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Purpose: This study aims to identify risk factors associated with symptomatic radiation pneumonitis (RP, Grade > 2) following
immunotherapy preceding thoracic radiotherapy (ICI-TRT) and establish safe dose constraints.

Patients and Methods: This retrospective study enrolled patients diagnosed with non-small-cell lung cancer (NSCLC) who
underwent thoracic radiotherapy (TRT) following immune checkpoint inhibitors (ICIs) treatment. The primary endpoint was the
occurrence of symptomatic RP (Grade > 2), as defined by the Common Terminology Criteria for Adverse Events version 5.0. Clinical
and lung dosimetric parameters were analyzed to determine their associations with symptomatic RP. Dosimetric parameters included
mean lung dose (MLD) and the percentage of lung volume receiving >10 Gy (V10), >20 Gy (V20), >30 Gy (V30), and >40 Gy (V40).
Receiver operating characteristic curves were used to predict the risk of developing symptomatic RP to establish optimal threshold
values for each dosimetric predictor.

Results: Among the 118 patients included, the incidence of symptomatic RP was 25.4%. Tumor locations, intervals between
immunotherapy and radiotherapy, and MLD, V10, V20, V30, and V40 were identified as independent risk factors for symptomatic
RP. The area under the curve (AUC) values for MLD, V10, V20, V30, and V40 were 0.788 (95% confidence interval [CI]
0.704-0.873), 0.789 (95% CI 0.705-0.874), 0.791 (95% CI 0.706-0.876), 0.784 (95% CI 0.697-0.871), and 0.749 (95% CI
0.656—-0.842), respectively. The optimal threshold values for MLD, V10, V20, V30, and V40 were 9.7 Gy, 26.3%, 15.9%, 13.3%,
and 8.6%, respectively. These thresholds are lower than current guideline recommendations, and maintaining dosimetric parameters
below these values resulted in a cumulative symptomatic RP incidence of <12%.

Conclusion: The recommended dose thresholds for MLD, V10, V20, V30, and V40 are lower than the current guidelines, under-
scoring the importance of radiotherapy planning to minimize symptomatic RP occurrence in patients receiving ICI-TRT.
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Introduction

The development of immune checkpoint inhibitors (ICIs) has revolutionized the treatment of non-small-cell lung cancer
(NSCLQ), offering new therapeutic options that significantly enhance tumor control, prolong overall survival, and enhance the
quality of life of affected patients.'* Thoracic radiotherapy (TRT) has traditionally been a cornerstone of NSCLC treatment.**
Combining ICIs with TRT synergistically improves NSCLC treatment outcomes by enhancing the cytotoxic effects of effector
T-cells and extending the distant impact of radiotherapy. Radiotherapy induces immunogenic cell death and leads to the
production of damage-associated molecular patterns and cytokines or chemokines in the tumor microenvironment that
promotes the recruitment of immune cells with antitumor effects, such as dendritic cells, effector T cells, Treg cells, and tumor-

associated macrophages. Radiotherapy kills cancer cells while releasing large amounts of tumor-specific antigens, which are
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then presented to cytotoxic CD8" T cells by antigen-presenting cells. The cytotoxic CD8" T cells attack tumors far from the
radiation field, thus generating a systemic anti-tumor immune response to local radiation therapy.”’

However, combining ICIs with TRT can elevate the risk of radiation pneumonitis (RP).** Immunotherapy stimulates
activated T-cells to release inflammatory cytokines and recruit additional immune cells, thereby amplifying the inflam-
matory response in irradiated normal tissues. This excessive immune cell infiltration, coupled with the release of
inflammatory cytokines, contributes to increased lung toxicity.'® Furthermore, the combined toxicity of immune
medications and radiotherapy can exacerbate tissue damage and augment the incidence of RP."' Prior research indicates
that TRT toxicity increases in patients with autoimmune diseases due to a heightened pro-inflammatory state, triggering
an inflammatory cascade response.'? The association between RP development and clinical and dosimetric factors has
been demonstrated. Clinical factors, including age, presence of chronic obstructive pulmonary disease (COPD), smoking
status, tumor location, concurrent chemotherapy, and chemotherapy type, are correlated with RP.'* Dosimetric para-
meters, such as the mean lung dose (MLD), the percentage of total lung volume receiving >20 Gy dose (V20), and the
percentage receiving >5 Gy dose (V5), are crucial predictors of RP."*'¢ Yorke et al'” suggested that the percentage of
total lung volume receiving >10 Gy (V10) is a more effective predictor of severe acute RP than V20. To mitigate the risk
of RP, the 2022 National Comprehensive Cancer Network Clinical Practice Guidelines recommended specific lung
dosimetric thresholds for patients undergoing concurrent chemoradiotherapy: V20 should be < 35% and the MLD should
not exceed 20 Gy.'® Additionally, limiting the percentage of total lung volume receiving >30 Gy (V30) to approximately
18% significantly decreases the risk of RP.'” However, research on lung dosimetric factors for predicting symptomatic
RP in immunotherapy remains limited.

Thus, previously recommended dosimetric thresholds may be inadequate for patients receiving combined immu-
notherapy and thoracic radiotherapy (ICI-TRT), potentially increasing the risk of RP. This study investigates the
correlation between symptomatic RP occurrence and lung dosimetric factors in patients with NSCLC undergoing
combined ICI-TRT to establish safe dose limits.

Materials and Methods

Patients

We retrospectively analyzed patients with NSCLC who underwent ICI-TRT between 2021 and September 2023. The
requirement for obtaining informed consent was waived given the retrospective nature of the study. This study was
approved by the Ethics Committee of Shandong Cancer Hospital and Institute (approval number: SDTHEC2022009020)
and was conducted in accordance with the ethical guidelines of the Declaration of Helsinki.

The inclusion criteria comprised the following: (i) histopathologically confirmed primary diagnosis of NSCLC,
including squamous cell carcinoma, adenocarcinoma, and other subtypes like large cell carcinomas; (ii) clinical stages
II-IV, deemed inoperable; and (iii) patients who underwent immunotherapy followed by chest radiotherapy (concurrent
treatment was permitted and not a basis for exclusion to prevent selection bias). The exclusion criteria were as follows:
(i) prior history of chest radiotherapy or lung tumor resection; and (ii) absence of chest computed tomography (CT)
evaluation either during or within 3 months post-radiotherapy. A total of 118 patients were ultimately eligible.

Treatment Planning and Collection of Dosimetric Parameters
All patients underwent 3-mm layer-thick CT scans using a Philips 16-slice Brilliance large-aperture CT scanner (Philips
Medical Systems, Amsterdam, Netherlands). CT images were imported into the Eclipse 16.1 treatment planning system
(Varian, USA) to delineate targets and organs at risk. The gross tumor volume (GTV), comprising the primary tumor and
metastatic lymph nodes identified on CT images, was determined. The clinical target volume (CTV) included micro-
scopically visible tumor microfoci beyond the GTV boundaries. Adenocarcinomas extended 0.8 cm beyond the GTV,
whereas non-adenocarcinomas extended 0.6 cm. Due to various errors, the planning target volume extended 0.5-1 cm
beyond the CTV. A junior physician outlined all target areas, which were subsequently reviewed by a senior physician.
All patients received intensity-modulated radiotherapy (IMRT). Lung dosimetric parameters were obtained and
assessed using the Eclipse 16.1 treatment planning system. The parameters MLD, V10, V20, V30, and V40 were
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extracted from dose-volume histograms (total lung volume minus GTV). Vn was defined as the lung volume irradiated
with doses exceeding n Gy as a percentage of the total lung volume.

Toxicity Assessments

Following radiotherapy, the patients underwent chest or whole-body CT scans every 2—3 months for up to 6 months. The
study endpoint was the occurrence of symptomatic RP within 6 months of radiotherapy. RP diagnosis relies on chest CT
findings, hematological analysis, and clinical presentation. Typical imaging changes included patchy hyper-density,
ventilatory bronchiolar signs, striated shadows, solid lung shadows, and honeycomb-like changes in the radiological
field. These lesions did not conform to the anatomical distribution of the lung lobes or segments, while other potential
causes, such as infections, tumor progression, or immune-associated pneumonia, were excluded. The severity of RP was
graded according to the Common Terminology Criteria for Adverse version 5.0, which were as follows: grade 1 RP was
asymptomatic pneumonitis or minimal symptoms that did not require intervention; grade 2 RP was accompanied by
coughing, chest distress or other symptoms that did not interfere with daily activities and needed symptomatic treatment;
grade 3 RP exhibited severe symptoms and required corticosteroids or the administration of oxygen; grade 4 RP required
urgent intervention, such as ventilation, for life-threatening respiratory symptoms; and grade 5 RP was fatal.

Statistical Analysis

Descriptive statistics characterized the patients’ baseline and treatment features. Univariate and multivariate analyses,
employing binary logistic regression, were used to evaluate the association between clinical and dosimetric factors and
the risk of symptomatic RP. Due to the strong linear correlations between the dosimetric factors, each of them was
individually incorporated into multifactor logistic regression analyses. The area under the receiver operating character-
istic (ROC) curve (AUC) was used to assess the predictive capacity of identified factors for symptomatic RP and
establish the optimal threshold values for the dosimetric predictors. Independent-sample #-tests were used to compare the
cumulative symptomatic RP incidence between the groups. The Kaplan-Meier method was used to assess patient
survival, and the Log rank test was used to evaluate the heterogeneity of the survival analysis. Progression-free survival
(PFS) was defined as the interval from the start of treatment to the first occurrence of local-regional progression, distant
metastasis, death, or last follow-up, inclusive of disease progression during therapy and post-treatment recurrence.
Overall survival (OS) was defined as the interval from the start of treatment to death or the last follow-up. Statistical
analyses were conducted using IBM SPSS Statistics for Windows (version 25.0; IBM Corp., Armonk, NY). All tests
were two-sided, and statistical significance was defined as p < 0.05.

Results

Patient Characteristics

This study included a cohort of 118 patients, with their demographic details outlined in Table 1. The median age of the
participants was 62 years. Among them, 65 patients (55.1%) had a history of smoking (current or former), while 23
(19.5%) had pre-existing lung conditions, such as interstitial lung disease (ILD), COPD, and acute and chronic
bronchitis, among others. Most tumors were located in the upper or middle lung lobes, with 86 patients (72.9%) falling
into this category, while 32 (27.1%) had tumors in the lower lobes.

Table 2 lists the pertinent chest radiotherapy and immunotherapy characteristics of all included patients. Before chest
radiotherapy, all patients received programmed cell death 1 (94.9%) or programmed death-ligand 1 (5.1%) inhibitors.
The median time interval between the initiation of immunotherapy and chest radiotherapy was 12.5 days (interquartile
range [IQR], 5-28 days). Conventional fractionated radiotherapy was administered to all patients. The median (IQR)
values for MLD, V10, V20, V30, and V40 were 9.9 Gy (7.3-12.2), 26.0% (18.4-32.2), 16.9% (13.1-21.4), 12.3%
(8.8-16.9), and 8.3% (5.3—11.4), respectively.
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Table | Patient Characteristics

No. (%) of Patients

(N=118)
Median age, years (range) 62 (36-78)
Gender
Female 18 (15.3)
Male 100 (84.7)
Smoking History
Yes 65 (55.1)
No 53 (44.9)
History of ILD/COPD
Yes 23 (19.5)
No 95 (80.5)
Pathology
Adenocarcinoma 57 (48.3)
Squamous 59 (50.0)
Others 2 (1.7)
Tumor location (lobes)
Upper or middle lobes 86 (72.9)
Lower lobe 32 (27.1)
Clinical stage
1l 4 (34)
1] 46 (39.0)
v 68 (57.6)
T stage
Tl 16 (13.6)
T2 32 (27.1)
T3 23 (19.5)
T4 47 (39.8)
N stage
NO 10 (8.5)
NI 18 (15.3)
N2 41 (34.7)
N3 49 (41.5)
M stage
MO 50 (42.4)
Ml 68 (57.6)
PD-L| expression
Unavailable 74 (62.7)
<1% 6 (5.1)
1-49% 20 (16.9)
250% 18 (15.3)

Abbreviations: PD-L|, programmed death ligand I; ILD, inter-
stitial lung disease; COPD, chronic obstructive pulmonary disease.

RP Incidence and Characteristics

At the final follow-up, 61 patients (51.7%) did not develop RP, while 57 (48.3%) experienced RP. Among those who
developed RP, 27 (22.9%) had Grade 1 (asymptomatic) RP, while the prevalence of symptomatic RP (Grade > 2) was 25.4%.
Within this subset, 28 patients (23.7%) had Grade 2 RP, two (1.7%) had Grade 3 RP, and no instances of Grades 4-5 RP were
observed. The median duration from the conclusion of radiotherapy to symptomatic RP onset was 83.5 days (IQR,
39.8-111.8 days). Most symptomatic RP cases occurred post-radiotherapy, with one patient experiencing symptoms during
treatment. In this specific instance, the planned total radiotherapy dose was 60 Gy/30F; however, only 50 Gy/25F was
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Table 2 Characteristics of Radioimmunotherapy

No. (%) of Patients
(N=118)

ICI type
PD-1I inhibitor 112 (94.9)
PD-LI inhibitor 6 (5.1
Time interval between immunotherapy and radiotherapy (Day)
Median (IQR) 12.5 (5.0-28.0)
Radiation Prescription Dose (Gy)
Median (IQR) 60.0 (54.0-60.0)
MLD, (Gy)
Median (IQR) 9.9 (7.3-122)
VI0, (%)
Median (IQR) 26.0 (18.4-32.2)
V20, (%)
Median (IQR) 16.9 (13.1-21.4)
V30, (%)
Median (IQR) 12.3 (8.8-16.9)
V40, (%)
Median (IQR) 83 (5.3-11.4)

Abbreviations: ICls, immune checkpoint inhibitors; PD-1, programmed death |; PD-LI, programmed death
ligand I; IQR, interquartile range; MLD, mean lung dose; V10, percent of lung volume receiving 210 Gy;
V20, percent of lung volume receiving 220 Gy; V30, percent of lung volume receiving 230 Gy; V40, percent

of lung volume receiving 240 Gy.

delivered, leading to premature treatment cessation due to symptomatic RP (Grade 2 in this patient). Figure 1 provides

a visual representation of a patient diagnosed with Grade 2 RP. Before radiotherapy, the patient was diagnosed with

squamous cell carcinoma of the left lung and underwent three cycles of immunotherapy (tislelizumab) combined with
chemotherapy. The patient received 30 fractions, totaling 60 Gy of radiotherapy, with an MLD of 10.2 Gy, V10 of 29.3%,
and V20 of 13.9%. Symptomatic RP developed in the patient 6.9 weeks post-radiotherapy. Symptoms included cough,

production of white mucoid sputum, regular inflammatory markers, negative sputum culture for pathogenic bacteria, and CT

findings showing multiple patchy hyperdense shadows with blurred margins and a partially visible bronchial insufflation

sign. Their symptoms resolved following the administration of intravenous methylprednisolone sodium succinate.

Figure | Computed tomography (CT) images in patients with radiation pneumonitis. (A) Final CT image obtained before radiotherapy; (B) CT image of a patient who

developed Grade 2 radiation pneumonitis.
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Risk Factors of Symptomatic RP

Tables 3 and 4 present the correlations between baseline clinical characteristics, dosimetric factors, and symptomatic RP.
Patient-related factors, including age, gender, smoking status, and history of lung disease, showed no significant
associations with symptomatic RP (p > 0.05). However, tumor- and treatment-related factors (Table 3), such as tumor
location (p = 0.023) and the time interval between radiotherapy and immunotherapy (p = 0.003), showed significant
associations with symptomatic RP. There were no significant differences observed in tumor pathology, TNM stage, or
radiotherapy dose (p > 0.05).

Table 3 Patient and Tumor Characteristics Correlate with Grade =2 Radiation Pneumonitis

Characteristics Patients Grade >2 RP
N (%)
N (%) OR (95% CI) P

Age (years) 0.590
<62 54 (45.8) 15 (27.8) 1.000 (reference)

262 64 (54.2) 15 (23.4) | 0.796 (0.347-1.826)

Gender 0.803
Female 18 (15.3) 5 (27.8) 1.000 (reference)

Male 100 (84.7) | 25 (25.0) | 0.867 (0.281-2.673)

Smoking History 0.531
No 53 (44.9) 12 (22.6) 1.000 (reference)

Yes 65 (55.1) 18 (27.8) 1.309 (0.564-3.037)

History of ILD/COPD 0.140
No 95 (80.5) | 27 (28.4) 1.000 (reference)

Yes 23 (19.5) 3 (13.0) 0.378 (0.104-1.376)

Pathology 0.564
Squamous cell carcinoma 59 (50.0) 13 (22.0) 1.000 (reference)
Adenocarcinoma 57 (48.3) 16 (28.1) | 3.538 (0.207-60.524)

Others 2 (1.7) I (50.0) 1.381 (0.594-3.212)

Tumor location (lobes) 0.023
Upper or middle lobes 86 (72.9) 17 (19.8) 1.000 (reference)

Lower lobe 32 (27.1) 13 (40.6) | 2.777 (1.149-6.714)

T stage 0516
TI 16 (13.6) 6 (37.5) 1.000 (reference)

T2 32 (27.1) 9 (28.1) 0.652 (0.183-2.327)
T3 23 (19.5) 6 (26.1) 0.588 (0.149-2.326)
T4 47 (39.8) 9 (19.1) 0.395 (0.114-1.372)

N stage 0.890
NO 10 (8.5) 0 (0.0) 1.000 (reference)

NI 18 (15.3) 4 (22.2) -
N2 41 (34.7) 13 (31.7) -
N3 49 (41.5) 13 (26.5) -

M stage 0.761
MO 50 (42.4) 12 (24.0) 1.000 (reference)

MI 68 (57.6) 18 (26.5) 1.140 (0.490-2.650)

Time interval of Radioimmunotherapy (days) 0.003
<21 66 (55.9) 24 (36.4) 1.000 (reference)
>21 52 (44.1) 6 (11.5) 0.228 (0.085-0.613)

Radiation Prescription Dose (Gy) 0.849
<54 28 (23.7) 6 (21.4) 1.000 (reference)

54-60 78 (66.1) | 21 (26.9) 1.351 (0.481-3.792)
>60 12 (10.2) 3 (25.0) 1.222 (0.250-5.982)

Abbreviations: RP, radiation pneumonitis; ILD, interstitial lung disease; COPD, chronic obstructive pulmonary disease; OR, odds
ratio; Cl, confidence interval.
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Table 4 Dosimetric Characteristics Correlate with Grade =2 Radiation Pneumonitis

Characteristic | Median (IQR) Grade >2 RP
Univariate Analysis Multivariate Analysis
OR (95% CI) p OR (95% CI) p
MLD (Gy) 9.9 (7.3-12.2) 1.385 (1.190-1.612) | <0.001 | 1.361 (1.167-1.588) | <0.001
V10 (%) 26.0 (18.4-32.2) | 1.130 (1.069-1.194) | <0.001 | 1.124 (1.061-1.191) | <0.001
V20 (%) 16.9 (13.1-21.4) | 1.188 (1.097-1.286) | <0.001 | 1.177 (1.086—1.276) | <0.001
V30 (%) 12.3 (8.8-16.9) | 1.232 (1.118-1.357) | <0.001 | 1.225 (1.109-1.352) | <0.00I
V40 (%) 83 (5.3-11.4) 1.230 (1.106—1.369) | <0.001 | 1.234 (1.102—-1.382) | <0.001

Abbreviations: RP, radiation pneumonitis; MLD, mean lung dose; V10, percent of lung volume receiving 210 Gy;
V20, percent of lung volume receiving 220 Gy; V30, percent of lung volume receiving 230 Gy; V40, percent of lung
volume receiving 240 Gy; IQR, interquartile range; OR, odds ratio; Cl, confidence interval.

In the analysis of dosimetric factors (Table 4), univariate logistic regression revealed significant associations between
whole-lung MLD, V10, V20, V30, and V40 and symptomatic RP (p < 0.001). In the multivariate logistic regression
model, significant dosimetric parameters were adjusted for significant clinical factors, such as tumor location and the
time interval between radiotherapy and immunotherapy. Due to the strong linear correlations among the MLD, V10, V20,
V30, and V40, each parameter was subsequently incorporated individually in the multivariate logistic regression analysis
in order to ensure the accuracy of the predicted parameters. In the multifactorial logistic regression analysis (Table 4),
MLD (odds ratio [OR] 1.385, 95% confidence interval [CI] 1.190-1.612, p < 0.001), V10 (OR 1.130, 95% CI
1.069-1.194, p < 0.001), V20 (OR 1.188, 95% CI 1.097-1.286, p < 0.001), V30 (OR 1.232, 95% CI 1.118-1.357, p <
0.001), and V40 (OR 1.230, 95% CI 1.106—1.369, p < 0.001) all showed statistically significant associations. Figure 2
illustrates MLD, V10, V20, V30, and V40 levels in both the symptomatic and non-symptomatic RP groups.

ROC curves were constructed using significant risk factors to predict the development of symptomatic RP (Figure 3).
Figure 3A shows the AUC values for the following dosimetric parameters: MLD, 0.788 (95% CI 0.704-0.873); V10,
0.789 (95% CI 0.705-0.874); V20, 0.791 (95% CI 0.706-0.876); V30, 0.784 (95% CI 0.697-0.871); and V40, 0.749
(95% CI 0.656-0.842).

When considering only significant clinical factors (tumor location and time interval between radiotherapy and
immunotherapy), the AUC value was 0.702 (95% CI 0.604—0.800). However, combining clinical and dosimetric factors
significantly improved the predictive accuracy. The ROC curves in Figure 3B demonstrated that the AUC values for
clinical factors combined with dosimetric parameters yielded a superior predictive performance: clinical factors com-
bined with MLD = 0.828 (95% CI 0.752-0.905), V10 = 0.822 (95% CI 0.743-0.901), V20 = 0.831 (95% CI
0.754-0.907), V30 = 0.826 (95% CI 0.747-0.904), and V40 = 0.798 (95% CI 0.713-0.884). The ROC curve showed
an AUC value of 0.832 (95% CI 0.753—0.909) for clinical factors combined with all dosimetric parameters. These
combined factors outperformed individual dosimetric or clinical factors.

Using the Youden index derived from ROC analysis, we established the optimal threshold values for each dosimetric
parameter: MLD = 9.7 Gy, V10 = 26.3%, V20 = 15.9%, V30 = 13.3%, and V40 = 8.6%. Patients whose dosimetric parameters
were below these thresholds had a cumulative incidence of symptomatic RP < 12%. Notably, for patients with MLD <9.7 Gy (n
=4)and MLD >9.7 Gy (n=26) (Figure 4A), the rates at 24 weeks were 7.1% and 41.9%, respectively (p <0.001). In Figure 4B,
for the V10 <26.3% (n=5) and V10 > 26.3% (n = 25) groups, the rates at 24 weeks were 8.1% and 44.6%, respectively (p <
0.001). In Figure 4C, for the V20 < 15.9% (n=2) and V20 > 15.9% (n = 28) groups, the rates at 24 weeks were 4.2% and 40.0%,
respectively (p <0.001). In Figure 4D, for the V30 < 13.3% (n=8) and V30 > 13.3% (n = 22) groups, the rates at 24 weeks were
11.4% and 45.8%, respectively (p < 0.001). Finally, in Figure 4E, for the V40 < 8.6% (n=7) and V40 > 8.6% (n = 23) groups,
the rates at 24 weeks were 7.1% and 41.9%, respectively (p < 0.001). The calculated values of sensitivity, specificity, positive
predictive value, negative predictive value, and accuracy for these five dosimetric parameters are shown in Table 5.

Up to September 2024, 63 patients exhibited disease progression and 53 patients died. The median PFS for all patients
was 19.9 months (95% CI 14.3-25.5) and the median OS was 30.0 months (95% CI 26.4-33.6). Kaplan-Meier analysis
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Figure 2 Box line plots illustrating the distribution of dosimetric parameters for symptomatic and non-symptomatic radiation pneumonitis (RP). (A) the mean lung dose
(MLD); (B) volume of lung receiving 210 Gy (V10); (C) volume of lung receiving 220 Gy (V20); (D) volume of lung receiving 230 Gy (V30); (E) volume of lung receiving 240
Gy (V40). #p < 0.001.
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Figure 3 Predictive accuracy of various models. (A) The receiver operating characteristic (ROC) curves for the prediction of symptomatic radiation pneumonitis using
clinical factors (tumor location, time interval between radiotherapy and immunotherapy), mean lung dose (MLD), volume of lung receiving 210 Gy (V10), volume of lung
receiving 220 Gy (V20), volume of lung receiving 230 Gy (V30), and volume of lung receiving =2 40Gy (V40). (B) ROC curves for predicting symptomatic radiation
pneumonitis using a combination of clinical factors and dosimetric parameters.
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Figure 4 Cumulative incidence of symptomatic radiation pneumonitis stratified by each dosimetric parameter. (A) The mean lung dose (MLD); (B) volume of lung receiving
210 Gy (V10); (C) Volume of lung receiving 220 Gy (V20); (D) Volume of lung receiving 230 Gy (V30); (E) Volume of lung receiving 240 Gy (V40).

showed that after grouping patients according to the determined optimal threshold values, no significant difference in OS was
observed between the upper and lower threshold groups (p > 0.05) (Figure 5). Patients in the MLD > 9.7 Gy group had
a better PFS compared with those in the MLD < 9.7 Gy group (Hazard ratio 1.738, 95% CI 1.058-2.854, p = 0.03). There
was no significant difference in PFS in the remaining subgroups (p > 0.05) (Supplementary Figure 1).

Discussion

Based on the PACIFIC criteria, approximately 50% of patients with unresectable Stage III NSCLC who undergo
concurrent chemoradiotherapy are ineligible for durvalumab treatment.”*?' An alternative treatment approach for
patients with unresectable locally advanced NSCLC involves immunochemotherapy induction followed by
radiotherapy.”? However, combining ICIs with radiotherapy increases the risk of RP. Therefore, analyzing the clinical
and dosimetric factors associated with symptomatic RP in this context and exploring their safe dosimetric thresholds is
crucial. In our study, data on various clinical and dosimetric parameters were collected from 118 patients with NSCLC

Table 5 Sensitivity, Specificity, PPV, NPV, and Accuracy of Dosimetric Characteristics

Characteristic | Threshold | Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%) | Accuracy (%)
MLD (Gy) 9.7 86.7 59.1 41.9 929 66.1
V10 (%) 263 83.3 64.8 44.6 91.9 69.5
V20 (%) 159 933 51.1 39.4 95.7 61.9
V30 (%) 133 733 70.5 45.8 88.6 712
V40 (%) 8.6 76.7 625 41.1 88.7 66.1

Abbreviations: MLD, mean lung dose; V10, percent of lung volume receiving 210 Gy; V20, percent of lung volume receiving 220 Gy;
V30, percent of lung volume receiving 230 Gy; V40, percent of lung volume receiving 240 Gy; PPV, positive predictive value; NPV,
negative predictive value.
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Figure 5 Kaplan—Meier curves for overall survival stratified by each dosimetric parameter. (A) the mean lung dose (MLD) group; (B) volume of lung receiving 210 Gy (V10)
group; (C) volume of lung receiving 220 Gy (V20) group; (D) volume of lung receiving 230 Gy (V30) group; (E) volume of lung receiving 240 Gy (V40) group.

undergoing ICI-TRT. We observed a symptomatic RP incidence of 25.4%, which is within the expected range.”*** No
Grade 4-5 RP cases were observed, possibly attributable to approximately 89.9% of patients receiving an irradiation dose
of <60 Gy.

This study identified the MLD, as well as the V10, V20, V30, and V40, as independent risk factors for symptomatic
RP. Furthermore, the optimal thresholds for the MLD, V10, V20, V30, and V40 in combined ICI-TRT were determined
to be 9.7 Gy, 26.3%, 15.9%, 13.3%, and 8.6%, respectively. These findings are consistent with those of previous studies.
For example, Tsujino et al'> concluded in their analysis of predicting severe RP after concurrent chemoradiotherapy for
locally advanced NSCLC that all DVH metrics significantly correlated with Grade >3 RP occurrence. The comparison
highlights that various lung dosimetric parameters symptomatic RP in patients undergoing combined ICI-TRT.
Nevertheless, the previously recommended thresholds for dosimetric parameters have been revised. Traditional thresh-
olds for lung dosimetric parameters were established based on the direct effects of RT on tumors and normal tissues.

However, the addition of ICIs strengthened the antitumor immune response by inducing lymphocyte differentiation
and upregulating cytokine and autoantibody levels. This resulted in excessive cytokine release and increased immune cell
infiltration, amplifying the inflammatory response in irradiated normal tissues.'® Additionally, radiation exposure to lung
tissue induces oxidative damage to DNA and proteins, leading to the release of tumor antigens and inflammatory factors.
This, in turn, stimulates cytokine and inflammatory cell accumulation in the alveolar cavities, triggering an inflammatory
response.>> Moreover, the antitumor response increases following ICIs treatment. The accumulation of self-DNA
released from deceased tumor cells can activate the cGAS-STING signaling pathway, resulting in the production of
interferons and inflammatory cytokines, ultimately inciting inflammatory reactions and fibrosis.*®

In the current study, the cumulative occurrence of symptomatic RP was below 12% in the cohorts with MLD, V10,
V20, V30, and V40 values below the respective optimal thresholds. The absence of a definitive threshold for pulmonary
radiation dosage linked to RP following the integration of immunotherapy remains to be addressed. Shintani et al*’
emphasized V20 as a significant risk factor for Grade > 2 RP, reporting a 12-month incidence of Grade > 2 RP reaching
50% when V20 > 26%. Bi et al*® established a progressive risk of RP based on MLD as a continuous variable,
identifying an MLD value of 14.1 Gy predictive of a 50% risk of grade 2 or higher RP.
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Bi et al*’ also examined the dosimetric risk factors for acute RP in patients undergoing ICI treatment, focusing solely on
MLD, V5, and V20. Their results suggested that MLD and V20 affect acute RP in this patient cohort. However, their analyses
included limited dosimetric parameters. Therefore, we expanded the study to encompass MLD, V10, V20, V30, and V40. To
mitigate the instability of predictive parameters and inaccuracies, we conducted multicollinearity tests for each dosimetric
parameter. For dosimetric factors exhibiting strong linear correlations, they were individually incorporated into multifactorial
logistic regression analyses one by one, enhancing the interpretive and predictive capabilities of the parameters.

Our investigation revealed a correlation between tumor location and the occurrence of symptomatic RP (p = 0.023).
Consistent with previous studies, individuals undergoing radiotherapy for lung cancer with tumors located in the lower lung
lobes exhibited heightened vulnerability to RP.*? Seppenwoolde et al®' reported that patients with lower lung lobe tumors
faced a RP risk of up to 40% post-radiotherapy, significantly higher than that of patients with middle (16%) and upper lobe
tumors (11%). This difference can potentially be attributed to the respiratory motion characteristic of the lungs, where
increased mobility of the lower lung lobes causes further irradiation of normal lung tissues or lung tissues that should have
received low-dose irradiation. In a rat model, Khan et al*? illustrated that lower lung irradiation induced more substantial DNA
damage than upper lung irradiation. Additionally, tumor involvement, tissue inflammation, and gravitational influence may
impact lung ventilation and enhance perfusion and ventilation in the lower lungs, thereby exacerbating RP severity.** These
insights will help to facilitate managing patients with lower lung lobe tumors undergoing chest RT combined with IClIs.

Chronic lung diseases, such as ILD, COPD, and acute and chronic bronchitis, are associated with the development of
RP. Prior retrospective studies have identified ILD as an independent risk factor for grade 2 or higher RP,*>*® and the
extent of ILD involvement correlates with the incidence of RP.*” Herein, we found no significant difference between
prior ILD and symptomatic RP. Liu et al*® showed a significant correlation between a history of respiratory disease and
the risk of RP. Notably, their study population had a median age of 73 years, which was higher than that of our study.
This age difference may be related to the fact that older patients often have other underlying diseases and poor lung
function. Additionally, since combination immunotherapy-radiotherapy is not recommended for patients with ILD
exhibiting significant clinical symptoms, and because some patients could not tolerate immunotherapy and therefore
discontinued it, the limited number of patients with prior lung disease included in this study may have contributed to
discrepancies in the findings compared with conventional radiotherapy. We suggest that the dosimetric threshold be
individually considered when planning radiotherapy, mainly to control lung receptivity in patients with ILD.

Our study was based on patients with locally advanced or metastatic NSCLC, for whom all treatments have involved
first-line ICIs followed by TRT to the primary chest lesions and metastatic areas. These data from this study will become
more applicable as the use of ICIs and TRT in combination gradually expands,®**' as well as multiple ongoing clinical
trials (eg the NRG LU002, SARON, and SABR-COMET-10 trials). Different treatment modes and sequences may result in
different RP-related risk factors and incidence rates. For example, the QUANTEC model, which was proposed long before
the widespread use of ICIs, showed that the risk of symptomatic RP was less than 20% when MLD did not exceed 20 Gy.**
This is quite different from the MLD not exceeding 10 Gy proposed for the ICI-TRT population in this study. We encourage
clinicians to use stricter dose limits than QUANTEC in patients receiving combination therapy with ICIs and TRT.

The current investigation is subject to some limitations. Primarily, this was a retrospective analysis with a limited
sample size and a relatively short monitoring duration, which may have potentially underestimated the total occurrence of
RP. Additionally, we did not evaluate other factors linked to symptomatic RP, such as initial lung function, primarily due
to the availability of baseline lung function data for only 33 enrolled patients. Lastly, our conclusions were drawn from
a single institution, emphasizing the need for supplementary multicenter investigations to validate our findings. We also
recognize that these data may not necessarily apply to lung cancer patients who did not receive ICIs prior to TRT (eg
patients with stage IIIl NSCLC treated using the PACIFIC trial model) or to patients with other types of cancer.

Conclusion

In the era of immunotherapy, tumor location, the interval between radiotherapy and immunization, the MLD, and
radiation doses at V10, V20, V30, and V40 have emerged as independent risk factors for symptomatic RP (Grade
> 2). For patients receiving ICI-TRT, maintaining MLD, V10, V20, V30, and V40 below 9.7 Gy, 26.3%, 15.9%, 13.3%,
and 8.6%, respectively, will reduce symptomatic RP risk to 12%. These values are lower than the dose thresholds
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recommended by current guidelines and can potentially prompt updates in lung dose thresholds to enhance the
monitoring and management of patients undergoing ICI-TRT.
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AUC, area under the ROC curve; CI, confidence interval; COPD, chronic obstructive pulmonary disease; CT, computed
tomography; CTV, clinical target volume; GTV, gross tumor volume; Gy, gray; ILD, interstitial lung disease; IClIs,
immune checkpoint inhibitors; IQR, interquartile range; IMRT, intensity-modulated radiotherapy; MLD, mean lung dose;
NSCLC, non-small-cell lung cancer; OR, odds ratio; OS, overall survival; PFS, progression-free survival; ROC, receiver
operating characteristic; RP radiation pneumonitis; TRT, thoracic radiotherapy; Vn, lung volume irradiated with doses
exceeding n Gy as a percentage of the total lung volume.
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