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Abstract

The aim of the study is to investigate factors that may cause radiation-induced lung disease (RILD) in patients undergoing
stereotactic body radiotherapy (SBRT) for lung tumors. Medical records of patients treated between May 2018 and June 2019
with SBRT were retrospectively evaluated. All patients should have a diagnosis of either primary non-small cell lung cancer
(NSCLC) or less than three metastases to lung from another primary. The median treatment dose was 50 Gy in 4-5 frac-
tions. Tumor response and RILD were evaluated in thoracic computer tomography (CT) using RECIST criteria. 82 patients
with 97 lung lesions were treated. The median age was 68 years (IQR =62-76). With a median follow-up of 7.2 months
(3-18 months), three patients had grade 3 radiation pneumonitis (RP). RILD was observed in 52% of cases. Patients who
had RILD had a higher risk of symptomatic RP (p =0.007). In multivariate analyses older age, previous lung radiotherapy
history, and median planning treatment volume (PTV) D95 value of > 48 Gy were associated with RILD. Local recurrence
(LR) was observed in 5.1% of cases. There was no difference in overall survival and LR with the presence of RILD. Older
age, previous lung radiotherapy history, and median PTV D95 value of > 48 Gy seems to be associated with post-SBRT RILD.
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Introduction

Radiation therapy (RT) is a major treatment modality for the
management of non-small cell lung cancer (NSCLC). Recent
advances in RT technology allow delivering higher doses of
radiation to the tumor. However, the lung is a radiosensitive
organ, and the delivery of high doses of radiation has been
largely limited by normal tissue injury that is defined as
radiation-induced lung disease (RILD).

In conventional (chemo) radiotherapy radiological RILD
has been classically described as having two phases; the
acute phase, referred to as radiation pneumonitis (RP)
(within 1-3 months after RT) and the chronic phase, referred
to as fibrosis (observed several months after RT and may
progress slowly for months to years).

Stereotactic body RT (SBRT) enables the delivery
of a very high radiation dose to the target volume while
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minimizing the dose to the adjacent normal tissues. Similar
to conventional RT-induced changes detected by computer-
ized tomography (CT), CT findings after lung SBRT can be
classified into two phases: the acute phase (within 6 months
after SBRT) and the chronic phase (later than 6 months). In
most cases, radiologic changes of normal lung tissue do not
occur before 3 months after SBRT. Clinical symptoms of
acute radiation-induced lung injury develop within approxi-
mately 3—-6 months after treatment (Linda et al. 2011; Zhu
et al. 2019).

As a summary, CT findings after SBRT have a different
appearance, geographic extent, and progression timeline
compared to those following conventional RT for lung can-
cer. In particular, SBRT-induced changes are in the shape
of consolidation, thus the differentiation from tumor recur-
rence can be very difficult (Linda et al. 2011). The aim of
this study was to analyze follow-up thoracic CT images to
identify factors that may cause RILD in patients undergoing
SBRT for primary lung cancer or lung metastases.
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Materials and methods

Our institution is performing lung SBRT since 2007. From
our prospective lung SBRT database, medical records and
treatment plans of 82 patients with 97 lung lesions at a
single treatment machine were retrospectively evaluated.
All patients had a diagnosis of either non-small cell lung
cancer (NSCLC) or any oligometastatic cancer with less
than three metastases to the lung parenchyma.

The cases underwent a free-breathing, end inspiration
and end-expiration four-dimensional computed tomography
(4DCT) planning scan of 1 mm slice thickness. The image
data sets were transferred to Raystation Treatment Plan-
ning System (TPS) (RaySearch Laboratories, Stockholm,
Sweden) and were reconstructed by a maximum intensity
projection algorithm to generate internal target volume
(ITV). Subsequently, a 3 mm isotropic expansion margin
was applied to ITV to create the planning target volume
(PTV). The number of fractions was chosen according to the
location of the tumor. SBRT was delivered with 4DCT-based
volumetric modulated arc therapy (VMAT) using the Elekta
Versa HD system (Elekta, Sweden).

Treatment planning was made by Raystation TPS version
8A®. VMAT plans with two arcs were optimized to ensure
coverage of 95% of prescription dose by PTV using 6 MV
flattening filter-free (FFF) photon beams. Dose limitations
for critical structures were determined according to insti-
tutional SBRT protocol (Hurmuz et al. 2020). All patients
received 50 Gy in four or five fractions with 4D cone-beam
CT (4D CBCT) image guidance. 4D CBCT acquisitions
were performed with the Elekta Versa HD linac imaging
system (X VI System, Elekta AB, Stockholm, Sweden) using
Symmetry (Elekta AB, Stockholm, Sweden) algorithm.

Patients were generally seen at 1 month following SBRT,
every 3 months for 2 years, every 6 months for year 3-5 and
once yearly thereafter, according to our follow-up protocol.
History and physical exam, and I.V. Thorax CT scan were
obtained at each visit. Tumor response and RILD were eval-
uated using Response Evaluation Criteria in Solid Tumors
(RECIST 1.1) (Eisenhauer et al. 2009), at a single center
by two doctors, each with minimum 18 years of experience
in thoracic radiotherapy (P.H. and M.C.). Local recurrence
(LR) is defined as recurrence at the irradiated tumor nodule
confirmed by FDG/PET-CT. RILD was defined as the pres-
ence of diffuse/patchy consolidation or ground-glass opacity
in follow-up thoracic CTs (Linda et al. 2011). The toxic-
ity was evaluated by the Common Terminology Criteria for
Adverse Events (CTCAE v 4.0). The analysis was approved
by the Ethics committee of Hacettepe University Faculty of
Medicine (GO 19-667).

For statistical analyses, SPSS 22 (SPSS Inc., Chicago
IL, USA) was used. Chi-square/Fischer’s exact test and
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Mann—Whitney U test were used for univariate analyses of
categorical and non-normally distributed numerical vari-
ables, respectively. All covariates with a p value <0.25 in
the univariate analysis were included in multivariate logis-
tic regression models. In the multivariate analyses, p value
of <0.10 was accepted as statistically significant (Mickey
and Greenland 1989).

Results

Between May 2018 and June 2019, 97 lesions were treated
with ITV-based SBRT using the Elekta Versa HD© treat-
ment machine. The median patient age was 68 years
(IQR =62-76). Tumors were mostly located at the periph-
ery of the lung (89%). Metastatic lesions constituted 54% of
all lesions. The major primary sources of metastatic lesions
were colorectal cancer (44%), sarcoma (13%), and lung
cancer (10%). The characteristics of the patients are shown
in Table 1. Median PTV was 15.3 cm® (IQR=7.2-27.9).
For total lung, dose constraints were within the accepted
limits as follows; Dmean=2.6 Gy (IQR =2.0-4.2), median

Table 1 The patient characteristics (n=_82)

Characteristic Number (%)
Gender

Female 63 (77%)

Male 19 (23%)
History of smoking

Yes 46 (56%)

No 36 (44%)
COPD

Yes 21 (26%)

No 61 (74%)
History of ChT

Yes 46 (56%)

No 36 (44%)
History of concomitant immunotherapy

Yes 9(11%)

No 73 (89%)
History of previous lung RT

Ipsilateral lung 13 (16%)

Contralateral lung 6 (7%)

None 63 (77%)
Pathology

Unknown 44 (54%)

NSCLC (early stage) 21 (26%)

Metastasis 17 20%)

COPD chronic obstructive pulmonary disease, ChT chemotherapy,
RT radiotherapy, NSCLC non-small cell lung cancer
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V5=12.6% (IQR=7.4-18.5), V10=7.3% (IQR=4.7-11.0), SBRT and these patients needed to use short term steroids
and V20=3.2% (IQR=1.9-5.8). and intermittent oxygen. RILD in the treated volume was

None of the patients had acute grade > 3 toxicity. Witha  observed in 52% of cases. All patients had consolidation as
median follow-up of 7.2 months (3—18 months), five patients ~ RILD. A case with T2NOMO primary NSCLC and his post-
had grade 2, three patients had grade 3 radiation pneumo-  SBRT CT scans are shown in Fig. 1 and Fig. 2. Patients who
nitis (RP). Grade 3 RP was observed 18 to 24 weeks after =~ had RILD had a higher risk of symptomatic RP (»p =0.007).

Fig.1 73-year-old male patient diagnosed with T2NOMO primary lesion located in the left upper lobe (b). Red line indicates internal
lung adenocarcinoma (a). Patient has previous smoking history (30 target volume and light blue line indicates planning target volume
pack/year). SBRT of 50 Gy in five fractions was delivered to the

d

Fig.2 First thoracic CT 3 months after SBRT revealed ground 12th (d) month thoracic CT revealed RILD in the left upper lobe.
glass opacities in the left upper lobe (a). Sixth month FDG-PET-CT Patient is alive with no evidence of disease
revealed inflammatory changes secondary to SBRT (b). Ninth (c) and
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We evaluated the effect of age, gender, primary diagno-
sis, disease status (primary/metastatic), history of chronic
obstructive pulmonary disease (COPD), smoking, tumor
location, tumor size, previous lung RT to the lung, chemo-
therapy, SBRT dose, median PTV D95 value, V10-V20 of
total lung, and Dmean of the total lung on RILD.

The results of univariate analyses are shown in Table 2.
In the multivariate analyses, high age, previous lung RT his-
tory, and median PTV D95 value of >48 Gy were associ-
ated with RILD (Table 3). LR was observed in five cases.
Two patients with LR were treated due to lung metastases
(pancreas and thymic carcinoma primaries) and the three

Table 2 Univariate analysis of prognostic factors for RILD

Continuous variables (median) RILD p value
Yes No
Age 73 67 0.041
V5 Gy of the total lung (%) 14.7 12.6 0.835
V10 Gy of the total lung (%) 8.2 7.0 0.971
V20 Gy of the total lung (%) 3.8 2.8 0.971
PTV (cc) 15.9 16.3 0.329
PTV DI (Gy) 53 523 0.162
R50 Volume (cc) 1153 1323  0.253
Dmean of the total lung (Gy) 2.64 2.95 0.646
Categorical variables (%)
Gender
Male 60.7 39.3 0.008
Female 21.4 78.6
History of smoking
Yes 43.6 56.4 0.483
No 60 40
COPD
Yes 45 55 0.360
No 57.5 42.5
History of ChT
Yes 58.3 41.7 0.279
No 44.8 55.2
History of concomitant immunotherapy
Yes 40 60 0.672
No 51.7 48.3
History of previous lung radiotherapy
Yes 66.7 333 0.152
No 46.9 53.1
Tumor location
Central 40 60 0.502
Peripheral 54.2 45.8
PTV D95 value >48 Gy
Yes 61.1 43.8 0.152
No 38.9 56.3

RILD radiation induced lung disease, PTV planning target volume,
COPD chronic obstructive pulmonary disease, ChT chemotherapy
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Table 3 Multivariate analysis of prognostic factors for RILD

Multivariate analysis OR p value
(95% CI)
Age 1.041 (0.995-1.089) 0.081
History of previous lung 4.565 (1.174-17.757) 0.028
radiotherapy
PTV D95 value >48 Gy 3.382 (1.094-10.457) 0.034

RILD radiation induced lung disease, PTV planning target volume

patients had primary early stage NSCLC. Presence of RILD
did not affect overall survival (80.9% vs. 93.1%; p=0.869).
There was no difference in LR (5.7% vs. 10.7%; p=0.648)
and local recurrence-free survival (LRFS) rates (1-y LRFS
74.1% vs. 71.9%; p =0.330) between patients with and with-
out RILD.

Discussion

Due to the higher dose per fraction and radiobiological
mechanisms, RILD represents different patterns in patients
receiving SBRT to the lung. In conventional RT, clinical
symptoms of RILD are related to age, history of smoking,
presence of pre-existing lung disease, the volume of irradi-
ated lung, pre-treatment pulmonary function, and use of sys-
temic therapies (Hanania et al. 2019; Giuranno et al. 2019).
In the current study, we found that high age, previous lung
RT and median PTV D95 value of >48 Gy were associated
with RILD in patients who were treated with lung SBRT.

Liu et al. analyzed 72 patients treated with SBRT after
previous thoracic RT and found 20.8% of patients developed
grade >3 RP. It was shown that poor performance status,
pre-SBRT FEV1<65%, V20> 30% of the composite plan,
and an initial PTV in the bilateral mediastinum were signifi-
cantly associated with increased risk of RP (Liu et al. 2012).
Though previous thoracic RT is not a contraindication for
SBRT to recurrent or secondary lung tumors, patient selec-
tion criteria should be strict to prevent RILD. In our study,
the previous RT term includes cases who received treatment
to the ipsilateral or contralateral lung. None of the patients
had SBRT to the previously irradiated lesion. Although
composite treatment plans were successful to meet the dose
criteria for organs at risk including lung, RILD was higher
in the group with previous RT history. This might be due to
the reaction of the previously irradiated lung to radiation that
induces cascade of molecular pathways.

In our study, 52% of patients had RILD following SBRT.
It is known that 60—100% of patients treated with lung SBRT
can be expected to have radiographic changes (Bradley
2007; Aoki et al. 2004; Matsuo et al. 2007). Matsuo et al.
(2007) reported mass-like consolidation in 68% of cases at
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a median time of 5 months after lung SBRT. The time of
appearance of the LR was median 7 months and there was
no significant difference in the time of appearance between
RILD and LR. Follow-up examination revealed that 89% of
the mass-like consolidations were RILD and 11% were LR.
The authors stated that the size of the mass-like consolida-
tions did not increase in any RILD cases after 12 months.

In the current study, there was no correlation between
regular dosimetric factors (V10 of the total lung, V20 of the
total lung, and Dmean of the total lung) and development
of RILD. This might be due to homogenous and low OAR
doses due to strict dosimetric constraints in our planning
protocol. LR was observed in five cases and there was no
difference in LR between patients with and without RILD.
We did not observe any effect of the number of treatment
fractionations on the outcome. However, it seems that the
PTV D95 value of >48 Gy was associated with RILD.

All patients in the study were treated according to a
homogeneous treatment protocol with a margin of 3 mm to
ITV for PTV in the same treatment planning system. Flat-
tening filter free (FFF) beams with a high dose rate were
used for SBRT. FFF allows for approximately a 2—6 fold
increase in the instantaneous dose of X-ray pulse delivered
compared with conventional flattening filter (FF) photon
beam (Prendergast et al. 2013). FFF method has the advan-
tage of reduction in the dose to surrounding normal tissue,
in particular lungs, by drawing sharp slope on the periphery
of the tumor that might lead to lower side effects (Cashmore
2008; Vassiliev et al. 2006). However, physical properties of
these beams together with potentially unknown radiobiologi-
cal effects are the question of interest. Navarria et al. (2013)
reported results in patients treated with SBRT for medically
inoperable early-stage NSCLC. All the 86 patients receiving
FF beams were treated with 3D technique whereas all the
46 patients receiving FFF beams were treated with VMAT
Rapid Arc technique. There was no difference between the
two groups in toxicity. In the FFF group, 4% of patients
experienced grade 3 pulmonary toxicity. However, there was
a significant earlier radiological response in the FFF group
with a 1-year local control rate of 100% vs. 92.5% compared
with the FF beams group (p=0.03).

Aoki et al. (2018) compared the FFF technique in volu-
metric modulated arc therapy with a FF method for lung
SBRT in 65 cases. There was no difference in treatment
plans, outcomes, and toxicity between groups. One-year
local control rates were 97.1 and 90.0% in the FF group
and FFF groups, respectively (p =0.33). Grade 3 pneumo-
nitis was observed in 5.8% of FF patients and 3.4% of FFF
patients (p =1.00). No other adverse events > grade 3 were
observed. The results of the study suggest that VMAT-
SBRT using the FFF technique shortens the treatment time
for lung SBRT while maintaining a high local control rate

with low toxicity. We also delivered VMAT-SBRT using
the FFF technique and our toxicity rates seem to be low
and compatible with the literature.

In the current study, patients with RILD and suspicious
CT findings underwent FDG-PET-CT to evaluate LR or
metastases. We do not have tissue confirmation of LR.
However it is known that in detecting residual or recurrent
NSCLC, FDG-PET-CT has sensitivity and specificity of
100% and 96-98%, respectively; when performed 1 year
after SBRT or the time of suspicious metastases (Takeda
et al. 2013; Pastis et al. 2014). It is also known that most
of the patients referred to lung SBRT lack tissue diagno-
sis due to medical reasons. Currently, there are no robust
predictors for pathological complete response (pCR) after
SBRT. However, advances in functional imaging, radiom-
ics, and liquid-based genomics may be helpful in non-
invasive assessment of tumor response to treatment. Use
of artificial intelligence (Al)-based CT data analysis on the
diagnosis of lung injury pattern after SBRT is on the way
and the differentiation would be more accurate by combin-
ing theoretical knowledge, visual judgment and experience
(Prayer et al. 2020).

Our study has some limitations: the small patient
numbers and its retrospective nature make it difficult to
draw definitive conclusions. Median follow-up time of
7.2 months might appear short, however it seems a proper
time for evaluation of acute RILD that occurs median
3—6 months after SBRT. Although the treatment was deliv-
ered homogeneously with a standard protocol, the patients
represent a heterogeneous group. We included patients
with early-stage primary NSCLC and metastases to lung
as the primary purpose of the study was to evaluate RILD
and tumor control in the irradiated area. However, future
studies evaluating RILD, LC, and overall survival relation-
ships could be planned in a homogenous patient group.

In conclusion, RILD is not an unusual consequence of
lung SBRT. Increased age, previous RT history, and higher
PTV D95 doses are potential risk factors for RILD. With
the increase in the use of SBRT in the oligometastatic
disease concept, prospective studies using modern non-
invasive response evaluation methods will be helpful for
further understanding RILD.
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