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Abstract
Stereotactic body radiation therapy (SBRT) has a local control rate of 95% at 2 years for non-small cell lung cancer (NSCLC) and should improve the prognosis of inoperable patients, elderly patients, and patients with significant comorbidities who have early-stage NSCLC. The safety of SBRT is being confirmed in international, multi-institutional Phase Ⅱ trials for peripheral lung cancer in both inoperable and operable patients, but reports so far have found that SBRT is a safe and effective treatment for early-stage NSCLC and early metastatic lung cancer. Radiation pneumonitis (RP) is one of the most common toxicities of SBRT. Although most post-treatment RP is Grade 1 or 2 and either asymptomatic or manageable, a few cases are severe, symptomatic, and there is a risk for mortality. The reported rates of symptomatic RP after SBRT range from 9% to 28%. Being able to predict the risk of RP after SBRT is extremely useful in treatment planning. A dose-effect relationship has been demonstrated, but suggested dose-volume factors like mean lung dose, lung V20, and/or lung V2.5 differed among the reports. We found that patients who present with an interstitial pneumonitis shadow on computed tomography scan and high levels of serum Krebs von den Lungen-6 and surfactant protein D have a high rate of severe radiation pneumonitis after SBRT. At our institution, lung cancer patients with these risk factors have not received SBRT since 2006, and our rate of severe RP after SBRT has decreased significantly since then. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Radiation pneumonitis (RP) is one of the most common toxicities after stereotactic body radiation therapy (SBRT). Although most RP is Grade 1 or 2 and either asymptomatic or manageable, a few cases are severe and there is a risk for mortality. A dose-effect relationship has been demonstrated that can be used for treatment planning. Other prognostic indicators of severe radiation pneumonitis after SBRT are an interstitial pneumonitis shadow on computed tomography scan and high levels of serum Krebs von den Lungen-6 and surfactant protein D before treatment.
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INTRODUCTION
Stereotactic body radiotherapy (SBRT) is becoming standard of care therapy for patients with inoperable early-stage non-small cell peripheral lung cancer or lung cancer with limited demarcated metastases. The delivery of higher doses to smaller lung planning target volumes (PTVs) limits toxicity in the normal lung tissue surrounding the tumor to very limited areas. Local control of up to 95% at 2 years has been reported[1-4]. 

Given the improved local control and toxicity results reported by recent lung SBRT studies[1-4], future directions for this technique include the treatment of larger lesions. Palma et al[5] and Diot et al[6] suggest that toxicity might increase with lesion size, and this possibility should be anticipated and closely monitored. 

Symptomatic lung toxicity with SBRT is typically less than 10%[7]; however, occurrences up to 25% have been reported[8], highlighting the necessity of developing SBRT treatment parameters that ensure consistently low toxicity levels.

Radiation-induced pneumonitis is the most frequent acute pulmonary toxicity. The majority of patients develop asymptomatic Grade 1 pneumonitis. Clinically symptomatic pneumonitis develops in less than 10% of patients, but most patients develop late pulmonary toxicity characterized by localized pulmonary fibrosis in the high-dose region[9]. Because this fibrosis is usually asymptomatic, we considered post-SBRT pulmonary function changes the clinically relevant endpoint of our review. 

A dose-effect relationship has been demonstrated for SBRT that is similar to that observed in conventionally fractionated radiation therapy[10,11]; but a study by Guckenberger et al[12] failed to demonstrate this relationship in early-stage non-small cell lung cancer. Gluckenberger’s results were based on a large number of patients[12] and confirmed the findings in other studies that post-SBRT pulmonary function was either stable[13-17] or almost asymptomatic[18,19]. These data were encouraging and further supported the safety of SBRT. 

SBRT has been widely used as a safe and effective treatment for primary or metastatic lung tumors for a number of years[20]. According to the protocol of the Japan Clinical Oncology Group (JCOG) 0403 study[21,22], the only absolute contraindication to SBRT is pregnancy. 

In Japan, medical service fees officially cover SBRT treatment for primary and metastatic lung cancers only if the tumor is under 5 cm in size, there are no more than three tumors, and there is no metastatic disease in other organs. In Japan, surgery is generally the first-line treatment for early primary lung cancer, so primary lung cancer patients who undergo SBRT are in poor condition and either have multiple primary cancers or co-morbidities such as serious cardiovascular disease. Most Japanese patients with primary lung tumors who received SBRT had low pulmonary function from chronic obstructive pulmonary disease due to long smoking histories.

Contraindications to SBRT were (1) a history of irradiation to the concerned site; (2) severe interstitial pneumonitis or pulmonary fibrosis; (3) severe diabetes or connective tissue disease; and (4) common use of steroids.

LOCAL CONTROL RATE OF SBRT
SBRT with 3D conformal or intensity-modulation techniques is an effective treatment for localized early-stage lung cancer, with local control rates of 85.5% to 100% 2 to 3 years following treatment[1-4]. SBRT is also being employed to treat metastatic lung cancer, although the survival rates are not comparable to those for early-stage (T1 - T2, N0) disease[2].

The excellent local control rates for early-stage lung cancer treated with SBRT are leading to extensive use of this technique in clinical practice and to randomized trials comparing surgery to SBRT for Stage Ⅰ non-small cell lung cancers in operable patients. Two randomized trials to compare SBRT to surgery for operable patients with Stage Ⅰ lung cancer were launched in 2008: one in the Netherlands [the Randomized Clinical Trial of Either Surgery or Stereotactic Radiotherapy for Early Stage (IA) Lung Cancer trial] and one in the United States (testing the Cyberknife by Accuray Inc., Sunnyvale, CA, United States).

PREVIOUS REPORTS OF TOXICITIES AFTER SBRT 
The safety of SBRT is being confirmed in multi-institutional Phase Ⅱ trials for peripheral lung cancer in both inoperable[16,23] and operable patients[22]. In the Radiation Therapy Oncology Group (RTOG) trial 0236[23], protocol-specific, treatment-related Grade 3 and 4 adverse events occurred in 12.7% (7/59) and 3.6% (2/59) of cases, respectively. No Grade 5 adverse events were reported. In the Nordic Phase II study of SBRT[16]. Grade 3 toxicities were seen in 21% (12/57) of cases, but no Grade 4 or 5 toxicities were reported. Nishio et al[22] reported Grade 3 toxicities in 6.2% of operable patients in the JCOG 0403 trial.

Severe clinical toxicities after SBRT are fairly uncommon and occur more frequently in cases of centrally located tumors, such as those near the trachea, primary bronchus, major blood vessels and pericardium[3]. Rates of serious toxicities are low in most studies. Previous reports have described skin, chest wall, and brachial plexus toxicities with their associated risk factors[24-27]. 

This review documents clinically significant radiation pneumonitis (RP) rates for medically inoperable non-small cell lung cancer (NSCLC) patients treated with SBRT, adding to the sparse literature on pulmonary toxicity resulting from hypo-fractionated radiotherapy.

RP AFTER SBRT 

RP is one of the most common toxicities after SBRT, as well as after conventional radiotherapy to the lung. Scoring systems should be considered when interpreting RP results. The reported rates of symptomatic RP after SBRT range from 9% to 28%[8,10,11,28-31]. Although most of the RP was Grade 1 or 2 and either asymptomatic or manageable, a few cases were severe and there was a risk for mortality[8]. It is very important to develop a method to predict the risk of RP after SBRT for lung cancer.

Grade 3 RP was observed in 3.6% of the overall patients in RTOG 0236[23] and in 3.1% of the operable patients in JCOG 0403[22]. Baumann et al[16] reported that no one developed Grade 3 pneumonitis in their Phase Ⅱ trial of SBRT.

McGarry et al[31] reported that 2% (1/47) of patients developed circulating tumor cells and 6.4% (3/47) of patients developed Grade 2 and 3 RP in the updated Indiana University Phase Ⅰ trial that included tumors up to 7 cm in size plus central lesions. G2 toxicity occurred at a dose of 48 Gy, and G3 toxicities developed after 54 Gy and 72 Gy in 3 fractions prescribed to the 80% iso-dose line[32]. Using similar criteria, Onishi reported 4.1% G2 (10/245), 1.2% G3 (3/245), and 1.2% G4 (3/245) RP in a multi-institutional trial of SBRT in Japan[33]. Nagata and colleagues reported no G3 or G4 RP using a slightly less potent dose of 48 Gy in 4 fractions delivered to the iso-center[1].

In the RTOG, Ricardi et al[32] treated 62 patients to 45 Gy in 3 fractions to the 80% iso-dose line and reported a 3.2% incidence of Grade 3 RP that required steroids or intermittent oxygen. When Stephans et al[34] treated (n = 56) patients to 50 Gy in 5 fractions and (n = 38) patients to 60 Gy in 3 fractions, there was a 2.3% incidence of RP that required steroids (for all 94 patients). 

Grills et al[35] recently published a case–control study comparing SBRT to wedge resection. In that report, there was 11% G2 - 3 RP using a CTC vs a grading system based on the Common Terminology of Criteria of Adverse Events. Only 2% of these patients required temporary steroids for management. Finally, G3 RP occurred at a rate of 3.6% (2/55) in RTOG 0236[23].

Although the reported toxicities of lung SBRT have, for the most part, been minor, the dose constraints to use during treatment planning are based on extremely limited clinical data, most of which has not been validated[36]. Even the recent QUANTEC lung article devoted only one paragraph to the risk of pneumonitis in lung SBRT patients[7]. Baker et al[37] reported in QUANTEC that the greatest incidence of pneumonitis was Grade 1 (64.2%) (169/263), and there were 26 cases (9.9%) of Grade 2 pneumonitis and 3 cases (1.1%) of Grade 3 pneumonitis. 

DOSE-VOLUME FACTORS FOR RP AFTER SBRT
Table 1 summarizes published reports that focused on the dose volumetrics associated with Grade 2 RP or worse after SBRT. The RP rates varied from 9.4% to 28.0%, and the suggested dose-volume factors for RP differed among the reports. This variation might be caused by differences in the PTV volume, dose fractionation schedule, or RP scoring system.

Since most patients with pulmonary metastases had residual or recurrent disease after first-line treatment with chemotherapy, it appeared appropriate to consider a V20 of 30% as the dose restriction in SBRT for metastatic lung cancer.

Borst et al[10] evaluated the relationship between the mean lung dose (MLD) and the incidence of RP after SBRT. They calculated the MLD in the normalized total dose form, using the linear-quadratic model with a /ratio of 3. A significant dose-response relationship was found between RP and MLD.

According to Baker et al[10], the data from their center and the Japanese group demonstrate that a V20 of less than 10% is readily achievable, and at those levels pneumonitis is not statistically predictable. Analogously, an MLD of approximately 5 - 6 Gy is achievable, and at this dosage pneumonitis should not develop. Therefore, dosimetric guidelines of a V20 of less than 10% and an MLD of less than 6 Gy are a reasonable way to reduce the occurrence of Grades 2 - 4 RP. A German article suggested that a higher MLD or higher V2.5 - V50 (V2.5 in particular) was associated with symptomatic RP[9].

The Mayo Clinic recently reported on a series of patients treated at their institution with consecutive daily fractions of SBRT[32]. There was a 12.5% overall incidence of Grade 2 pneumonitis, but a 14.3% incidence in patients treated either with 54 Gy in three fractions for peripheral lesions or 48 Gy in four fractions for central lesions. In a univariate analysis, a PTV maximum dose greater than 60 Gy was predictive of RP (P = 0.016), although the overall number of events was small (n = 4). No other factors were statistically significant[32]. The decline in pulmonary function seemed to be transient, similar to the initial experience at Indiana University[38]. 

It is unclear exactly how RP correlates with changes in pulmonary function testing. This is an area that requires further research. It is interesting to note, however, that a dose of radiation higher than V10 was predictive of RP in the Indiana University patients, at least on univariate analysis. The same findings were reported by the Cleveland Clinic[34]. The conformity index was not predictive under univariate or multivariate modeling.

At our institution, we suppress the patient’s respiration during SBRT using abdominal compression in order to reduce lung V20 and MLD[8,39]. We had used irradiation dose of 48 Gy in 4 fractions (Figure 1). We also used 4D cone beam computed tomography (CT) to evaluate internal target volume and tumor motion just before SBRT, with the result that the margin between the internal target volume and the PTV became narrower[40,41]. 

EXPRESSSION OF KREBS VON DEN LUNGEN-6 IS A PREDICTOR OF RP AFTER SBRT 
High levels of the glycoprotein Krebs von den Lungen-6 (KL-6) indicate interstitial pneumonitis (IP), and the levels rise significantly with physical activity in IP cases. In the human body, KL-6 only develops in type II alveolus epithelial cells, bronchial epithelial cells, and bronchus gland cells. A small quantity of KL-6 is present in the liquid coating the alveoli in normal lungs, but it occurs in higher levels in hyperplastic type II alveolus epithelial cells when IP is present. Inflammation also occurs in IP, which increases the permeability of the blood vessels and allows KL-6 to move into the blood where it can be measured. Blood levels of KL-6, surfactant protein D (SP-D), surfactant protein A (SP-A), and monocyte chemoattractant protein-1 are evaluated whenever there is an injury to the lung stroma, and KL-6 is the most sensitive (93.9%) and specific (96.3%) of these measures where the detection of RP is concerned[42]. SP-D levels at 50 to 60 Gy (midway through radiation therapy) showed greater sensitivity and positive predictive values for RP detection (74% and 68%, respectively) than SP-A (26% and 21%, respectively)[43].

Factors other than dose volumetrics also affect the incidence of pneumonitis after SBRT. Hara et al[44] evaluated 16 patients who received single-fraction SBRT from 20 to 35 Gy. Serum KL-6 levels rose significantly between pretreatment presentation and two months after SBRT was administered, and it was significantly correlated with Grade 3 RP by the RTOG criteria. 

Iwata et al[45] reported that pretreatment serum KL-6 levels, gender, and PTV volume were associated with symptomatic RP in a univariate analysis, and pretreatment KL-6 levels remained significant in a multivariate analysis. They concluded that patients with pretreatment KL-6 levels ≥ 300 /mL should be followed carefully for RP. CT or X-ray imaging of the lung before and after SBRT should also help to predict severe RP.

To limit the risk of severe RP, we recommended to everyone prescreening for interstitial pneumonitis with CT scans and checking serum KL-6 and SP-D levels. After introducing these measures, we reported that the incidence of Grade 4 and 5 RP decreased from 18.8% to 3.5%[45]. 

Takeda et al[46] reported that the sooner RP appeared on chest X-ray after SBRT was administered, the more severe it was. The radiographic appearance of RP during the initial 2 mo after SBRT indicated a 40% risk for Grade 3 RP. The risk was only 1.2% when radiologic changes appeared 3 mo after SBRT. 

Evaluating KL-6 and SP-D levels, radiologic imaging before and after treatment, and adjusting dose-volume factors during treatment planning helps lower the risk of severe pneumonitis after SBRT. While the biomarkers are both sensitive and specific for RP, the pathophysiological mechanisms underlying their predictive value are unclear, which makes some clinicians hesitate to use them. 
At our institution, Grades 4 and 5 RP occurred in 6 out of 32 patients (18.8%) who received SBRT treatment for lung cancer before 2005 and only 3 out of 85 patients (3.5%) between 2006 and 2013[8,39]. We believe that the significant reduction in the occurrence of Grades 4 - 5 RP is due to our use of prognostic biomarkers and radiography to select appropriate patients for SBRT treatment. After 2006, patients were excluded from SBRT if they had an obvious IP shadow on their CT scan (slice thickness 3.0 mm), and/or if serum KL-6 and SP-D levels were high[39]. 

RP AFTER SBRT FOR METASTATIC LUNG CANCER 
SBRT is also used to treat pulmonary metastases in selected patients and treatment results seem comparable to those obtained by surgical metastasectomy[47]. In this setting, the literature reports that Grade 3 RP occurred in 3% to 5% of cases[2,47,48]. According to Inoue[48], the incidence of G3/4 adverse respiratory events after SBRT for pulmonary metastases was 10%. 

GENE EXPRESSION CLASSIFIER 
It was reported that radiation pneumonitis after SBRT treatment for lung cancer was associated with pro-inflammatory genes such as TGFB1 or CD44. Accumulating the number of cases appropriate for statistically significant gene analysis might be difficult, and there is no information about predisposing genetic risk factors for lung cancer. 

Yuan et al[49] reported in 2009 that he and his colleagues at the M.D. Anderson Cancer Center in Houston, Texas, United States, performed an association analysis between pneumonitis onset risk in both Black and White patients who received radiotherapy and/or chemotherapy for NSCLC (94% in both cases). The polymorphism marker on the THFB1 and T869C genes was associated with a low risk of developing RP or IP. 

In recent years, many studies have found that SBRT for early stage lung cancer is both effective and safe[1,50], but there are only a few reports about the development of dangerous and lethal radiation pneumonitis that can result from SBRT[8], or the pulmonary fibrosis that may also appear[50].

TIMELINE AND PATTERN OF CT CHANGES 
There have been few studies on CT findings in radiation-induced lung disease after SBRT for lung cancer[50]. Due to the differences in dose delivery and distribution, biologic effects, and overall treatment time, it is reasonable to expect that any CT changes that occur after SBRT will not have the same appearance, geographic extent, and progression timeline as those following CRT for lung cancers[51]. 

Like CRT-induced CT changes, CT findings after SBRT have two stages: early acute radiation pneumonitis that occurs within 6 mo of treatment and radiation fibrosis that occurs 6 mo or more after treatment[51,52]. In most cases, radiologic changes in normal lung tissue do not occur until at least 3 mo after SBRT. Clinical symptoms of acute radiation-induced lung injury develop approximately 3 to 6 mo after treatment. All of the severe RP cases in our institution consisted of the acute exacerbation of IP that was spread out over the radiation field (Figure 2)[39]. 

The analysis of SBRT-induced normal lung density changes by Diot et al[6] indicates that self-limiting acute effects in normal lung tissue are more pronounced than late effects, and acute CT changes in patients treated with 3 fractions were considerably less than those in patients treated with 4 or 5 fractions. The changes seemed to be explained by either increased low-dose exposure in normal lung tissue or differences in tumor volume. 

CONCLUSION

On the basis of this review, radiation-induced pneumonitis is the most frequent acute pulmonary toxicity following SBRT for lung cancer. The majority of patients develop asymptomatic Grade 1 or asymptomatic and/or manageable Grade 2 pneumonitis, and clinically symptomatic pneumonitis is observed in less than 10%. A dose-effect relationship has been demonstrated that is useful in treatment planning. Since patients with an IP shadow on CT scan and high levels of serum KL-6 and SP-D before SBRT treatment develop severe radiation pneumonitis at a high rate after treatment, they should not receive SBRT.
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Figure 1  Dose distribution of stereotactic body radiation therapy of 48 Gy in 4 fractions.
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Figure 2  Computed tomography image. A: Before stereotactic body radiation therapy (SBRT) but after surgery for a left lung cancer. The nodule in the lower lobe of the right lung (S6) increased to 23 mm; B: Taken at post-SBRT month 5; C: Taken at post-SBRT month 7. Acute exacerbation of interstitial pneumonitis was found.
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Table 1  Summary of reports on Grade 2 radiation pneumonitis after stereotactic body radiation therapy


First author


�
Ref.


�
Year


�
Gy


�
Pt No.


�
Median PTV, cc


�
Median follow-up in months


�
G2- RP


�
G3 RP


�
G4 RP


�
G5 RP


�
RP factor 1


�
RP factor 2


�
�
Onishi


�
[32]


�
2004


�
18-75Gy/1-25Fr


�
245


�
NA


�
24


�
6.50%


�
1.20%


�
1.20%


�
0%


�
�
�
�
McGarry


�
[31]


�
2005


�
24Gy/3Fr


�
47


�
NA


�
NA


�
8.40%


�
4.30%


�
2.10%


�
0%


�
�
�
�
Takahashi


�
[40]


�
2006


�
15-30Gy


�
32


�
NA


�
18


�
12.50%


�
�
0%


�
6%


�
�
�
�
Yamashita


�
[8]


�
2007


�
48Gy/4-6Fr


�
25


�
43.9


�
17


�
28.00%


�
4%


�
4%


�
12%


�
CI


�
�
�
Baumann


�
[16]


�
2008


�
45Gy/3Fr


�
60


�
NA


�
23


�
NA


�
21%


�
0%


�
0%


�
�
�
�
Ricardi


�
[27]


�
2009


�
45Gy/3Fr or 26Gy/1Fr


�
60


�
NA


�
30.9


�
14.30%


�
3.20%


�
0%


�
0%


�
MLD


�
�
�
Borst


�
[10]


�
2009


�
35-60Gy/4-8Fr


�
128


�
9.6


�
16.1


�
10.90%


�
0.80%


�
0%


�
0%


�
MLD


�
�
�
Stephans


�
[13]


�
2009


�
60Gy/3Fr or 50Gy/5Fr


�
86


�
39.9/30.4


�
15.3


�
2.30%


�
0%


�
0%


�
0%


�
�
�
�
Rusthoven


�
[2]


�
2009


�
48-60Gy/3Fr


�
7


�
NA


�
15.4


�
2.60%


�
�
�
�
�
�
�
Yamashita


�
[39]


�
2010


�
48Gy/4Fr


�
117


�
NA


�
14.7


�
NA


�
1.70%


�
1.70%


�
6.00%


�
KL-6 and SP-D


�
IP-shadow


�
�
Timmerman


�
[23]


�
2010


�
60Gy/3Fr or 54Gy/3Fr


�
55


�
NA


�
34.4


�
NA


�
12.70%


�
3.60%


�
0%


�
�
�
�
Nagata


�
[20]


�
2010


�
48Gy/4Fr


�
104


�
NA


�
46.8


�
NA


�
6.20%


�
0%


�
0%


�
�
�
�
Guckenberger


�
[9]


�
2010


�
26Gy/1Fr or 37.5Gy/3Fr


�
59


�
33


�
13


�
18.60%


�
0%


�
0%


�
0%


�
MLD


�
V2.5-50


�
�
Ong


�
[28]


�
2010


�
55Gy/5Fr or 60Gy/8Fr


�
18


�
137


�
12.8


�
27.80%


�
11.10%


�
0%


�
0%


�
V5


�
�
�
Grills


�
[35]


�
2010


�
48Gy/4Fr or 60Gy/5Fr


�
58


�
NA


�
30


�
11%


�
2%


�
0%


�
0%


�
�
�
�
Stauder


�
[30]


�
2011


�
32-60Gy/3-5Fr


�
74


�
42.9


�
15.8


�
12.50%


�
2.30%


�
0%


�
1.10%


�
Max dose


�
�
�
Matsuo


�
[53]


�
2012


�
48Gy/4Fr


�
74


�
32.5


�
31.4


�
20.30%


�
1.40%


�
0%


�
0%


�
V25


�
PTV volume


�
�
Barriger


�
[29]


�
2012


�
24-66Gy/3-5Fr


�
84


�
48.3


�
17


�
9.40%


�
2%


�
0.40%


�
0%


�
MLD (4Gy)


�
V20 (4%)


�
�
Baker


�
[37]


�
2013


�
Multiple


�
240


�
37.6


�
15.6


�
11%


�
1.10%


�
0%


�
0%


�
MLD (6Gy)


�
V20 (10%)


�
�
MLD: Mean lung dose; NA: Not available.











