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Abstract

Purpose: Stereotactic body radiation therapy (SBRT) is commonly used to treat primary or 

oligometastatic malignancies in the lung, but most of the available data that describe the safety and 

efficacy of SBRT are for smaller tumors. The purpose of this study was to evaluate the impact of 

tumor size, among other factors, on local control (LC) and radiation pneumonitis (RP) in patients 

who received lung SBRT.

Methods and materials: This retrospective study included 144 patients with 100 primary 

(57.1%) and 75 metastatic (42.9%) lung tumors treated with SBRT between 2012 and 2018. 

Measurements of tumor size, treatment volume, histology, and radiation dose were evaluated for 

association with LC. Additional factors evaluated for association with the development of 

symptomatic RP included volume of the lung, heart, and central airway exposed to relevant doses 

of radiation.

Results: The median follow-up time was 15.0 months (interquartile range, 8.0–26.0 months). LC 

rates at 12 and 24 months posttreatment were 95.1% and 92.7%, respectively. LC at 1 year was 

higher for tumors <5 cm in diameter than for tumors >5 cm in diameter (98.2% vs 79.8%, 

respectively; P < .01). On univariate analysis, LC was associated with a smaller gross tumor 

volume (GTV) diameter (P < .01), GTV volume (P < .01), planning target volume (PTV) diameter 

(P < .01), PTV volume (P < .01), and larger PTV-to-GTV ratio (P = .04). Tumor histology and 

treatment intent were not correlated with LC. RP was associated with a higher ipsilateral lung 

mean lung dose (P = .02), V2.5 (P = .03), V5 (P = .02), V13 (P = .03), V20 (P = .05), V30 (P = .02), 

V40 (P = .02), and V50 (P = .03), and several similar total lung dose parameters and heart 

maximum point dose (P = .02). The optimal mean ipsilateral lung dose cutoff predictive of RP was 

8.6 Gy.

Conclusions: A larger tumor size and smaller PTV-to-GTV ratio was associated with local 

recurrence of lung tumors treated with SBRT, but ipsilateral lung doses were most associated with 

symptomatic RP.
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Introduction

Stereotactic body radiation therapy (SBRT) is commonly used to treat primary or metastatic 

malignancies in the lung in medically inoperable patients, and outcomes rival those of 

surgical resection.1–5 However, a large majority of studies have only assessed the efficacy of 

SBRT in the treatment of smaller lung tumors <5 cm, and retrospective series that assessed 

for an association between tumor size and local control (LC) offer conflicting findings.6–9

Larger tumors often also present a logistical challenge in treatment planning owing to their 

proximity to ≥1 normal organs at risk of toxicity, including healthy lung tissue, and thus puts 

limitations on the prescription dose or tumor coverage that can be safely achieved with the 

SBRT plan. Although lung SBRT generally results in limited rates of toxicity, symptomatic 

radiation pneumonitis (RP) is the most common and occurs in 9% to 28% of patients. 

However, there is no clear consensus on optimal planning parameters for a normal lung that 

should be used to prevent RP.10–21

In this retrospective study, we evaluated the impact of tumor size, among other factors, on 

the rates of LC and RP in patients who underwent lung SBRT at a single institution to 

determine predictive factors that may help guide management.

Methods and Materials

After obtaining approval from the local institutional review board, the medical records and 

radiation therapy treatments plans of all patients who underwent SBRT for either primary or 

metastatic lung tumors at our institution between October 2012 and January 2018 were 

reviewed. The indication for treatment generally fit into one of the following 3 categories: 

(1) early stage primary lung cancer treated with curative intent; (2) oligometastatic lung 

cancer with SBRT to the primary lung tumor if all other sites of disease were well 

controlled; or (3) oligometastasis to the lung from another primary tumor site if all other 

sites of disease were well controlled. In all cases, patients were either considered medically 

inoperable or electively chose SBRT rather than surgical resection of their tumor.

Post-treatment follow-up typically consisted of history and physical examinations, and either 

chest computed tomography (CT; +/− abdomen/pelvis) or positron emission tomography 

(PET)/CT of the whole body every 3 to 6 months for 2 years, and then at increasing intervals 

thereafter. Five different radiation oncologists cared for the included patients, with treatment 

and follow-up decisions at their discretion. Patients were excluded if they had undergone 

previous irradiation of the targeted site, were undergoing SBRT as a boost after 

conventionally fractionated radiation, received >5 fractions in their SBRT course, or had 

inadequate follow-up to evaluate tumor response or development of radiation pneumonitis.

CT simulation was carried out with the patient in a supine position with their arms above 

their head using a vacuum bag immobilization device. A 4-dimensional CT scan was used to 

capture tumor motion. The gross tumor volume (GTV) consisted of all known gross disease 

based on the planning CT and pretreatment PET/CT scans. An internal GTV included the 

union of the GTVs on respiratory correlated images from the 4-dimensional CT scan. The 

clinical target volume (CTV) included the entire GTV and internal GTV without additional 
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margin added. The planning target volume (PTV) typically included the CTV plus a 5-mm 

isotropic expansion. However, margin size was at the discretion of the treating physician, 

and in some cases smaller or larger PTV margins were used depending on the risk of toxicity 

to neighboring structures. The volumetric ratio of PTV-to-GTV was collected to quantify the 

extent of tumor motion and margins used in each case. Organs at risk were contoured 

according to current Radiation Therapy Oncology Group consensus atlas, with the 

delineated normal lung volume excluding the GTV.22

All patients were prescribed 3 to 5 fractions of radiation therapy using highly conformal 

intensity modulated radiation or volumetric modulated arc therapy techniques. Radiation 

therapy treatment planning was carried out for the Varian TrueBeam linear accelerator 

(Varian Medical Systems, Palo Alto, CA) using the Eclipse treatment planning system 

(version 11). As indicated, accelerator beam gating was used for motion management during 

treatment.

Treatment response was evaluated using the Response Evaluation Criteria in Solid Tumors, 

version 1.1.23 LC was defined as a lack of progression in the irradiated tumor or adjacent 

tissue after SBRT. PET/CT scans and biopsy tissue samples were used in the follow-up 

period to help differentiate active tumor from RP or atelectasis. Persistent stable disease on a 

CT chest scan was classified as LC unless PET/CT scans suggested or biopsy test results 

confirmed otherwise. The Mann-Whitney U test was used to evaluate the following factors 

as possible predictors of LC: tumor size (based on measured single greatest dimension of 

GTV and equivalent sphere diameter and volume for GTV and PTV), volumetric ratio of 

PTV-to-GTV, biologically effective dose for an alpha-to-beta ratio of 10 Gy (BED10) of the 

radiation prescription, and maximum point dose (Dmax) within the PTV.

The χ2 test was used to evaluate the impact of tumor histology, use of concurrent systemic 

therapy, and treatment intent (curative SBRT for early stage lung cancer vs noncurative 

SBRT for metastatic cancer) on LC. The Kaplan-Meier method and log-rank test were used 

to compare the following: 1) LC of primary versus meta-static lung tumors, 2) LC of tumors 

<5 cm versus those >5 cm in the greatest dimension, and 3) LC of radio-sensitive versus 

radioresistant histologies (ie, renal cell carcinoma, sarcoma, and melanoma). Of note, the 

cutoff of 5 cm was used for this analysis because most prospective studies have only 

assessed the efficacy of SBRT to treat lung tumors <5 cm. Disease-free survival (DFS) for 

primary lung tumors, progression-free survival (PFS) for metastatic lung tumors, and overall 

survival (OS) for both primary and metastatic lung tumors were also assessed using the 

Kaplan-Meier method from the time of SBRT completion, with patients censored at the last 

follow-up. The follow-up duration was calculated up to the point of the last imaging study 

(for LC) or patient encounter (for survival and toxicity).

The cumulative incidence of RP was recorded using the National Cancer Institute Common 

Terminology Criteria for Adverse Events, version 4.0.24 Symptomatic RP was defined as 

grade ≥2. The Mann-Whitney U test was used to evaluate the following factors as possible 

predictors of RP: tumor size, volumetric ratio of PTV-to-GTV, PTV Dmax, BED3, maximum 

and mean dose to the heart and central airway (trachea through lobar bronchi), mean lung 

dose, and the volume of the lung that received at least 2.5 Gy (V2.5), 5 Gy (V5), 10 Gy 
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(V10), 13 Gy (V13), 20 Gy (V20), 30 Gy (V30), 40 Gy (V40), 50 Gy (V50), and the 

prescription dose (VP). The lung parameters were evaluated for both the total and ipsilateral 

lung only. The χ2 test was used to evaluate the impact of concurrent systemic therapy use on 

RP. Recursive partitioning analysis was used for parameters associated with RP to determine 

an optimal dose constraint that is predictive of RP on the basis of the deviance statistic in the 

regression analysis.25

The statistical analysis was conducted using the Statistical Package for Social Sciences, 

version 24 (SPSS, Chicago, IL) and R statistical software (R, Vienna, Austria). A P-value of 

< .05 was considered statistically significant.

Results

Demographics

A total of 144 patients with 175 irradiated tumors were included in this study. Table 1 shows 

the patient and tumor characteristics. The median follow-up time for the survival and 

toxicity analyses was 15.0 months (inter-quartile range [IQR], 8.0–26.0 months). The 

median follow-up time for the LC analysis was 12.0 months (IQR, 6.0–22.0 months).

The median single greatest dimension of the irradiated tumors was 2.8 cm (IQR, 2.0–4.3 

cm), the median GTV equivalent sphere diameter was 2.2 cm (IQR, 1.6–3.0), and the GTV 

volume was 5.9 cm3 (IQR, 2.1–14.4 cm3). The median PTV equivalent sphere diameter was 

4.0 cm (IQR, 3.2–5.0 cm) and PTV volume was 34.4 cm3 (IQR, 17.8–63.6 cm3). The 

median PTV-to-GTV ratio was 5.1 (IQR 3.5–9.0). There was no significant difference 

between the median GTV diameter of patients with early stage lung cancer and those with 

oligometastatic disease (2.4 vs 2.2 cm, respectively).

The most common SBRT prescriptions consisted of 50 Gy delivered in 5 fractions (28.6%), 

50 Gy in 4 fractions (24.6%), and 54 Gy in 3 fractions (13.1%). The median BED10 for all 

regimens was 105.60 Gy (IQR, 100.0–112.5 Gy), and the median BED3 was 240.0 Gy (IQR, 

216.7–258.3 Gy). Nineteen percent of tumors received a prescription with BED10 <100 Gy, 

and 12.6% of tumors received a prescription with BED10 <80 Gy. The median PTV Dmax 

was 62.5 Gy (IQR, 60.0–62.5 Gy). Intensity modulated radiation and volumetric modulated 

arc therapy accounted for 39 (22.3%) and 136 (77.7%) of treatments, respectively.

Tumor response analysis

Overall, 167 patients (95.4%) demonstrated LC. The cumulative proportion of LC at 6, 12, 

18, 24, and 36 months was 98.1%, 95.1%, 92.7%, 92.7%, and 92.7%, respectively (Fig 1). A 

univariate comparison between LC and local recurrence groups with regard to tumor size 

and dose parameters is shown in Table 2. Larger tumor size and smaller PTV-to-GTV ratio 

were associated with reduced LC, but BED10 and PTV Dmax were similar in both groups 

and not significantly associated with improved LC. There were also no observed differences 

in LC for radiosensitive histologies compared with radioresistant histologies (95.0% vs 

100%, respectively; P = .34), early stage versus metastatic tumors (94.8% vs 96.0%, 

respectively; P = .72), and use of concurrent systemic therapy or radiation alone (95.5% vs 

95.4%, respectively; P = .95).
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Among patients with early stage lung cancer, there was no difference in LC for 

adenocarcinoma compared with squamous cell carcinoma histology (93.5% vs 93.9%, 

respectively; P = .93). The 1-year LC rate for the 31 tumors (17.7%) >5 cm in diameter was 

79.8%, which was significantly lower than the 98.2% 1-year LC rate for tumors <5 cm in 

diameter (Fig 2; P < .01).

Survival analysis

At the time of the last follow-up, 103 patients (58.9%) were alive. The median OS time for 

all patients was 31.0 months (95% confidence interval [CI], 22.7–39.3 months). The 

cumulative proportion of patients surviving at 6, 12, 18, 24, 36 months was 94.3%, 77.8%, 

64.6%, 59.5%, and 48.0% using Kaplan-Meier survival analysis (Fig 1).

For patients with primary tumors, the median OS time was 40.0 months (95% CI, 26.3–53.8 

months), and for patients with metastatic tumors, the median OS was 20.0 months (95% CI, 

7.6–32.4 months). The median DFS time for patients with primary tumors was 25.0 months 

(Fig 1; 95% CI, 15.6–34.4 months), and PFS for patients with metastatic tumors was 7.0 

months (Fig 1; 95% CI, 4.7–9.4 months).

Toxicity analysis

Overall, RP of any grade occurred in 98 patients (56.7%) with 82 (47.4%), 12 (6.9%), and 4 

(2.3%) developing grades 1, 2, and 3 RP, respectively. There was no observed grade 4 or 5 

RP. The median time until onset of symptomatic RP was 3.5 months. The univariate analysis 

results in Table 3 show that all ipsilateral lung parameters, most total lung parameters, and 

the heart Dmax were all associated with symptomatic RP. There was no difference in the rate 

of RP among patients receiving concurrent systemic therapy (4.5% vs 9.5%; P = .415). The 

results of the recursive partitioning analysis to identify optimal dose-volume constraints for 

these parameters is shown in Table 4.

Discussion

This study explored the impact of lung tumor size on LC and toxicity after SBRT. We found 

that LC was associated with larger tumor size and smaller PTV-to-GTV ratio. Tumor size 

did not directly impact RP, but may in some cases be associated with higher ipsilateral lung 

doses, which was most strongly correlated with symptomatic RP. In full, our findings 

provide greater insight into balancing treatment planning objectives to maximize tumor 

control and minimize toxicity for lung SBRT.

Several studies have evaluated the impact of tumor size on LC after lung SBRT. Dunlap et 

al. reported decreased LC with increasing tumor size,9 whereas other retrospective series 

evaluating lung tumors >5 cm have shown comparable LC rates to those achieved for 

smaller lung tumors.6–8 In the largest reported series assessing SBRT for 92 lung tumors >5 

cm in size, Verma et al. reported 1-and 2-year LC rates of 95.7% and 73.2%, respectively.7 

Interestingly, a smaller PTV-to-GTV ratio was also associated with LC in our study. This 

ratio reflects several factors, including the extent of tumor motion with respiration and PTV 

margin size; overall, it takes into account the importance of adequate tumor margins, motion 

assessment, and image guidance in delivering an effective treatment.
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Dosimetric parameters like BED10 are known to affect outcomes after lung SBRT.26–28 We 

did not observe an effect of BED10 in our study, but this is most likely because the majority 

of the tumors received a relatively high dose, and there were a relatively low number of LC 

events within the follow-up period of the study. Overall, our 2-year LC rate of 93% was 

comparable with the 3-year LC rates of 88% to 92% demonstrated in other prospective 

studies that evaluated SBRT for early stage primary lung tumors.1–5

There are several potential explanations to account for the impact of tumor size on LC, 

including the possibility of increased microscopic extension of larger tumors, more hypoxic 

regions in larger tumors, or the greater likelihood that a larger tumor will be in closer 

proximity to an organ at risk of toxicity, necessitating some dosimetric compromises with 

somewhat lower PTV coverage. Assuming that an adequate dose can be safely prescribed 

and adequate margins around the gross disease can be used to minimize the risk of 

geographic/marginal miss, any association between tumor size and LC is likely to be 

relatively weak. However, achieving such an ideal treatment plan for a larger tumor may not 

always be possible.

The 9% of patients who developed symptomatic RP in our series was comparable to the 

range of 9% to 28% reported in past studies.10–21 Optimal dose-volume constraints to 

prevent symptomatic RP are not clearly defined, but our data support a stronger correlation 

between the ipsilateral lung doses and RP rather than the entire lung. Our optimal mean 

ipsilateral lung dose cutoff of 8.6 Gy is comparable with a cutoff of 9.1 Gy, as reported by 

Chang et al.29

Our cutoff values in Table 4 for the volume of lung receiving 5 Gy to 40 Gy is also of some 

value to dosimetrists in treatment planning.18,29,30 Interestingly, PTV and internal target 

volume size has been reported to be associated with the development of symptomatic RP in 

other studies, but we did not find any association with the PTV-to-GTV ratio in our data.
13,14,21,31 Tumor size did not correlate with risk of RP, most likely owing to the impact of 

tumor location because some tumors are surrounded by more normal lung tissue than others. 

Interestingly, the heart Dmax was associated with the development of RP in our patients, 

which has been described after conventionally fractionated radiation for locally advanced 

tumors but not SBRT for early stage tumors.32 Whether the heart dose is directly related to 

RP is unclear because this may also reflect the impact of other dosimetric factors or the 

volume of nearby normal lung tissue.

The main limitations of this study are its retrospective nature and the single institution 

analyzed, which may lead to some bias and reduce the generalizability of our findings. 

Furthermore, although RP typically occurs within 1 year of SBRT and would have been 

captured for most patients in this study, a longer follow-up time would have been valuable to 

capture more local recurrences and increase confidence in our reported long-term LC rates.
10,14,15,17

Ideally we would have reported multivariate analyses for LC and RP; however, because of 

the relatively small number of LC and RP events during the follow-up period of this study, 

the Cox and binary logistic regression analyses we attempted did not identify any 
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independent associations. A longer follow up of our population would have improved the 

yield of these tests.

On the other hand, a strength of the study is the large range of tumor sizes represented, 

which makes our primary assessment of the impact of tumor size on LC and RP more likely 

to be accurate.

Conclusions

Our findings support tumor size and PTV-to-GTV ratio as important predictors of LC after 

lung SBRT. This should be balanced with minimizing ipsilateral lung doses to minimize 

pulmonary morbidity from treatment.
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Figure 1. 
Kaplan-Meier plots showing (A) overall survival for primary (solid) and metastatic (dashed) 

tumors, (B) local control for both primary and metastatic tumors, (C) PFS for patients with 

metastatic tumors, and (D) DFS for primary tumors. Abbreviations: PFS = progression-free 

survival; DFS = disease-free survival.
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Figure 2. 
Kaplan-Meier plots showing local control between small (<5 cm; solid) and large (≥5 cm; 

dashed) tumors.
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Table 1

Patient and tumor characteristics

Characteristics n (%)

Sex

 Female 69 (48)

 Male 75 (52)

Number of treated tumors

 1 119 (83)

 2 20 (14)

 3–4 5 (4)

Primary tumor site

 Lung (early stage non-small cell) 100 (57)

 Lung (metastatic) 41 (23)

 Renal/urogenital 10 (6)

 Head and neck 9 (5)

 Sarcoma 8 (5)

 Other 7 (4)

Histology

 Adenocarcinoma 74 (42)

 Squamous cell carcinoma 50 (29)

 Sarcoma 7 (4)

 Clear cell carcinoma 5 (3)

 Other/poorly differentiated carcinoma 39 (22)

Tumor radiosensitivity

 Sensitive 159 (91)

 Resistant* 16 (9)

Tumor location

 Left upper lobe 54 (31)

 Right upper lobe 52 (30)

 Right lower lobe 37 (21)

 Left lower lobe 26 (15)

 Right middle lobe 6 (3)

Concurrent systemic therapy

 None 153 (87)

 Targeted therapy/immunotherapy 14 (8)

 Chemotherapy 4 (2)

 Combined chemotherapy/immunotherapy 3 (2)

 Combined hormonal/targeted therapy 1 (1)

*
Radioresistant histologies include renal cell carcinoma, sarcoma, and melanoma.
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Table 4

Optimal cutoff values for significant predictors of symptomatic RP

Parameter Cutoff value Symptomatic RP

≤ Cutoff (%) ≥ Cutoff (%)

Total lung

 MLD 5.1 Gy 6.1 26.9

 V10 Gy 8.6% 4.7 13.8

 V20 Gy 6.7% 5.6 25.8

 V30 Gy 3.8% 5.5 29.6

 V40 Gy 2.2% 6.7 25.9

Ipsilateral lung

 MLD 8.6 Gy 5.6 26.7

 V5 Gy 27.1% 3.3 16.3

 V10 Gy 23.2% 4.9 20.0

 V20 Gy 14.9% 5.6 27.6

 V30 Gy 8.1% 5.7 25.0

 V40 Gy 5.7% 6.6 28.0

Abbreviations: MLD = mean lung dose; RP = radiation pneumonitis.
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