary
oligometastases by histopathologic analysis or imaging.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The
Institutional Medical Ethics Committee of The Affiliated
Lihuili Hospital, Ningbo University approved the study
(reference number 2022-330), and the requirement for
informed consent was waived due to the retrospective nature
of the study. This study involved the use of previously
collected treatment information, without disclosing any
personal patient information or collecting biological samples,
thereby ensuring patient confidentiality. A flowchart detailing
the study procedure is shown in Figure SI.

Treatment regimen

SBRT was administered using a tailored approach based
on lesion size and anatomical location, with radiation doses
ranging from 50-70 Gy delivered in 5-10 f. The protocol
aimed to optimize the radiation dose to the metastatic sites
while protecting the surrounding healthy tissues. Dose
fractionation was determined based on a comprehensive
assessment of the tumor’ radiobiological characteristics and
the patient’s overall treatment plan. Multidetector planning
computed tomography (CT) scans with 3-mm slices of the
entire chest were performed, incorporating respiratory
management to minimize treatment-related toxicity. The
gross tumor volume was delineated from four-dimensional
CT data sets, resulting in the internal target volume and
planning target volume with a 5-mm safety margin. BED,,
was used to evaluate the biological effect of varying dose
fractionation schedules. The dose constraints for OARs are
referenced in Table SI.

Data collection and follow-up

Detailed clinical and treatment data were systematically
collected, including patient demographics, primary and
metastatic tumor characteristics, specific SBRT dosing
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regimens, and concurrent systemic therapies. Follow-
up assessments included routine imaging and hematology
testing 1-month post-treatment, followed by quarterly visits
for the first 2 years. If recurrence was suspected, pathologic
biopsies or radiologic studies were conducted to confirm
recurrence. Local-regional failure was defined according
to the revised (version 1.1) Response Evaluation Criteria
in Solid Tumors (RECIST) criteria. Treatment-related
adverse events were classified according to the Common
Terminology Criteria for Adverse Events version 4.0
(CTCAE, version 4.0). The key outcomes of interest in this
study were LC, PFS, and OS.

Loss to follow-up

Of the 108 patients included in the study, seven patients
were lost to follow-up. These patients were excluded
from the final survival analysis to avoid introducing bias.
Sensitivity analyses were conducted to ensure that the
exclusion of these patients did not significantly alter the
study findings. The primary endpoints, including LC,
PFS, and OS, were calculated based on the remaining 101
patients who completed the follow-up.

Statistical analysis

Survival functions were estimated using the Kaplan-Meier
method. To control for confounding factors, univariate
and multivariate Cox proportional hazards models were
used to analyze the effects of prognostic factors on survival
outcomes. Subgroup analyses were conducted to examine
the effects of different variables, such as the primary tumor
site, and pre-treatment with immunotherapy, on PFS and
OS. Interactions between significant prognostic factors were
also examined using interaction terms in the Cox models.
To address the issue of missing data, multiple imputation
methods were used to ensure that the analyses included
all the available data and to minimize bias. To address the
issue of patients lost to follow-up, sensitivity analyses were
conducted to assess the potential impact of their exclusion
on the study results. Specifically, these analyses compared
the outcomes of patients who completed follow-up with
those who were lost to follow-up to ensure the robustness
of the findings. All the statistical analyses were performed
using SPSS Statistics software (version 26.0), except for
the bar charts in the supplementary materials, which were
created using the ggplot package in R (version 4.3.3).
All the statistical tests were bidirectional, and a P value
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of less than 0.05 was considered statistically significant.
Hazard ratios (HRs) and 95% confidence intervals (Cls)
were determined to facilitate the multivariate analysis of
patient demographics, tumor attributes, and other critical
determinants on the study endpoints.

Results
Patient and tumor profile

Between April 2018 and April 2022, 126 patients were
initially evaluated for inclusion in this retrospective study.
Of these patients, 18 were excluded for the following
reasons: 10 did not meet the inclusion criteria (e.g., poor
PS or extensive metastases), and 8 were lost to follow-
up before treatment initiation. This left 108 patients,
whose eligibility for the study was confirmed. Of these
patients, 101 were included in the final analysis after seven
additional patients were lost to follow-up during the study.
A total of 141 pulmonary oligometastases from these 101
patients underwent SBRT treatment. The study population
predominantly comprised male patients, who comprised
82.2% of the study cohort. The age of the patients ranged
from 36 to 81 years (median age: 64 years). Adenocarcinoma
was the main histological subtype, comprising 47.5% of
cases. In terms of the primary tumor origins, the majority
(64.4%) originated from non-lung cancers, including
colorectal cancer (28 cases), liver cancer (17 cases), esophageal
cancer (6 cases), oral cancer (4 cases), cholangiocarcinoma
(3 cases), nasopharyngeal cancer (1 case), cervical cancer
(1 case), gastric cancer (1 case), pancreatic cancer (1 case),
breast cancer (1 case), hypopharyngeal cancer (1 case), and
salivary gland cancer (1 case). Of the patients, 29.7% had
metachronous tumors, and 52.5% had a history where more
than two years passed between the primary tumor diagnosis
and the development of lung metastases. From a therapeutic
standpoint, the prevalent dose regimen was 60 Gy
delivered over 10 f, which was administered to 65.2% of the
patients. The median BED,; was 96 Gy (range, 75-119 Gy).
The median tumor diameter measured 13.5 mm (range,
5.0-68.0 mm). Patients who did not receive immunotherapy
were clinically distinct from those who did, due to eligibility
factors and contraindications. Notably, the majority of
patients (93.1%) received an adjuvant systemic therapy
before SBRT, while 7 patients (6.9%) underwent surgery
alone without additional systemic treatment. It should be
noted that the surgeries reported in the cohort primarily
involved the removal of the primary tumors rather than the
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Table 1 Patients and tumor characteristics

Characteristics Values
Gender

Male 83 (82.2)

Female 18 (17.8)
Age (years) 64 [36-81]
ECOG-PS score

<1 92 (91.1)

>1 9(8.9)
Primary tumor location

Lung 36 (35.6)

Non-lung 65 (64.4)
Histologic subtype

Adenocarcinoma 48 (47.5)

Squamous cell carcinoma 23 (22.8)

Other 30 (29.7)
Number of metastases in the lung

<2 95 (94.1)

>2 6 (5.9)
Distribution of metastasis

Lung only 71 (70.3)

Extrapulmonary and lung 30 (29.7)
Time from diagnosis to lung metastasis (years)

<2 48 (47.5)

>2 53 (52.5)
Dose (Gy/fraction)

50/5 12 (8.5)

50/10 28 (19.9)

60/10 92 (65.2)

70/10 9 (6.4)
BED;, (Gy) 96 [75-119]
Diameter of tumor (mm) 13.5 [6.0-68.0]
Pulmonary lobe

Superior lobe of left lung 26 (18.4)

Inferior lobe of left lung 38 (27.0)

Superior lobe of right lung 34 (24.1)

Inferior lobe of right lung 35 (24.8)

Middle lobe of right lung 8 (5.7)

Table 1 (continued)

© AME Publishing Company.

Table 1 (continued)

Characteristics Values

Adjuvant systemic therapy before SBRT

Surgery 7 (6.9)
Surgery + chemotherapy/targeted therapy/ 39 (38.6)
radiochemotherapy

Surgery + chemotherapy + targeted therapy/ 19 (18.8)
immunotherapy

Surgery + chemotherapy + immunotherapy + 13 (12.9)
targeted therapy/radiation

Radiofrequency ablation or chemotherapy + 23 (22.8)

targeted therapy

Data are presented as median [range] or n (%). ECOG-PS,
Eastern Cooperative Oncology Group performance status;
BED, biological equivalent dose; SBRT, stereotactic body
radiotherapy.

lung oligometastatic lesions, which were treated exclusively
with SBRT. In some cases, radiofrequency ablation (RFA)
was employed to manage liver metastases, particularly in
colorectal cancer patients, while the lung oligometastatic
lesions remained untreated until SBRT. For further details
of the patient demographics and tumor features, see Table 1.

Survival analysis

The average duration of patient follow-up was 22.4 months
(range, 1-58 months). By the end of the follow-up period,
42 patients (41.6%) had died, and the overall 2-year LC
rate for the entire population was 89.4%. A survival analysis
was performed for all patients who were further stratified
according to whether the primary tumor originated in
the lung. For the entire cohort, the observed median PFS
was 11 months, and the median OS was 39 months. The
2-year OS rates for patients with primary lung tumors
and extrapulmonary tumors were 72.2% and 58.5%,
respectively. While the 3-year OS rates for patients with
primary lung tumors and extrapulmonary tumors were 5.6%
and 10.8%, respectively. The subgroup analysis showed that
median PFS remained consistent at 11 months regardless
of whether the primary tumor was lung cancer. In relation to
the median OS, the primary lung tumor group had not yet
reached the median OS endpoint, while the extrapulmonary
tumor group had a median OS of 28 months, as depicted in
the Kaplan-Meier curves for both OS and PFS in Figure 1.
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Figure 1 Kaplan-Meier survival analysis. (A) PFS for all groups. (B) OS for all groups. (C) PFS comparing the primary lung tumor group

and the extrapulmonary tumor group. (D) OS comparing the primary lung tumor group and the extrapulmonary tumor group. mPFS,

median progression-free survival; mOS, median overall survival; m, months; NR, not reached; SBRT, stereotactic body radiotherapy.

All the analyses were conducted based on the number of
patients, which totaled 101.

Prognostic factors

In relation to PFS, the univariate analyses indicated that
the presence of lung metastases (P=0.02, HR =0.585) and
the prior administration of immunotherapy before SBRT
(P=0.02, HR =0.541) were significantly associated with
the PFS outcomes. Conversely, a greater number of lung
metastases (>2) was significantly associated with decreased
PFS (P=0.003, HR =3.749). In the multivariable analysis,
only the presence of lung metastases (P=0.045, HR =0.605)
and receiving immunotherapy before SBRT (P=0.02, HR
=0.523) remained independent factors positively associated
with better OS. In addition, patients with a higher number
of lung metastases (>2) had a poorer prognosis (P=0.01, HR
=3.176) (1able 2).

In relation to OS, the univariate analyses showed
that receiving immunotherapy before SBRT (P=0.008,
HR =0.411) was significantly associated with better OS.
Conversely, treatment-related toxicities were negatively and
significantly associated with OS (P=0.03, HR =2.129). The
multivariable analysis showed that the prior administration

© AME Publishing Company.

of immunotherapy before SBRT (P=0.002, HR =0.331) was
an independent factor, positively correlated with improved
OS, while the presence of toxicities (P=0.02, HR =2.338)
indicated a poor prognosis (Tuble 3). Figure 2 shows the
forest plots of the prognostic factors for PFS and OS.
Finally, we conducted a subgroup survival analysis of
the significant prognostic factors to understand their effect
on PFS and OS. In the subgroup analyses, PFS differed
significantly based on treatment and metastatic patterns.
Patients treated with immunotherapy before SBRT had
a median PFS of 13 months, while those who did not
receive immunotherapy before SBRT had a median PFS
of 7 months (Figure 34). The analysis of the metastatic
site showed that patients with lung metastases only had a
median PFS of 12 months, while those with both lung and
extrapulmonary metastases had a shorter median PFS of
8 months (Figure 3B). The analysis based on the number of
lung metastases revealed that patients with <2 metastases
(which includes 68 patients with 1 metastasis and 27
patients with 2 metastases) had a median PFS of 11 months,
while those with >2 metastases (5 patients with 3 metastases
and 1 patient with 4 metastases) had a median PFS of
5 months (Figure 3C). Additionally, the OS analysis showed
that patients who received pre-SBRT immunotherapy did
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Table 2 Prognostic factors in univariable and multivariable analyses for PFS (either patients or lesions)

Qian et al. SBRT Dose and Immunotherapy for Pulmonary Oligometastases

Prognostic factors affecting survival

Univariable analysis

Multivariable analysis

HR 95% CI P HR 95% ClI P
Gender (male/female) 1.007 0.576-1.761 0.98 - - -
Age (</=65 years) 1.029 0.672-1.574 0.90 - - -
Primary tumor location (yes/no) 0.991 0.633-1.551 0.97 0.776 0.481-1.252 0.3
Number of metastasis in the lung (</>2) 3.749 1.576-8.916 0.003 3.176 1.265-7.975 0.01
Distribution of metastasis (yes/no) 0.585 0.370-0.923 0.02 0.605 0.370-0.989 0.045
ECOG-PS score (>/<1) 0.568 0.283-1.140 0.11 0.534 0.264-1.079 0.08
BED;, (</=100 Gy) 0.888 0.620-1.271 0.52 - - -
Toxicities (no/yes) 1.457 0.844-2.516 0.18 1.696 0.972-2.959 0.06
Immunotherapy before SBRT (no/yes) 0.541 0.322-0.909 0.02 0.523 0.302-0.906 0.02
Time from diagnosis to lung metastasis (</>2 years) 1.471 0.947-2.284 0.09 - - -
Diameter of tumor (</=15 mm) 0.826 0.531-1.286 0.40 - - -

PES, progression-free survival; ECOG-PS, Eastern Cooperative Oncology Group performance status; BED, biological equivalent dose;
SBRT, stereotactic body radiotherapy; HR, hazard ratio; Cl, confidence interval.

Table 3 Prognostic factors in univariable and multivariable analyses for OS (either patients or lesions)

Prognostic factors affecting survival

Univariable analysis

Multivariable analysis

HR 95% CI P HR 95% CI P
Gender (male/female) 1.008 0.466-2.177 0.99 - - -
Age (</=65 years) 1.347 0.740-2.451 0.33 - - -
Primary tumor location (yes/no) 1.459 0.748-2.846 0.27 1.324 0.669-2.621 0.42
Number of metastases in the lung (</>2) 0.713 0.172-2.952 0.64 0.438 0.099-1.940 0.28
Distribution of metastasis (yes/no) 0.634 0.341-1.181 0.15 0.600 0.315-1.146 0.12
ECOG-PS score (>/<1) 0.166 0.023-1.209 0.08 0.156 0.021-1.157 0.07
BED;, (</=100 Gy) 0.615  0.303-1.247 0.18 - - -
Toxicities (no/yes) 2.129 1.071-4.230 0.03 2.338 1.161-4.709 0.02
Immunotherapy before SBRT (no/yes) 0.411 0.214-0.792 0.008 0.331 0.166-0.660 0.002
Time from diagnosis to lung metastasis (</>2 years) 1.202 0.660-2.190 0.55 1.306 0.710-2.402 0.39
Diameter of tumor (</>15 mm) 1.097 0.666-1.807 0.72 - - -

OS, overall survival; ECOG-PS, Eastern Cooperative Oncology Group performance status; BED, biological equivalent dose; SBRT,
stereotactic body radiotherapy; HR, hazard ratio; Cl, confidence interval.

not reach the median OS endpoint, while those who did not

receive immunotherapy before SBRT had a median OS of

12 months (Figure 3D).

© AME Publishing Company.

Different dose-splitting modalities

Various dose-fractionation schemes were used in treatment,

including 50 Gy in 5-10 f and 60-70 Gy in 10 f. We
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free survival; OS, overall survival.
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Figure 4 Survival analysis based on different dose-splitting modes across all groups. (A) Effect of dose-splitting modes on PFS. (B) Effect

of dose-splitting modes on OS. mPFS, median progression-free survival; mOS, median overall survival; m, months; f, fractions; SBRT,

stereotactic body radiotherapy.

determined the biological effects of each dose-fractionation
regimen by converting the physical dose to the BED,,. We
then analyzed the effect of these modalities on OS and PFS.
The 70 Gy/10 f modality yielded the longest median PFS
at 11 months (Figure 4A). In relation to the median OS, the
60 Gy/10 f modality had the longest duration at 39 months
(Figure 4B). We also examined the LC rates associated with
each dose fractionation approach. The 60 Gy/10 f modality
had the highest LC rate at 92.4% (Figure S2). As some
patients had multiple pulmonary oligometastatic lesions,
and different lesions received different radiation doses, all
the analyses involving dose group data were based on the
number of lung treatments, which totaled 141.

Toxicities

Pneumonitis was the most frequently observed toxicity,
affecting 17 patients (16.8%). Among these, 11 patients
(10.9%) had grade 2 pneumonitis, while six (5.9%) had
grade 1 pneumonitis. Notably, there were no instances of
acute grade 3 or 4 pneumonitis. Additionally, a single case
of myelosuppression (0.9%) was recorded. There were no
reports of chest wall pain, rib fractures, brachial plexopathy,
or other significant adverse reactions, and no treatment-
related fatalities occurred. A bar graph detailing the
distribution of toxicities is shown in Figure S3A. In addition,
we evaluated whether prior immunotherapy increased toxicity
with SBRT. The results suggest that the immunotherapy
group had slightly increased toxicities compared to the non-
immunotherapy group (Figure S3B). An examination of
the correlation between dose fractionation modality and
toxicities revealed that the 50 Gy/5 f dose was associated

© AME Publishing Company.

with a peak toxicity of 41.7% (Figure S3C).

Discussion

In patients with oligometastatic disease, aggressive localized
treatment modalities combined with systemic therapy may
be appropriate. SBRT is emerging as the optimal non-
surgical method for the treatment of oligometastases,
as it offers precise dose delivery while sparing normal
tissues from radiation (13,14). Notably, SBRT has shown
significant antitumor effects, improving both local and
distant control and providing survival benefits in various
solid tumors (15,16).

In our analysis of patient and tumor characteristics, we
observed a higher prevalence of pulmonary oligometastases
in middle-aged and older men, which might be related to
their greater exposure to smoking and other environmental
risks. In addition, most of the primary tumors originated
from non-pulmonary organs, which underscores the
frequency of pulmonary oligometastases in individuals with
cancers that originate outside the lung.

The principal aim of our research was to examine the
survival benefits of SBRT for patients with pulmonary
oligometastases. Our findings showed that in the primary
lung tumor cohort, the LC rates for SBRT were as high as
approximately 90% at both one and 2 years of follow-up.
These results are consistent with previous studies that have
reported similar success in LC rates and prolonged survival
among patients with limited pulmonary metastases (17,18).
Similarly, in the extrapulmonary tumor cohort, the 1- and
2-year LC rates were also remarkable, both exceeding 80%.
This high LC rate might be attributed to our definition
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of LC, which was considered effective if there was no
progression at the irradiated site before death.

In the analysis of the effects of different fractionation
doses on 2-year LC rates, except for the 50 Gy/10 f plan,
which had LC rates below 80%, the rest were above
80%, correlating with the BED. To achieve effective
LC, a BED, of at least 96 Gy was required. Both groups
showed comparable median PFS. In terms of the median
OS, the primary lung tumor group outperformed the
extrapulmonary tumor group. This might be due to the
differential efficacy of SBRT in different tumor origins,
or the fact that OS determinants include both local and
systemic treatments. In conclusion, while the short-term
efficacy of SBRT appears to be consistent regardless of
tumor type and systemic therapy (19), prolonged survival
requires systemic therapy after SBRT, especially in
patients with an increased risk of recurrence, or those with
extrapulmonary metastases (20).

In both the univariate and multivariate analyses, we
identified prognostic factors that significantly affected
both PFS and OS. Notably, undergoing immunotherapy
before SBRT was found to be an independent factor that
significantly enhanced both PFS and OS. The interplay
between SBRT and immunotherapy heralds a new era in
cancer treatment, leveraging the immunomodulatory effects
of radiation and the systemic efficacy of immune checkpoint
inhibitors (ICIs). By inducing immunogenic cell death,
SBRT not only enhances antigen release and dendritic
cell activation, but also enhances Major histocompatibility
complex (MHC) class I expression, which increases tumor-
cell recognition by cluster of differentiation 8-positive
(CD8") T cells (21,22). Additionally, it can also remodel
the tumor microenvironment (23,24). At the same time,
ICIs neutralize the potential immunosuppressive effects
of radiotherapy and sensitize the responsiveness of tumors
to such treatments through the promotion of tumor-
cell ferroptosis (25-27). Thus, an increasing number of
researchers are investigating the combined efficacy of both
treatments.

The synergy of integrating ICIs with SBRT to induce
an abscopal response (a therapeutic effect outside the
irradiated region) has attracted considerable interest. The
efficacy of this combination has been observed (28-30).
However, the optimal sequence and scheduling (whether
concurrent or sequential) for this combination is unclear.
Ideally, the chosen regimen should effectively strengthen
immune responses against tumors. This recommendation is
supported by the scant evidence currently available (31-33).
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However, the efficacy of the combination remains relatively
consistent regardless of whether SBRT precedes or follows
ICIs. Nevertheless, the different toxicity profiles warrant
further investigation (15). In addition, the number of
lung metastases and the occurrence of metastases outside
the lungs have surfaced as crucial prognostic factors,
underscoring the necessity of aggressive treatment strategies
in patients bearing a substantial metastatic load.

Presently, there is no consensus as to the optimal SBRT
dosage for the treatment of pulmonary oligometastases.
Ricco et al. reported that lung metastasis patients receiving
SBRT doses of BED,, 2100 Gy showed enhanced LC,
achieving a 3-year LC rate of 77.1%, while those treated
with doses of BED ;<100 Gy achieved a rate of only 45% (34).
Sharma et 4. confirmed that achieving a BED, of at least
100 Gy significantly enhanced LC and OS (35). Similarly,
other research indicated that a BED,, of >115 Gy at the
isocenter is closely linked to both higher LC rates and better
outcomes in recurrence-free survival and OS (36). In our
analysis comparing the effect of different dose fractionation
schemes on PFS, OS and LC, we found that 60 Gy/10 f
yielded the longest median OS and the highest LC rate. In
addition, 70 Gy/10 f yielded the highest median PFS, likely
due to its increased BED,,.

Consistent with previous studies, SBRT was well-tolerated
regardless of the treatment site (37,38). The predominant
adverse events included acute toxicities (grade 1-2), among
which pneumonitis was the predominant condition,
occurring in 16.8% of the patient cohort. Notably, the
absence of documented chronic toxicities over the average
monitoring duration of 22.4 months shows the favorable
toxicity profile of SBRT. However, in our analysis, toxicities
were indicative of a worse prognosis when considering
OS in multivariable assessments. In the subgroup analysis
focused on prior immunotherapy before SBRT, we
observed that the combined immunotherapy group did not
experience a significant increase in toxicities. This finding
may prove critical in guiding immunotherapy and SBRT
combinations in clinical practice.

We also investigated the effect of different dose
fractionation regimens on toxicities. The results showed
that the 60 Gy/10 f regime, which was administered to the
majority of patients, had relatively lower toxicities, while the
50 Gy/5 f regime, though received by a smaller proportion
of patients (8.5%), was associated with higher toxicities. Due
to the limited number of patients receiving the 50 Gy/5 f
regimen, the comparison between these groups should be
interpreted with caution. This suggests that a higher single
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Table 4 Comparative table of SBRT outcomes for pulmonary oligometastases

Y f Patient PFS 0Ss Fractionati
Studies :ti;? Study design czr:irr]t (months) (months) ra::;r:::n LC rate Toxicities Key prognostic indicators
Sharma 2019 Retrospective 206 - 33 51-60 Gy/3f 63% - Synchronous metastases,
et al. (40) patients (2-year) colorectal primary cancer
Niibe etal. 2015 Retrospective 34 patients - 20 BED;, =275 Gy 79.1% No severe -
41) (2-year) toxicities
Yamamoto 2020 Multicentre 1,378 - 60.3% BED,,=75Gy 86% - Maximum tumor diameter,
etal. (42) retrospective patients (8-year) (8-year) dose calculation algorithm,
(1,547 overall treatment time, and
lesions) colorectal primary origin
This study 2022 Retrospective 101 11 39 50-70 Gy/  89.4% Grade 2  Pre-treatment with
patients 5-10f (2-year) pneumonitis immunotherapy
(141 (10.9%)
lesions)

SBRT, stereotactic body radiotherapy; PFS, progression-free survival; OS, overall survival; LC, local control; BED, biological equivalent

dose; f, fractions.

dose may be correlated with increased toxicity, but further
investigation with larger sample sizes is needed to confirm
these findings. Therefore, the challenge remains to select
the optimal SBRT dose to both maximize efficacy and
minimize adverse effects (39). While our study indicates
that 60 Gy/10 f may provide a reasonable balance between
efficacy and tolerability, more comprehensive prospective
trials are required to validate these observations.

This research showed that SBRT fractionation schemes
are effective in managing pulmonary oligometastases and
highlights the advantages of incorporating pre-SBRT
immunotherapy. It showed that the 60 Gy in 10 f regimen
was optimal for maximizing therapeutic efficacy while
minimizing toxicity. Our comparative analysis with other
research, as detailed in Table 4 (40-42), revealed that while
our LC rates were relatively lower, mainly due to patient
deaths from distant metastases, we reported higher overall
PFS and OS. This indicates that effective management
of systemic therapies, in conjunction with SBRT, can
substantally prolong patient survival, especially in those with
smaller tumor burdens. The integration of immunotherapy
into the treatment protocol appears to further enhance
survival outcomes across the patient population.

A previous study explored the role of microRNA
expression in elucidating the molecular basis of
oligometastatic spread (43). MicroRNA expression may
serve as guide to identify patients in the oligometastatic or
polymetastatic phases, and to develop metastasis-targeted
therapeutic strategies appropriate for the different stages
of metastasis (44). In the foreseeable future, understanding

© AME Publishing Company.

tumor biology will be critical in identifying oligometastatic
patients who may benefit from either SBRT alone or
combined therapies (40). When juxtaposed with the broader
literature, these findings underscore the complexity of
fine-tuning SBRT protocols, and highlight the necessity
for individualized treatment plans that consider tumor
characteristics, patient status, and strategically incorporate
combination therapies, paving the way for vital avenues for
future research (45-48).

While our study demonstrates that the 60 Gy in 10 f
regimen offers promising results in terms of OS and LC,
several limitations must be acknowledged. First, this was
a retrospective study, and the dose schedules were not
randomized but rather tailored to individual patients based
on factors such as lesion size, anatomical location, tumor
radiobiology, and the overall treatment plan. This inherent
selection bias may have influenced the observed outcomes,
as patients with different tumor characteristics likely
received different dose regimens. As a result, while the data
suggest that the 60 Gy in 10 f regimen was associated with
better outcomes, these results should not be interpreted
as universally applicable to all patients with pulmonary
oligometastases. Moreover, the dose-response relationship,
particularly for LC, could be confounded by this bias.
Future prospective randomized controlled trials are
required to eliminate selection bias and rigorously evaluate
the optimal dose-fractionation strategy. Additionally, the
generalizability of these results to all patient populations
remains limited, and further studies are necessary to validate
these findings across different clinical settings.
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Conclusions

Our research demonstrated that SBRT at a dose of
60 Gy in 10 f is an effective treatment for managing
pulmonary oligometastases, especially when combined with
immunotherapy. This approach not only led to significant
improvements in OS and PFS but also exhibited a favorable
toxicity profile compared to other dosing regimens.
Specifically, the 60 Gy in 10 f regimen provided superior
LC, with relatively lower toxicity levels than the 50 Gy
in 5 f regimen, making it a promising option for clinical
use. However, it is important to acknowledge that the
individualized dose selection, based on tumor characteristics
and patient-specific factors, introduces an inherent
selection bias. As a result, the superior outcomes observed
with the 60 Gy in 10 f regimen should be interpreted
with caution. This study’s retrospective design and the
heterogeneity in patient cohorts and dose-fractionation
protocols further limit the generalizability of these findings.
Future studies must be meticulously planned as prospective
trials to determine the optimal sequencing and timing of
immunotherapy and SBRT. Randomized controlled trials or
matched-pair analyses should serve as a robust framework
for these investigations. Combining relevant biomarkers
and radiomics could further refine patient selection and
personalize treatment strategies. Additionally, controlled
clinical studies into the potential abscopal effect may
open new therapeutic avenues, particularly for patients
with refractory pulmonary metastases. These efforts will
build upon the foundation of our results, validating and
expanding the observed therapeutic synergy between SBRT
and immunotherapy, ultimately laying the groundwork for
developing more effective and tailored cancer treatment
approaches. In conclusion, while our results indicate that
60 Gy in 10 f provides a reasonable balance between efficacy
and safety, the potential impact of confounding variables
necessitates further investigation. Prospective studies should
also explore the synergistic effects of SBRT combined with
immunotherapy to establish more robust guidelines for
clinical practice.
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