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Objective: To investigate risk factors for radiation-
induced pneumonitis (RP) after hypofractionated stereo-
tactic body radiotherapy (SBRT) in patients with lung
tumours.

Methods: From May 2004 to January 2016, 66 patients
with 71 primary or metastatic lung tumours were treated
with SBRT; these 71 cases were retrospectively analyzed
for RP. To explore the risk factors for RP, the following
factors were investigated: age, sex, performance status,
operability, number of treatments, respiratory gating,
pulmonary emphysema, tumour location and subclinical
interstitial lung disease (ILD). Irradiated underlying lung
volumes of more than 5 Gy, 10 Gy, 20 Gy and 30 Gy (Lung
Vs, Vio, Voo and Vzp), mean lung dose and volumes of gross
tumour volume (in cubic centimetre) and planning target
volume were calculated for possible risk factors of RP.

INTRODUCTION

Hypofractionated stereotactic body radiotherapy (SBRT)
for primary or metastatic lung tumours provides a high
local control rate and safe treatment.' Several reports have
suggested that SBRT provides high local control rates of
around 90% for patients with lung tumours.'” SBRT
provides not only a high local control rate, but also
a completely painless treatment with a low incidence of
severe complications. The incidence of late toxicity of more
than Grade 2 was <10% in most studies.”® However, rare
fatalities related to severe toxicities after SBRT have been
reported.”°

Although a few patients treated with SBRT experience
radiation-induced pneumonitis (RP), this is one of the
most frequent toxicities in patients with lung tumours
treated with SBRT. Severe RP is the most common cause of
death shortly after radiotherapy. The risk factors for RP
after conventional thoracic radiation therapy were reported

Results: The median follow-up period was 32 months. RP
of Grade 2 or more, according to the Common Terminol-
ogy Criteria for Adverse Events v. 4.0, was detected in
6 (8.4%) of the 71 cases. Grade 5 RP was identified in two
cases. Of the risk factors of RP, subclinical ILD was the
only factor significantly associated with the occurrence of
RP of Grade 2 or more (p < 0.001). Both cases with Grade
5 RP had ILD with a honeycombing image.

Conclusion: Subclinical ILD was the only significant factor
for Grade 2-5 RP. In addition, the cases with honey-
combing had a high potential for fatality related to severe
RP. Patients with subclinical ILD should be carefully
monitored for the occurrence of severe RP after SBRT.
Advances Iin knowledge: Hypofractionated SBRT for
primary or metastatic lung tumours provides a high local
control rate and safe treatment.

in several studies.''™'> Compared with conventional radi-
ation therapy, the reports of risk factors for RP after SBRT
were few. Therefore, investigation of factors for severe RP is
important to improve the safety of SBRT. In this study, we
retrospectively analyzed the risk factors of RP after SBRT in
patients with primary or metastatic lung tumours.

METHODS AND MATERIALS

Patients

From May 2004 to January 2016, SBRT was performed for
83 consecutive patients with a total of 89 primary or
metastatic lung tumours at the Hachioji Center of Tokyo
Medical University. All patients provided written informed
consent. For this study, we retrospectively collected data
for patients who were followed up for a minimum of
6 months. Of the 83 patients, 17 patients who were
monitored for less than 6 months or lost to follow-up were
excluded. As 5 patients were treated twice with SBRT for
metastatic lung tumours at different times, 66 patients with
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71 primary or metastatic lung tumours were included in the
analysis. No cases received radiation therapy for lung tumours
before the SBRT study.

The patient characteristics are summarized in Table 1.
44 patients were males and 22 patients were females. The me-
dian age of the patients was 80 years (range, 58—88 years). Of the
total, 97% of patients had Eastern Cooperative Oncology Group
performance status of 0 or 1. There were 51 primary lung
tumours, 3 metastatic lung tumours developed after SBRT for
primary lung tumours and 17 metastatic lung tumours from
15 patients with various cancers. Regarding primary lung
tumours, 42 tumours were histologically identified as follows:
adenocarcinoma, 22 tumours; squamous cell carcinoma, 17
tumours; non-small cell carcinoma, 2 tumours; and small cell
carcinoma, 1 tumour. The remaining nine tumours were con-
sidered to be lung cancer without pathologically proven evi-
dence. These tumours were diagnosed based on successive
increases in tumour sizes observed on CT and/or increased
uptake on positron emission tomography. Among the 20 met-
astatic lung tumours, the primary sites were the lung in
8 patients, the colorectum in 9 patients and other sites in

Table 1. Patient and tumour characteristics

Number of patients (tumours) 66 (71)
Sex (percentage)

Male 44 (67)

Female 22 (33)
Age (years), median (range) 80 (58-88)
Performance status

0 53

1 11

2 2
Tumours (%)

Primary lung tumour 51 (72)

Metastatic lung tumour 20 (28)
Pathology of primary lung cancer

Adenocarcinoma 22

Squamous cell carcinoma 17

Non-small-cell carcinoma 2

Small-cell carcinoma 1

Clinically diagnosed 9
Primary sites with metastatic lung tumours

Lung 8

Colorectum 9

Others 3
Number of tumours by operability (%)

Operable 25 (35)

Inoperable 46 (65)

Okubo et a/

3 patients. All metastatic lung tumours were controlled at pri-
mary tumour sites or no other metastatic sites. 25 tumours were
considered medically operable and 46 inoperable. This study was
approved by the Ethical Review Board of the authors’ institution.

Simulation and immobilization techniques

A body fixation device (EBS-2000, ESFORM; Engineering
System, Matsumoto, Nagano, Japan), which used a vacuum
cushion, was used for patient immobilization during the initial
simulation and subsequent treatments. A CT scanner for radi-
ation treatment planning was used, namely the LightSpeed RT
4 slice (GE Healthcare, Mickleton, NJ). 34 patients received
four-dimensional (4D)-CT scans, in which CT data of 2.5 mm
slices were acquired synchronously with a respiratory signal.
During the CT examination, a series of light-emitting diodes
were placed on the abdominal wall and monitored by a ceiling-
mounted infrared camera in the simulation room. The planning
CT scans were reconstructed from a series of 4D-CT data at the
end-expiratory phase. The remaining 37 patients had CT scans
at the end-expiratory and end-inspiratory phases for confir-
mation of internal motion because 4D-CT scanners had not
been installed. Planning CT scans were obtained using a slow CT
technique involving acquisition of a single 2.5-mm slice every
4s. Audio was played during the initial simulation and sub-
sequent treatments to induce a comfortable breathing rhythm.

Radiotherapy

Treatment planning was performed using the Eclipse™ (Varian
Medical Systems, Palo Alto, CA) treatment planning system.
SBRT plans were calculated with pencil beam convolution with
heterogeneity correction using the Batho power law. The gross
tumour volume (GTV) was contoured on the planning CT
images. The lungs were contoured by automatic segmentation,
as an area from —1000 to —300 Hounsfield unit was defined for
the lung. For 4D-CT planning, the internal target volume (ITV)
was determined using the Advantage Workstation (GE Health-
care, Chalfont St Giles, UK). For non-4D-CT planning, ITV was
determined using CT scans obtained at the end-expiratory and
end-inspiratory phases. The planning target volume (PTV) was
determined by adding a margin of 6-8 mm to the ITV.

Patients who underwent 4D-CT were treated using a Real-time
Position Management™ System (Varian Medical Systems, Palo
Alto, CA) for real-time tumour targeting. The light-emitting
diodes were placed on the abdomen wall, and their movement
was followed by wall-mounted cameras in the treatment room.
Throughout the procedure, the Real-time Position Manage-
ment™ motion-tracking software corrected external body sur-
face movement with internal tumour fiducial movement to
follow and adjust for tumour motion. SBRT was planned and
administered by non-coplanar static beams using six fields
generated by a linear accelerator with energy of 10 MV
(CLINAC® 2100C; Varian Medical Systems, Palo Alto, CA).
Image guidance was performed to set up the patients before
daily treatment delivery by megavoltage X-ray using an electric
portal imaging device based on the spine.

Our dose prescription policies were based on the percentage of
the prescribed dose covering 80% of the volume of the PTV. We
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Table 2. Clinical factors associated with radiation-induced pneumonitis (RP)

RP Univariate
Grade 2-5, n=16 p-value Hazard ratio (95% confidence interval)

Age (<80 years vs =80 years) 4/35 vs 2/36 0.429 0.456 (0.078-2.665)
Sex (male vs female) 5/46 vs 1/25 0.414 0.342 (0.038-3.1)
PS (0 vs =1) 5/58 vs 1/13 >0.999 0.883 (0.094-8.269)
Operability (yes vs no) 1/25 vs 5/46 0.414 2.927 (0.323-26.556)
Number of SBRT (once vs twice) 6/66 vs 0/5 >0.999 Acalculia
Respiratory gating (yes vs no) 4/34 vs 2/37 0.417 2.333 (0.399-13.645)
Pulmonary emphysema (yes vs no) 3/28 vs 3/43 0.674 1.600 (0.299-8.555)
Tumour location (upper/middle vs lower) 4/49 vs 2/22 >0.999 1.125 (0.190-6.653)
Subclinical ILD (yes vs no) 5/11 vs 1/60 <0.001 49.167 (4.903—463.078)

ILD, interstitial lung disease; PS, performance status; SBRT, stereotactic body radiotherapy.

principally used 50 Gy per five fractions in 5 days as the pre-
scribed dose. When the tumour was adjacent to a high clinical
risk organ (e.g. the oesophagus, spinal cord or the main trachea)
or was relatively large, the dose and number of fractions were
altered. The dose limitation for pulmonary parenchyma was
a mean lung dose (MLD) < 18Gy, percentage of total lung
volume receiving =20Gy (V) < 20% and V5 < 25%
according to the Japan Clinical Oncology Group 0403 study
protocol.'® There was no constraint for maximum or minimum
dose to PTV. As a result, the median prescribed dose was 50 Gy
(range, 40—-60 Gy) in five fractions (range, 5-10 fractions) over
5 days (range, 5-12 days).

Follow-up procedures

Regular follow-up visits were performed at 1 and/or 3 months
after completing SBRT, at 3-4 month intervals for the first
2 years, and at every 4-6 months thereafter, in case of the ab-
sence of clinical symptoms. At each follow-up visit, evaluation
consisted of a medical history and physical examination, CT
scans and tumour marker assessment. The toxicity data were
collected retrospectively from patient files. The RP was graded
according to Common Terminology Criteria for Adverse Events
v. 4.0. The RP grading system was as follows: Grade 1, asymp-
tomatic (radiographic finding only); Grade 2, symptomatic and
medical intervention indicated; Grade 3, severe symptomatic
and oxygen indicated; Grade 4, life threatening (ventilator
support indicated); and Grade 5, death.

The risk factors for radiation-induced pneumonitis
For exploring the clinical risk factors for RP, the following were
investigated: age, sex, performance status, operability, number of
treatments with SBRT, respiratory gating, pulmonary emphy-
sema, tumour location and subclinical interstitial lung disease
(ILD). The presence of ILD was determined based on pre-SBRT
CT. The images were reviewed using CT findings usually present
in ILD, such as ground-glass attenuation, reticulation, patchy
ground-glass abnormalities and honeycombing. Of a total of 71
cases, 11 cases had subclinical ILD before SBRT, and 4 cases were
identified as having honeycombing. CT findings were evaluated
by a single radiologist.

For dosimetric factors, the total underlying lung volume was
defined as the total lung volume minus the GTV. The dosimetric
parameters were calculated from the dose—volume histogram for
the total underlying lung volume. The irradiated total un-
derlying lung volumes of more than 5Gy, 10Gy, 20 Gy and
30 Gy (Lung Vs, Vi, Voo and V34), MLD and volumes of GTV
and PTV (in cubic centimetre) were evaluated as risk factors
for RP.

Statistical analysis

The relationships among Grade 2-5 RP and the clinical
factors were calculated using Fisher’s exact probability test.
The relationships between Grade 2-5 RP and dosimetric
factors were analyzed using the Mann—-Whitney U test.
Univariate logistic regression analyses were performed to
evaluate the data using IBM SPSS® Statistics v. 20.0 (IBM
Corp., New York, NY; formerly SPSS Inc., Chicago, IL).
Differences with p-values <0.05 were considered statistically
significant. The onset time of RP after SBRT was calculated
from the first day of SBRT.

RESULTS

The median follow-up period was 32 months (range,
2-135 months). Grade 2-5 RP was recognized in 6 (8.4%) of
the 71 cases; Grade 2 in 3 cases, Grade 3 in 1 case and Grade 5 in
2 cases. The median time to developing symptoms was 4 months
(range, 2—-8 months) after the start of SBRT.

The relationships between the clinical factors and Grade
2-5 RP are summarized in Table 2. Grade 2-5 RP was
observed in 5 (45%) of the 11 cases of ILD; Grade 2 in 2 cases,
Grade 3 in 1 case and Grade 5 in 2 cases. By univariate
analysis, ILD was the only factor significantly associated with
the occurrence of Grade 2-5 RP (p < 0.001). Both cases with
Grade 5 RP had ILD with honeycombing (Figures 1 and 2)
prior to SBRT. The relationship between Grade 2—5 RP in an
in-field region of ILD and in an out-of-field region of ILD is
shown in Table 3. The region of ILD was not a significant
factor for Grade 2-5 RP. A multivariate analysis was not
performed because of limited data.
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Figure 1. A case with Grade 5 radiation-induced pneumonitis
after stereotactic body radiotherapy (SBRT): (a, b) CT images
prior to SBRT for the lung. CT finding of honeycombing was
recognized in both inferior lobes of the lung. (c) CT with dose
distribution. Prescription dose was 56 Gy per 7 fractions. Lung
Vs, Vio, Voo, V30 and mean lung dose were 21.4%, 13.4%, 3.3%,
1.7% and 3.7%, respectively. (d) A CT image taken 7 months
after SBRT showed expanding honeycombing.

Table 4 shows the relationships between the dosimetric factors
and Grade 2-5 RP in all cases. No significant factor was found.
Although Lung Vs, Vi and MLD did not reach statistical sig-
nificance in this small data set as significant confounding factors,
their p-values were reasonably low, confirming their importance.

The clinical data and dosimetric factors for all cases and
tumours are shown in Tables 5 and 6.

DISCUSSION

SBRT has been widely used as a safe and effective treatment for
primary or metastatic lung tumours." Several trials have con-
firmed the safety of SBRT for patients with lung tumours.'*™"°
In the Radiation Therapy Oncology Group Trial 0236,'” Grade 3
and Grade 4 toxicities related to SBRT occurred in 12.7% (7/59)
and 3.6% (2/59) of cases, respectively. No Grade 5 toxicities were
reported. In the Nordic Phase II study of SBRT," Grade 3
toxicities were observed in 12 (21%) of the 57 patients, but no
Grade 4 or 5 toxicities were reported. According to the protocol
of the Japan Clinical Oncology Group 0403 study,' the only
patients restricted from participation are pregnant females. Rates
of serious toxicity in most studies are low; however, rare fatal-
ities related to severe toxicities after SBRT have been
reported.”"”

RP is one of the most frequent causes of toxicity after SBRT, as
well as after conventional radiotherapy, for patients with lung
tumours. Although most of RP was Grade 1 or 2, a few cases had
the potential to be severe or mortal.'®** *™ 2! Yamashita et al'’
reported that the incidence of RP Grade 2 or higher was 29% at
18 months after the completion of SBRT, and 3 (12%) of the
25 patients died of RP. Investigation of the method to predict the

Okubo et a/

Figure 2. Another case with Grade 5 radiation-induced
pneumonitis after stereotactic body radiotherapy (SBRT): (a,
b) CT image and X-ray photograph (X-P) prior to SBRT for
lung. CT finding of honeycombing was recognized in the right
inferior lobe of lung. X-P finding of reticulonodular shadow was
recognized in the right inferior lung. (¢) CT with dose
distribution. Prescription dose was 56 Gy per 7 fractions. Lung
Vs, Vio, Voo, V3o and mean lung dose were 14.0%, 9.3%, 3.7%
2.5% and 3.1%, respectively. (d) An X-P image taken 3 months
after SBRT showed expanded shadow in both lungs.

risk of RP after SBRT for patients with lung tumours is very
important to increase safety. With regard to conventional ra-
diotherapy, many clinical and dosimetric factors have frequently
been analyzed and reported to be significantly associated with
RP,!1415:22:23 Recently, the risk factors of RP after SBRT in
patients with lung tumours have been investigated,'”**° and
some studies reported about the clinical and dosimetric risk
factors of RP.>"*™** Table 7 summarizes published reports of
the clinical and dosimetric risk factors associated with Grade 2
or worse RP after SBRT.

In this study, the clinical and dosimetric risk factors for RP after
SBRT for patients with primary and metastatic lung tumours
were retrospectively investigated. Grade 2-5 RP was noted in
6 (8.4%) of the 71 cases. For clinical risk factors of RP, sub-
clinical ILD was the only factor significantly associated with the
occurrence of Grade 2-5 RP (p < 0.001). Among the 11 cases
with ILD prior to SBRT, Grade 2—-5 RP was observed in 5 (45%)
cases and 2 of the 4 patients with honeycombing died of RP.
The region, in-field or out-of-field, of ILD was not a significant
factor for Grade 2-5 RP. According to Yamashita et al,*' severe
Grade 4-5 RP was reduced from 18.8% to 3.5% on excluding
patients with an obvious interstitial pneumonitis shadow on the
CT and high levels of serum Krebs von den Lungen-6 (KL-6)
and serum surfactant protein-D (SP-D) before performing
SBRT. Even in this study, we should have investigated the serum
KL-6 and SP-D levels before performing SBRT as risk factors
of severe RP. However, we had little data about serum KL-6 and
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Table 3. The relationship between the region of subclinical interstitial lung abnormality and Grade 2-5 radiation-induced

pneumonitis (RP)

RP

Grade 0-1, n=6 Grade 2-5, n=>5 p-value

In-field, n = 8

5 3

Subclinical intestinal lung abnormality n = 11
Out-of-field, n = 3

1 2 0.545

SP-D because these data were obtained for only patients who
were symptomatic at our institution. Ueki et al’” reported
that the presence of pre-existing ILD was a significant risk
factor of RP worse than Grade 2, and the incidence of RP
worse than Grade 2 for those with ILD was 55.0% (11/20)
cases. Their data were similar to our results. In addition, in
this study, we confirmed that the cases with honeycombing
had a high potential for fatality related to severe RP after
SBRT, and the location of ILD was not related to the incidence
of RP. Indeed, it was possible that some inflammatory re-
sponse was triggered for fatality, but only two of four cases
with honeycombing had Grade 5 RP and other cases without
honeycombing had no shadows extending far beyond the
radiation field. Lungs with ILD may have properties of in-
terstitial pneumonia (IP). Because IP is a diffuse disease, the
whole sphere of the lung with ILD may have IP properties,
even if it is only partial on diagnostic imaging. Thus, we
considered that the existence of ILD is a risk factor of RP after
SBRT, regardless of the region of ILD. Morgan et al*’ in-
dicated that sporadic pneumonitis, including extensive RP,
appears to be an entirely different disease process involving
immune modulation and genetic factors, as opposed to
classical RP, which is characterized by the inflammatory
consequences of direct irradiation injury to pulmonary tis-
sues. Roberts et al** demonstrated that lymphocytic alveolitis
developed in both lung fields after strictly unilateral thoracic
irradiation and was more pronounced in patients who de-
veloped clinical pneumonitis. They concluded that radio-
therapy might cause generalized lymphocyte-mediated
hypersensitivity reactions. We do not know how to reduce the
risk of severe RP. However, there is some possibility that we
can decrease fatal RP by conducting the radiation planning as

soon as possible and taking into consideration the factors for
RP of Grade 2 or more (Table 7) in cases with ILD, especially
honeycombing. After SBRT, strict and careful follow-up is
necessary. With regard to the dosimetric risk factors for RP,
there were no significant factors; however, although Lung
Vs, Vip and MLD did not reach statistical significance in
this small data set as significant confounding factors, their
p-values were reasonably low, confirming their importance.
This result might suggest that the dose level of low-dose areas
of the lung such as Lung Vs, Vi, and MLD compared with
high-dose areas such as Lung V,q and V3, has more potential
correlation with Grade 2-5 RP. Guckenberger et al** evaluated
the relationship between MLD and the incidence of RP after
SBRT. They reported that a significant dose-response re-
lationship was observed; the MLD was 12.5* 4.3 Gy and
9.9 = 5.8 Gy for patients with and without development of
RP, respectively. Recently, Zhao et al** analyzed 88 published
studies (7752 patients) to investigate the lung toxicity after
SBRT. In this report, older age, larger tumour size, Lung V5,
and MLD were significantly related to RP of Grade 2 or more.
These were not significant factors of RP of Grade 2 or more in
our study; however, we think that the reason might be that
our data set was small.

The limitation of this study is that possible selection bias with
regard to the predictive factors cannot be ruled out because the
present study was a retrospective series. Formal prospective
studies are needed to confirm our findings.

In conclusion, subclinical ILD before SBRT was the only factor
significantly associated with the occurrence of Grade 2-5 RP
(p <0.001). Moreover, the cases with honeycombing had high

Table 4. Relationship between dosimetric factors and Grade 2-5 radiation-induced pneumonitis (RP)

Median (range) RP p-value
Grade 0-1 Grade 2-5
GTV 6.0cm’ (1.0 cm’-53.1 cm’) 10.9cm’ (2.9 cm’-27.8 cm®) 0.222
PTV 24.0cm® (9.0 cm®-100.8 cm?) 31.7cm?® (12.9 cm®-66.6 cm?®) 0.342
Vs 13.8 Gy (3.2 Gy-28.0 Gy) 18.4 Gy (14.0 Gy=30.0 Gy) 0.061
Vio 8.5Gy (1.7 Gy=16.0 Gy) 11.4 Gy (7.9 Gy-21.4 Gy) 0.072
Vao 3.4 Gy (0.5 Gy=7.9 Gy) 3.5Gy (2.2 Gy=7.7 Gy) 0.402
Vio 1.9 Gy (0.3 Gy—4.5 Gy) 2.1 Gy (1.4 Gy—4.7 Gy) 0.357
MLD 2.7 Gy (0.7 Gy—4.9 Gy) 3.4 Gy (2.5 Gy-5.8 Gy) 0.080

GTV, gross tumour volume; MLD, mean lung dose; PTV, planning target volume.
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potential for fatality owing to severe RP. Therefore, patients with
subclinical ILD, especially those with honeycombing, should be
carefully monitored, with caution, for the occurrence of severe

RP after SBRT. assistance.
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