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Risk factors for radiation
pneumonitis after rotating gantry
intensity-modulated radiation
therapy for lung cancer

Saori Tatsuno?, Hiroshi Doi'"™, Wataru Okada?, Eri Inoue?, Kiyoshi Nakamatsu?,
Masao Tanooka?, Masahiro Tanaka® & Yasumasa Nishimura®

The risk factors for severe radiation pneumonitis (RP) in patients with lung cancer who undergo
rotating gantry intensity-modulated radiation therapy (IMRT) using volumetric modulated arc therapy
(VMAT) or helical tomotherapy (HT) are poorly understood. Fifty-two patients who received rotating
gantry IMRT for locally advanced lung cancer were included in this retrospective study. In total, 31
and 21 patients received VMAT and HT, respectively. The median follow-up duration was 14 months
(range, 5.2-33.6). Twenty (38%) and eight (15%) patients developed grade =2 and =3 RP, respectively.
In multivariate analysis, lung V5 = 40% was associated with grade =2 RP (P =0.02), and past medical
history of pneumonectomy and total lung volume <3260 cc were independently associated with
grade=3 RP (P=0.02 and P =0.03, respectively). Rotating gantry IMRT was feasible and safe in
patients with lung cancer undergoing definitive radiotherapy. Reducing lung V5 may decrease the risk
of symptomatic RP, and care should be taken to avoid severe RP after radiotherapy in patients with a
past medical history of pneumonectomy and small total lung volume.

Definitive chemoradiotherapy is a well-established treatment option for unresectable locally advanced non-small
cell lung cancer (NSCLC)"2. Recently, the PACIFIC trial demonstrated the efficacy of durvalumab, a human
monoclonal antibody against programmed cell death-ligand 1 (PD-L1), in patients with stage III NSCLC as a
sequential treatment following standard concurrent chemoradiotherapy**.

Radiation pneumonitis (RP) is a major complication after thoracic radiotherapy, and grade>2 RP can occur at
the rate of 25-50%°-%. Grade > 2 RP after chemoradiotherapy was a significant exclusion criterion in the PACIFIC
trial*>*. Thus, reducing the risk of RP might maximize the opportunity of receiving consolidation durvalumab, an
anti-PD-L1 treatment, based on the PACIFIC trial. However, detailed data on radiotherapy were not collected
in the PACIFIC trial.

The RTOG 0617 trial provided significant information for clinical practice, as it was the first large phase III
NSCLC study to use intensity-modulated radiotherapy (IMRT) as a treatment modality for locally advanced
NSCLC’. IMRT was associated with lower rates of grade > 3 pneumonitis in the sub-analysis of the RTOG 0617
trial'®. In addition, severe pneumonitis was predicted by the lung volume receiving a dose of =20 Gy (V20), but
not V5, which can be increased by IMRT and which has been reported to be a potential risk factor for RP*'.
Thus, V20 is a well-established risk factor for RP with high reproducibility®-*'°. Further, IMRT can improve target
coverage and reduce the volume of normal lungs irradiated with intermediate doses such as V20'!. Therefore,
IMRT is a current standard technique in the definitive radiotherapy for advanced NSCLC.

Several dosimetric parameters for the lungs and risk factors for RP have been reported in patients receiving
three-dimensional conformal radiation therapy and IMRT>%%12, Volumetric modulated arc therapy (VMAT) and
helical tomotherapy (HT) are modern forms of IMRT that are used in clinical practice. Both techniques deliver
aradiation beam via a linear accelerator that rotates around the patient and provides low-dose exposure to large
volumes of the normal lung. Compared with conventional IMRT using fixed multi-fields, rotating gantry IMRT
offers a better dose convergence, fewer monitor units, and a shorter irradiation time'®. By contrast, a large low-
dose irradiated area such as V5 in the lung, which is often caused by IMRT, may be associated with symptomatic
RPS!!. However, the risk factors for RP in IMRT using VMAT/HT are poorly understood. The purpose of this
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study was to assess the risk factors for RP in patients receiving definitive radiotherapy using rotational IMRT
for lung cancer.

Methods

This retrospective study was approved by the Ethics Committee Kindai University Faculty of Medicine and
Research Ethics Committee, Takarazuka City Hospital (approval nos. R02-043 and 20200601, respectively).
Written informed consent for radiotherapy was obtained from all individual participants prior to radiotherapy.
Informed consent for this study was obtained in the form of opt-out. This study was conducted in accordance
with the Declaration of Helsinki.

Fifty-two patients who received definitive radiotherapy using rotating gantry IMRT for lung cancer between
April 2018 and December 2020 were included in this retrospective study. Patients with distant metastasis or a
follow-up duration of < 6 months without grade 5 RP were excluded. The treatment devices at Kindai University
Hospital were Halcyon® and TrueBeam® (Varian Medical Systems, Inc.), and 31 patients received IMRT using
VMAT. The remaining 21 patients received IMRT using HT at Takarazuka City Hospital, which adopted Radix-
act® (Accuray, Inc.).

In typical cases, the gross tumor volume (GTV) was defined as the primary tumor and lymph node metastasis
on computed tomography (CT) or positron emission tomography/CT. The clinical target volume (CTV) was cre-
ated by adding a 3-8-mm margin to the GTV. Elective nodes were not included in the CTV. The planning target
volume (PTV) was created by adding a 5-mm margin to each CTV. The prescribed dose was 2 Gy per fraction
for 30 fractions. The radiation dosage was calculated to deliver at least 95% of the prescribed dose with 95%
coverage of the PTV. The dose constraints of the National Comprehensive Cancer Network (NCCN) guideline
were used in clinical practice at both institutions'. The total lung volume was defined as both lungs minus the
GTYV in this study. The target values of the dose constraint for the total lung receiving 20 Gy (V20) <35% and
V5<65%, mean dose (Dmean) to the total lung <20 Gy, maximum dose to the spinal cord <45 Gy, and Dmean
to the heart <20 Gy based on the recommendation of the NCCN guideline!. The time to toxicity was defined
as the interval from the start of radiotherapy to the occurrence of pneumonitis. Respiratory toxicity data were
extracted retrospectively from the clinical chart and evaluated using the Common Terminology Criteria for
Adverse Events (version 5.0) by radiation oncologists who were blinded to all dosimetric data'. The Brink-
man index was also calculated by multiplying the number of cigarettes smoked per day by the number of years
smoked, which was extracted retrospectively from the clinical chart. Dosimetric parameters for the total lung
and contralateral lung were assessed separately in this study based on a hypothesis that the radiation dose of the
contralateral lung might affect the development of symptomatic RP.

Statistical analysis. Data are expressed as the median with the range in parentheses unless otherwise indi-
cated. The cumulative time to RP was calculated using the Kaplan-Meier method. Differences in probability
curves were assessed using the log-rank test. The Cox proportional hazards model was used to evaluate factors
that influence RP. The cutoffs of possible predictive factors were decided using receiver operating characteris-
tic curves excluding age of 65 years because of the World Health Organization definition of elderly’>. Results
are reported as hazard ratios with their corresponding 95% confidence intervals (Cls). Variables significant at
P <0.05 according to univariate analysis were analyzed in the multivariate model via Cox regression analysis. The
Wilcoxon test was used to compare continuous variables and trends among the groups. All statistical analyses
were performed using JMP software version 14.0.0 (SAS Institute, Cary, NC, USA). Statistical significance was
indicated by P <0.05.

Results

Patient characteristics are presented in Table 1. Thirty-eight patients (73%) received at least one course of main-
tenance immune checkpoint inhibitor treatment following definitive chemoradiotherapy. The median patient
age was 70 (range, 53-85). In total, 5 and 47 patients had clinical stage IT and III disease, respectively, according
to the tumor-node-metastasis classification system (8th edition) of the International Union Against Cancer'®.
Eleven patients had a history of pneumonectomy, and the median lung volume was 2703 cc (range, 696-3799).
The median follow-up time was 14 months (range, 5.2-33.6). Eighteen experienced disease failure, and eight
patients died during the follow-up period. The median overall survival and disease-free survival were 27.3 and
18.2 months, respectively (Supplementary Fig. S1). In total, 26, 12, 6, 1, and 1 patient developed grade 1, 2, 3,
4, and 5 RP, respectively.

The cumulative incidences of grade>2 and >3 RP are indicated in Fig. 1. Univariate analyses revealed that
the occurrence of grade >2 RP was significantly associated with PTV 2270 cc, total lung V20> 17%, total lung
V5240%, total lung Dmean > 11 Gy, and the receipt of VMAT (Table 2). The cumulative incidence of grade>2
RP according to each risk factor identified as significant in univariate analysis is presented in Fig. 2. In addition,
V5240% was associated with grade >2 RP in multivariate analyses (P =0.02).

Univariate analyses revealed that the occurrence of grade >3 RP was significantly associated with Brinkman
index > 500, localization of the tumor to the lower lobe, past medical history of pneumonectomy, total lung vol-
ume <3260 cc, and total lung V52>40% (Table 3). The cumulative incidence of grade > 3 RP for each risk factor
identified as significant in univariate analysis is presented in Fig. 3. In addition, the total lung volume differed
between patients with and without a past medical history of pneumonectomy (P =0.02). In multivariate analysis,
a past medical history of pneumonectomy and total lung volume <3260 cc were significantly associated with the
risk of grade>3 RP (P=0.02 and P =0.03, respectively).

Dosimetric parameters for the lungs were compared between patients with and without RP (Table 4). Patients
who developed grade >2 RP received significantly higher V5, V20, and V40 for the total lung than those who

Scientific Reports |

(2022) 12:590 | https://doi.org/10.1038/s41598-021-04601-0 nature portfolio



www.nature.com/scientificreports/

n=52 (%)
Age, years, median (range) 70 (53-85)
Gender
Male 38 (73)
Female 14 (27)
ECOG-PS
0 28 (54)
1 22 (42)
2 2 (4
Smoker
Nonsmoker 8 (15)
Smoker (Brinkman index < 500) 17 (33)
Smoker (Brinkman index >500) 27 (52)
History of pneumonectomy
Yes 11 (21)
No 41 (79)

Total lung volume, median (range) 3038 cc (1609-5533)

Laterality of the primary tumor

Left 28 (54)
Right 24 (46)
Location of the primary tumor

Upper lobe 27 (52)
Lower lobe 23 (44)
Unspecified 2 (4)
Pathological diagnosis

Adenocarcinoma 27 (52)
Squamous cell carcinoma 16 (31)
Large cell carcinoma 1 2)
Small cell carcinoma 2 (4)
Others 6 (12)
Clinical stage

JIVN 3 (6)
B 2 (4)
1A 28 (54)
I11B 15 (29)
11IC 4 (8)
Concurrent chemotherapy*

Yes 49 (94)
No 3 (6)
Maintenance ICI

Yes 40 (77)
No 12 (23)
IMRT

VMAT 31 (60)
HT 21 (40)

Table 1. Patient characteristics. ECOG-PS Eastern Cooperative Oncology Group performance status, ICI
immune checkpoint inhibitor, IMRT intensity-modulated arc therapy, VMAT volumetric modulated arc
therapy, HT helical tomotherapy. *Five patients concurrently receiving immune checkpoint inhibitors were
included.

did not (all P <0.01). However, no significant differences were observed in the doses for the total lung between
patients with and without grade> 3 RP. In addition, there were no significant differences in the radiation dose
for the contralateral lung between patients with and without grade>2 or grade>3 RP.
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Figure 1. The cumulative incidences of grade >2 and > 3 radiation pneumonitis (RP). The cumulative
incidences of grade>2 RP were 32.7 and 39.3% at 6 and 12 months, respectively. The cumulative incidences of
grade >3 RP were 9.6 and 14.3% at 6 and 12 months, respectively.

Discussion

In the present study, risk factors for RP in patients who received definitive radiotherapy using rotational IMRT
for lung cancer were investigated. Multivariate analysis revealed that lung V5 >40% was associated with grade>2
RP, and a past medical history of pneumonectomy and a small total lung volume were independently associated
with grade>3 RP.

VMAT and HT are modern techniques of rotational IMRT that provide excellent target volume coverage and
reduce high doses to normal tissues, but these techniques increase the low-dose areas in the lungs'’. Current
recommended dose constraints for the total lung include V20 <35% and Dmean <20 Gy in the NCCN guideline'.
However, the risk factors for severe RP in patients with lung cancer undergoing VMAT and HT are unclear.

In the present study, the rate of RP after radiotherapy for lung cancer was generally consistent with previous
findings®"’. Total lung V5 >40% was an independent predictive factor for grade =2 RP in multivariate analysis,
and it tended to be associated with grade >3 RP. A large low-dose irradiated area such as V5 in the lung, called a
“low-dose bath,” which is often caused by IMRT, has been reported to be associated with symptomatic RP*!!. In
the present study, total lung V5 was <65% in most cases. The cutoff of 40% was reproducible in comparison to
a previously reported value of 37% for grade >3 RP®. In the RTOG 0617 study, in which IMRT was used in 48.5%
of enrolled patients, most patients received V5>40%!°. The reason why no significant association was observed
between lung V5 and grade >3 RP in RTOG 0617 may be that few patients who received V5 <40% were included
in that study. Therefore, the threshold of lung V5 for RP may be lower than the traditional indicator of 65%, and
the dose constraint of lung V5 should be lowered to approximately 40% for symptomatic RP.

Grade =2 RP after chemoradiotherapy was an important exclusion criterion for the administration of main-
tenance PD-L1 inhibitors following definitive chemoradiotherapy in the PACIFIC study®*. Efforts to reduce
the radiation doses to the normal lung may reduce the occurrence of grade >2 RP and maximize the chance
to follow the PACIFIC regimens including consolidation durvalumab following definitive chemoradiotherapy.
Conventional constrain for RP is lung V20, and previous reports described that V20 was associated with grade>3
RP%!°. In the present study, the lung dose-volume parameters met the recommended dose constraints for the
lungs (V20 and Dmean) in all eligible patients’. Rotating gantry IMRT provides a better dose convergence and
reduces middle to high dose areas for the lungs, and the occurrence of severe RP can thus be reduced'®"*. How-
ever, the low-dose areas of the lungs can be caused by rotating gantry IMRT". To reduce cases of low-dose bath
such as V5, which was a significant predictor of grade > 2 RP in this study, particle therapy could be beneficial in
terms of dosimetric parameters for the normal lung '*'°. A randomized control study comparing proton therapy
and IMRT revealed no significant benefits in terms of the occurrence of RP and locoregional tumor control®.
However, modern proton techniques such as pencil beam scanning proton therapy with intensity modulation
might improve clinical outcomes and provide a dosimetric benefit'®.

Fatal RP has been reported after thoracic IMRT and HT, and the low-dose area in the contralateral lung has
been considered to be associated with the risk of fatal RP?!~%*. However, only a few reports have described the
contralateral lung doses during thoracic IMRT. We hypothesized that the contralateral lung should be protected
from radiation in treatment planning, and doses were analyzed for both the total lung and contralateral lung in
this study. However, no apparent trend was observed regarding the contralateral lung dose between patients who
did and did not develop grade>2 or grade >3 RP. We consider that limiting the radiation doses for the target
lung is more appropriate than protecting the contralateral lung by potentially sacrificing radiation conformity
for the target.

Grade 23 RP is a significant and potentially lethal toxicity of thoracic radiotherapy®'®. Previous reports
described that V20 was associated with grade >3 RP%!°. In the present study, a previous history of pneumo-
nectomy and a small total lung volume, but not dosimetric parameters, were significantly associated with the
risk of grade >3 RP. In addition, the dosimetric parameters of the total lung or contralateral lung did not differ
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Univariate analysis Multivariate analysis
Factors n=52 | (%) | Hazard ratio (95% CI) | P-value | Hazard ratio (95% CI) | P-value
Age (years)
<65 7 14% |1 0.62
=65 45 87% |0.73 (0.24-3.12)
Gender
Male 38 73% |1 0.39
Female 14 27% | 1.52(0.57-3.71)
ECOG-PS
0 28 54% |1 0.87
21 24 46% | 0.93 (0.37-2.24)
Brinkman index
<500 11 21% |1 0.39
=500 41 79% | 1.66 (0.56-7.11)
Laterality of the primary tumor
Left 28 54% |1 0.07
Right 24 46% | 2.29 (0.95-5.85)
Location of the treated tumor
Other lobe 35 67% |1 0.08
Lower lobe 17 33% | 2.24(0.90-5.43)
Previous pneumonectomy
No 41 79% |1 0.64
Yes 11 21% | 1.28 (0.42-3.31)
Concurrent chemotherapy
Yes 49 94% |1 0.08
No 3 6% not applicable
Maintenance ICI
Yes 40 77% |1 0.92
No 12 23% |0.95(0.37-2.93)
PTV
<270 cc 17 33% |1 <0.01 |1 0.60
2270 cc 35 67% | 5.69 (1.64-35.84) 0.49 (0.02-7.54)
Total lung volume
>3260 cc 22 42% |1 0.06
<3260 cc 30 58% |2.47 (0.96-7.61)
V20 (total lung)
<17% 20 39% |1 <0.01 1 0.33
>17% 32 62% | 16.85 (3.48-303.28) 4.37(0.17-115.69)
V5 (total lung)
<40% 22 42% |1 <0.01 1 0.02
>40% 30 58% |21.74 (4.49-391.07) 9.80 (1.48-200.94)
Dmean (total lung)
<11 Gy 25 48% |1 <0.01 |1 0.61
>11 Gy 27 52% | 12.84 (3.67-81.10) 2.15(0.11-92.67)
IMRT
VMAT 31 60% |1 0.02 |1 0.25
HT 21 40% | 0.31 (0.09-0.86) 0.53 (0.14-1.52)

Table 2. Univariate and multivariate analyses for occurrence of grade > 2 radiation pneumonitis. CI
confidence interval, ECOG-PS Eastern Cooperative Oncology Group performance status, ICI immune
checkpoint inhibitor, PTV planning target volume, V20 lung volume receiving a dose of>20 Gy, V5 lung
volume receiving a dose of 25 Gy, Dmean mean dose, IMRT intensity-modulated arc therapy, VMAT
volumetric modulated arc therapy, HT helical tomotherapy.

according to the occurrence of grade >3 RP. Thus, we consider that the occurrence of grade > 3 RP is related to
patient factors. Although patients who experienced nodal recurrence after surgery were included in RTOG 0617,
an association between the postoperative status and RP has not been described”!’. Concerning the reference
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Figure 2. The cumulative incidence of grade > 2 radiation pneumonitis (RP) according to each potential risk
factor. The cumulative incidence of grade>2 RP according to potential risk factor identified as significant

in univariate analysis. PTV, planning target volume; V20, lung volume receiving a dose of>20 Gy; V5, lung
volume receiving a dose of 25 Gy; Dmean, mean dose; VMAT, volumetric modulated arc therapy; HT, helical
tomotherapy.

value for the total lung volume, previous reports illustrated that the median total lung volume is 3200-3600 cc>°.

Therefore, the cutoff of 3260 cc examined in this study may be reproducible. Only a few previous reports docu-
mented risk factors for severe RP regarding a history of pneumonectomy and a small total lung volume?*. We
consider that patients with a history of pneumonectomy or a small total lung volume should be considered to
have a higher risk of RP.

We acknowledge that our study has several limitations, including its retrospective design and the limited
number of eligible patients with heterogeneous characteristics. Because of the limited sample size, grade >3 RP
was not observed in patients with Brinkman index <500 or total lung volume > 3260 cc in this study. Likewise,
CI for lung V5 was large in multivariate analyses for the occurrence of grade >2 RP because the sample size
was limited. Previous pneumonectomy can be a confounding factor if the small total lung volume is associated
with grade>3 RP because there was a significant difference in the total lung volume between patients with and
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Univariate analysis Multivariate analysis
Factors n=52 | (%) | Hazard ratio (95% CI) | P-value | Hazard ratio (95% CI) | P-value
Age (years)
<65 7 14% |1 0.94
=65 45 87% | 1.08 (0.19-20.23)
Gender
Male 38 73% |1 0.30
Female 14 27% | 0.37 (0.02-2.09)
ECOG-PS
0 28 54% |1 0.85
21 24 46% | 1.14 (0.27-4.84)
Brinkman index
<500 11 21% |1 <0.05 1 1.00
=500 41 79% | Not applicable Not applicable
Laterality of the primary tumor
Left 28 54% |1 0.30
Right 24 46% | 2.15 (0.53-10.47)
Location of the treated tumor
Other lobe 35 67% |1 <005 |1 0.10
Lower lobe | 17 33% | 4.12(1.01-20.13) 3.33(0.78-17.16)
Previous pneumonectomy
No 41 79% |1 <0.05 |1 0.02
Yes 11 21% | 4.43 (1.04-18.94) 6.48 (1.31-35.38)
Concurrent chemotherapy
Yes 49 94% |1 0.30
No 3 6% Not applicable
Maintenance ICI
Yes 40 77% |1 0.37
No 12 23% | 2.36 (0.42-44.04)
PTV
<270 cc 17 33% |1 0.60
2270 cc 35 67% | 1.52(0.35-10.40)
Total lung volume
>3260 cc 22 42% |1 <0.01 |1 0.03
<3260 cc 30 58% | Not applicable Not applicable
V20 (total lung)
<17% 20 39% |1 0.07
>17% 32 62% | 4.99 (0.89-93.45)
V5 (total lung)
<40% 22 42% |1 004 |1 0.06
>40% 30 58% |6.04 (1.07-112.94) 6.16 (0.95-122.66)
Dmean (total lung)
<11 Gy 25 48% |1 0.13
>11 Gy 27 52% |3.19 (0.73-21.84)
IMRT
VMAT 31 60% |1 0.08
HT 21 40% |0.21(0.01-1.16)

Table 3. Univariate and multivariate analyses for occurrence of grade > 3 radiation pneumonitis. CI
confidence interval, ECOG-PS Eastern Cooperative Oncology Group performance status, ICI immune
checkpoint inhibitor, PTV planning target volume, V20 lung volume receiving a dose of>20 Gy, V5 lung
volume receiving a dose of 25 Gy, Dmean mean dose, IMRT intensity-modulated arc therapy, VMAT
volumetric modulated arc therapy, HT helical tomotherapy.

without a past medical history of pneumonectomy. To the best of our knowledge, only a few reports identified
the postoperative status and small lung volume as significant risk factors for grade >3 RP in patients receiving
VMAT/ HT. In this study, the dose-volume parameters of the lungs met the recommended dose constraints for
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Figure 3. The cumulative incidence of grade > 3 radiation pneumonitis (RP) according to each potential
risk factor. The cumulative incidence of grade>3 RP is presented for each potential risk factor identified as
significant in univariate analysis. V5, lung volume receiving a dose of>5 Gy.

lungs (V20 and Dmean) in all eligible patients; thus, the results of the present study appear to reflect current
clinical practice’. A future study with a larger number of homogenous patients and longer follow-up period is
warranted according to our findings.

In conclusion, rotating gantry IMRT was feasible and safe in patients with lung cancer undergoing definitive
radiotherapy. As lung V52 40% was significantly associated with symptomatic RP, the current dose constraint of
lung V5 <65% might be excessively high for symptomatic RP. In addition, a previous history of pneumonectomy
and small lung volume were risk factors for severe RP.
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Occurrence of grade >2 RP Occurrence of grade >3 RP
Variable | Patients with RP | Patients without RP | P-value | Patients with RP | Patients without RP | P-value
Total lung
V5 (%) 52.5+94 37.6+15.0 <0.01 |49.8+10.2 42.1+15.5 0.20
V20 (%) 24.1+£5.3 16.1+6.8 <0.01 |21.6%5.2 18.6+7.6 0.26
V40 (%) 13.2+4.2 7.9+4.8 <0.01 11.7+£4.7 9.6+5.3 0.24
Contralateral lung
V5 (%) 33.4+14.1 259+18.4 0.10 | 30.5+16.6 28.5+17.4 0.83
V20 (%) 6.1+5.5 51+64 0.19 45+53 57+6.2 0.82
V40 (%) 1.9+2.4 1.6+2.8 0.27 14+2.1 1.8+2.7 0.68

Table 4. Comparison of dosimetric values of patients with and without radiation pneumonitis. RP radiation
pneumonitis, V5 lung volume receiving a dose of > 5 Gy, V20 lung volume receiving a dose of >20 Gy, V40 lung
volume receiving a dose of 240 Gy.

Data availability
The data are available from the corresponding authors upon reasonable request.

Received: 5 August 2021; Accepted: 20 December 2021
Published online: 12 January 2022

References

1.

NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) Non-Small Cell Lung Cancer Version 5. 2021 https://www.
ncen.org/professionals/physician_gls/pdf/nscl.pdf. Accessed 01 July 2021.

2. Park, K. et al. Pan-Asian adapted ESMO Clinical Practice Guidelines for the management of patients with locally-advanced
unresectable non-small-cell lung cancer: a KSMO-ESMO initiative endorsed by CSCO, ISMPO, JSMO, MOS SSO and TOS. Ann.
Oncol. 31, 191-201 (2020).

3. Antonia, S.J. et al. Durvalumab after chemoradiotherapy in stage iii non-small-cell lung cancer. N. Engl. J. Med. 377, 1919-1929
(2017).

4. Faivre-Finn, C. et al. Four-year survival with durvalumab after chemoradiotherapy in Stage III NSCLC—an update from the
PACIFIC trial. J. Thorac. Oncol. 16, 860-867 (2021).

5. Palma, D. A. et al. Predicting radiation pneumonitis after chemoradiation therapy for lung cancer: An international individual
patient data meta-analysis. Int. J. Radiat. Oncol. Biol. Phys. 85, 444-450 (2013).

6. Tsujino, K. et al. Combined analysis of v20, vs5, pulmonary fibrosis score on baseline computed tomography, and patient age
improves prediction of severe radiation pneumonitis after concurrent chemoradiotherapy for locally advanced non-small-cell
lung cancer. J. Thorac. Oncol. 9, 983-990 (2014).

7. Marks, L. B. et al. Radiation dose-volume effects in the lung. Int. J. Radiat. Oncol. Biol. Phys. 76, S70-S76 (2010).

8. Tsujino, K. et al. Predictive value of dose-volume histogram parameters for predicting radiation pneumonitis after concurrent
chemoradiation for lung cancer. Int. J. Radiat. Oncol. Biol. Phys. 55, 110-115 (2003).

9. Bradley, J. D. et al. Standard-dose versus high-dose conformal radiotherapy with concurrent and consolidation carboplatin plus
paclitaxel with or without cetuximab for patients with stage ITIA or IIIB non-small-cell lung cancer (RTOG 0617): A randomised,
two-by-two factorial phase 3 study. Lancet. Oncol. 16, 187-199 (2015).

10. Chun, S. G. et al. Impact of intensity-modulated radiation therapy technique for locally advanced non-small-cell lung cancer: a
secondary analysis of the NRG oncology RTOG 0617 randomized clinical trial. J. Clin. Oncol. 35, 56-62 (2017).

11. Yom, S.S. et al. Initial evaluation of treatment-related pneumonitis in advanced-stage non-small-cell lung cancer patients treated
with concurrent chemotherapy and intensity-modulated radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 68, 94-102 (2007).

12. Zhang, X.]. et al. Prediction of radiation pneumonitis in lung cancer patients: A systematic review. J. Cancer Res. Clin. Oncol. 138,
2103-2116 (2012).

13. Zhang, Y. et al. A dosimetric and radiobiological evaluation of VMAT following mastectomy for patients with left-sided breast
cancer. Radiat. Oncol. 16,171 (2021).

14. Common Terminology Criteria for Adverse Events (CTCAE) v5.0. https://ctep.cancer.gov/protocoldevelopment/electronic_appli
cations/docs/ctcae_v5_quick_reference_5x7.pdf. Accessed 01 July 2021.

15. World Health Organization https://www.who.int/. Accessed 01 July 2021.

16. Brierley JD, Gospodarowicz MK, Christian Wittekind C (eds) Classification of Malignant Tumours, eighth edition. International
Union Against Cancer. (New York, Wiley-Blackwell, 2016)

17. Oshiro, Y. et al. Risk factor of pneumonitis on dose-volume relationship for chemoradiotherapy with durvalumab: Multi-institu-
tional research in Japan. Clin. Transl. Radiat. Oncol. 29, 54-59 (2021).

18. Zhang, X. et al. Intensity-modulated proton therapy reduces the dose to normal tissue compared with intensity-modulated radiation
therapy or passive scattering proton therapy and enables individualized radical radiotherapy for extensive stage ITIB non-small-cell
lung cancer: A virtual clinical study. Int. J. Radiat. Oncol. Biol. Phys. 77, 357-366 (2010).

19. Zou, Z. et al. Scanning beam proton therapy versus photon IMRT for stage III lung cancer: Comparison of dosimetry, toxicity,
and outcomes. Adv. Radiat. Oncol. 5, 434-443 (2020).

20. Liao, Z. et al. Bayesian adaptive randomization trial of passive scattering proton therapy and intensity-modulated photon radio-
therapy for locally advanced non-small-cell lung cancer. J. Clin. Oncol. 36, 1813-1822 (2018).

21. Hu, Y, Li, J. & Su, X. Fatal pneumonitis associated with postoperative intensity-modulated radiotherapy in lung cancer: Case report
and review. Oncol. Lett. 5,714-716 (2012).

22. Allen, A. M. et al. Fatal pneumonitis associated with intensity-modulated radiation therapy for mesothelioma. Int. J. Radiat. Oncol.
Biol. Phys. 65, 640-645 (2006).

23. Aibe, N. et al. Outcome and toxicity of stereotactic body radiotherapy with helical tomotherapy for inoperable lung tumor: Analysis
of Grade 5 radiation pneumonitis. J. Radiat. Res. 55, 575-582 (2014).

24. Yu, J.-H. et al. Study of the predictors for radiation pneumonitis in patient with non-small cell lung cancer received radiotherapy

after pneumonectomy. Cancer Radiother. 25, 323-329 (2021).

Scientific Reports |

(2022) 12:590 |

https://doi.org/10.1038/s41598-021-04601-0 nature portfolio


https://www.nccn.org/professionals/physician_gls/pdf/nscl.pdf
https://www.nccn.org/professionals/physician_gls/pdf/nscl.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf
https://www.who.int/

www.nature.com/scientificreports/

Acknowledgements

We thank Dr. Nobuyuki Katakami from Department of Medical Oncology, Takarazuka City Hospital. The authors
are grateful to Dr. Yasutaka Chiba from Clinical Research Center, Kindai University Hospital for supervise on
statistical analysis. The authors would like to acknowledge Editage (www.editage.jp) for English language editing.
This work was supported by JSPS KAKENHI Grant Number JP20K08093.

Author contributions

S.T. and H.D. conceived this study, analyzed the data, and drafted the manuscript. S.T., H.D., W.O,, EL, K.N.,
M.T., M.T., and Y.N. performed radiotherapy. S.T., H.D., W.O., and E.IL collected the data. M.T. and Y.N. gave
critical comments and revised the manuscript. Y.N. supervised the project. All authors read and approved the
final manuscript.

Funding
This article was funded by Japan Society for the Promotion of Science (Grant no. 20K08093).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-04601-0.

Correspondence and requests for materials should be addressed to H.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:590 | https://doi.org/10.1038/s41598-021-04601-0 nature portfolio


http://www.editage.jp
https://doi.org/10.1038/s41598-021-04601-0
https://doi.org/10.1038/s41598-021-04601-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Risk factors for radiation pneumonitis after rotating gantry intensity-modulated radiation therapy for lung cancer
	Methods
	Statistical analysis. 

	Results
	Discussion
	References
	Acknowledgements


