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surfactant protein D levels for monitoring radiation
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Abstract. The present study aimed to examine the role of
exhaled nitric oxide (eNO) and serum surfactant protein D
(SP-D) level in the determination of radiation pneumonitis
(RP) after thoracic radiotherapy (RT). The study included
34 treatments for 33 patients, including 16 three-dimensional
conformal and 18 stereotactic body RT treatments. eNO
levels were measured prior to RT, immediately subsequent
to RT, every week during the RT course and at 1, 3, 6,
9 and 12 months following the treatment. The therapy
reduced the eNO from 24.3+12.8 ppb prior to RT to 19.0+10.4
ppb immediately subsequent to RT (P=0.04). A total of
5 patients (14%) developed symptomatic RP of grade 2 or
higher 3-5 months later, and exhibited an eNO elevation of
2.1+£0.68-fold the minimum value, whereas the RP~ group
exhibited 1.4+0.6-fold elevation (P=0.02). The sensitivity of
a cut-off of a 1.4-fold increase in the eNO ratio at the onset
of RP was 100%; however, the specificity was 52%, and no
predictive alterations to eNO levels were observed prior to
the onset of RP. RT was associated with an elevated serum
SP-D level at 3-6 months after RT. There was a statistically
significant difference in the initial serum SP-D level between
RP* and RP patients. In conclusion, obtaining the eNO ratio
was a useful RP monitoring tool but did not predict RP
occurrence in the present setting, whereas serum SP-D level
may be a potential predictor for the detection of RP risk.
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Introduction

Nitric oxide is a multifunctional biological mediator and an
active participant in proinflammatory and bronchodilatory
biological processes (1). The measurement of exhaled nitric
oxide (eNO) levels is a simple, non-invasive technique; it is used
to monitor airway inflammation in patients with asthma and as
an indicator for steroid usage (2,3). eNO assessment is also
useful in other diseases, e.g., chronic obstructive pulmonary
disease (4), pulmonary hypertension (3) and scleroderma (5).
We previously hypothesized that eNO may be a predictor for
radiation pneumonitis (RP) following the thoracic radiotherapy
(RT) of patients with lung cancer (6). However, when the
original study was performed, two-dimensional RT planning
and a large eNO assay-machine were utilized. The equipment
required a long time for initial calibration, making the task
impractical; this ultimately resulted in the discontinuation of
the study. In the 21st century, three-dimensional computed
tomography (CT)-guided conformal radiation therapy
(3D-CRT) has become a standard treatment. Additionally,
advanced RT technology, including stereotactic body RT
(SBRT), is now available in clinical settings. Improved,
small-size equipment for measuring eNO concentrations has
been developed and is also available in clinical practice. These
developments made it possible to re-examine eNO levels using
the new equipment in order to observe the effects of modern
RT techniques. Additionally, there are several biomarkers
proposed for RP monitoring, including surfactant protein D
(SP-D) (7,8). A simultaneous, prospective examination of the
levels of this biomarker was performed. The overall aim of
the study was to confirm the results of our previous study and
examine the possible extension of the methods for monitoring
RP after advanced RT treatments.

Materials and methods

Patients. Between February 2012 and July 2015, the eNO
levels from the 34 thoracic RT treatments of 33 patients
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(25 male, 8 female), with a median age of 78 (range, 37-87),
were assessed in the Department of Radiology, Graduate
School of Medical Science, Kyoto Prefectural University of
Medicine (Kyoto, Japan). Patients were staged according to the
Union for International Cancer Control, 7th edition (9). A total
of 16 patients received 3D-CRT (including patients at primary
lung cancer stage TINO, 2; TINI, 1; TIN2, 1; T2NO, 1; T3NO,
1; T3N1 1; T3N3, 1; T4N2, 1; T4N3, 1; rN1 2 and rN3 1, in
addition to 1 with rN1 esophageal cancer and 2 with metastatic
lung cancer) and 18 received SBRT (including 13 with primary
lung cancer, including TINO, 8; T2NO, 5; 6 with metastatic lung
cancer). One patient underwent thoracic RT twice, including
initial 3D-CRT for primary esophageal cancer and SBRT for
metastatic lung cancer. Patients were ineligible if they had
an Eastern Cooperative Oncology Group performance status
>2 (10), active systemic or pulmonary infection, asthma or
synchronous malignancy within 2 years of enrollment.

3D-CRT procedure. For 3D-CRT, the patients were placed in
a supine position with arms above the head. Target volumes
were delineated on a planning CT scan with 2.5 mm slices.
The gross tumor volume (GTV), clinical target volume (CTV),
and planning target volume (PTV) were obtained according to
the definitions of the International Commission on Radiation
Units and Measurements (11). The GTV included tumor and
lymph node tissue visualized using a CT and positron emission
tomography (PET)-CT scan. PTV, including set-up margin
and internal target volume, was obtained using a 2-10 mm
3D-expansion from CTV. The median prescribed dose was
60 Gy in 30 fractions. Concurrent chemotherapy (cisplatin with
pemetrexed, 5 patients; carboplatin with paclitaxel, 2 patients;
cisplatin with fluorouracil, 1 patient) was administered only
for patients receiving 3D-CRT.

SBRT procedure. SBRT was performed using an immobiliza-
tion device Body FIX® Vacuum Pump P2 system (Medical
Intelligence Medizintechnik GmbH, Schwabmiinchen,
Germany), with the patient in a supine position. All patients
underwent 3 simulation CT scans (Aquilion 64; Toshiba
Medical Systems Ltd., Tokyo, Japan) in three phases, i.e., free
breathing, inhalation and exhalation during shallow breathing.
The GTV in each phase was delineated using lung CT (window
level, 550 HU; width, 1,600 HU) and a radiation treatment
contouring system (XiO; Elekta AB, Stockholm, Sweden).
GTVs of the 3 phases were fused and expanded as a PTV with a
margin of 5 mm in the anteroposterior and right-left directions
and 5-10 mm in the superior-inferior and anterior-posterior
directions (typically 5 mm). The following structures were
contoured as organs at risk: Spinal cord, esophagus, lung and
others as required by the situation (e.g., the heart, ipsilateral
bronchus, liver and bowels). The treatment was generally deliv-
ered so that >95% of the PTV received the prescribed dose of
50 Gy. The median prescribed dose was 48 Gy in 4 fractions.
Irradiation was applied using 4-, 6-, and 10-mV photon
beams from accelerators (Elekta Synergy; Elekta AB) with
multileaf linear collimators. Lung toxicity grade 2 (symp-
tomatic RP with image abnormality) or higher, according to
Common Terminology Criteria of Adverse Events v4.0 (12),
was regarded as RP; one patient exhibited moderate fibrotic
lung but did not suffer symptomatic radiation pneumonitis.
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The toxicity assessment was performed by physicians from
several departments, including a diagnostic radiologist, pulmo-
nologist and radiation oncologist. All patients had signed an
informed consent before registration in the observational
study, which was approved by the Institutional Review Board
of Kyoto Prefectural University of Medicine (approval no.
PBMR-C-988-1).

eNO measurements. eNO levels were measured using a
chemiluminescence analyzer (Aerocrine NIOX; Circassia AB,
Uppsala, Sweden). The results were expressed as the mean of
triplicate measurements. eNO measurements were performed
prior to RT, immediately subsequent to RT, every week during
RT, and 1, 3, 6, 9 and 12 months later. Additional measure-
ments were conducted if RP was suspected. The eNO ratio was
calculated as current eNO value/minimum eNO value during
RT. Serum SP-D level was also examined prior to RT and 1,
3, 6, and 12 months after RT as described previously (7,8).
To obtain control eNO values, the eNO levels of 17 healthy
volunteers were assessed.

Statistical analysis. All statistical analyses were performed
using StatView 5.0 statistical software (SAS Institute, Inc.,
Cary, NC, USA). Percentages were compared using the ¥ test;
comparisons between time points within the same group were
compared using Student's paired t-test and the Mann-Whitney
U test was used for other comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

eNO. The mean + standard deviation eNO level prior to RT was
24.3+12.8 ppb; it decreased to 19.0+10.4 ppb following treat-
ment (immediately subsequent to RT, P=0.04; Fig. 1A). In the
3D-CRT group, a statistically significant difference between
the initial value and the value at 4 weeks during RT was
identified (Fig. 1B). Patients with a primary lung tumor (n=25)
exhibited an initial eNO level (23.4+13.0 ppb) higher than
healthy volunteers (15.7+8.4 ppb) to an extent that bordered
on significance (P=0.06). As the RT treatment reduced eNO
levels, the eNO ratio was used instead of the crude eNO value
to examine the variation thereafter.

A total of 5 patients (14%) exhibited RP of grade 2 or
higher, including 1 patient receiving SBRT, which developed
3-5 months after RT (median 3 months). A comparison of basic
patient characteristics for RP* and RP- patients is presented in
Table I. In patients receiving 3D-CRT, the RP* group exhibited
a higher lung irradiation dose (including mean lung dose and
V20 values) than the RP- group (P<0.01; Table I). There was no
difference between eNO levels in the RP* group (19.7+6.68 ppb
prior to RT, 15.93+8.98 ppb immediately subsequent to RT)
and the RP" group (24.4+13.7 ppb prior to RT, 19.6+10.7 ppb
immediately subsequent to RT) during the examined periods.
The eNO ratio increased at the onset of symptomatic RP; the
symptomatic RP* group exhibited a 2.1+0.68-fold elevation in
the eNO ratio at 3-5 months, compared with a 1.4+0.6-fold
elevation in the RP" group (P=0.02; Fig. 1C). However, in RP*
patients, there was no predictive elevation in the crude eNO
values or eNO ratio prior to the onset of RP. Accordingly, an
eNO ratio of 1.4 was used as the threshold ratio for RP; this
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Figure 1. Level of eNO prior to, during and subsequent to RT. (A) Gross eNO levels of all patients. Immediately subsequent to RT, eNO was reduced. (B) Gross
eNO levels in the 3D-CRT subgroup. eNO was reduced at week 4 of RT. (C) eNO ratio stratified by RP status. eNO ratio was calculated as eNO/minimum eNO
value during RT. (D) eNO ratio stratified by RP status in the 3D-CRT subgroup. (E) eNO ratio stratified by RP status in the stereotactic body RT subgroup. The
black circles represent the RP* group and white circles represent the RP” group, in the stratified graphs. eNO, exhaled nitric oxide; RT, radiotherapy; 3D-CRT,

three-dimensional conformal radiation therapy; RP, radiation pneumonitis.

was associated with 100% sensitivity and 52% specificity for
indicating the occurrence of RP.

Serum SP-D. Serum SP-D level was also examined to assess
its association with RP. The RT treatment did not signifi-
cantly alter serum SP-D levels (67.8+49.4 ng/ml prior to RT,
67.5+£37.8 ng/ml immediately subsequent to RT; Fig. 2A).
However, the SP-D level was elevated at 3-6 months after RT
(Fig. 2A). The RP* group exhibited a significantly higher serum
SP-D level than the RP- group prior to RT (RP*, 105+46 ng/ml,

RP, 61+47 ng/ml; P=0.03; Fig. 2B). At 6 months later, the
levels of serum SP-D remained significantly different between
these groups (P=0.02; Fig. 2B). Serum SP-D level prior to RT
exhibited 83% specificity and 40% sensitivity for RP predic-
tion (Table IT). None of the patients with a serum SP-D level of
<50 ng/ml prior to RT experienced RP (Fig. 3). The criteria of
an eNO ratio <1.4 and SP-D >109 ng/ml provided 100% sensi-
tivity and 48% specificity for the prediction of RP, whereas
the criteria of an eNO ratio <1.4 or SP-D >109 ng/ml provided
40% sensitivity and 100% specificity.
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Table I. Characteristics and treatments of the patients.

Radiation pneumonitis status

Characteristic All patients Negative Positive P-value
Total patients, n 33 28 5
Age, median (range) years 78 (37-87) 76 (62-80) 78 (37-87) 0.63
Sex, n (%) 041
Female 8 (24) 8 (29) 0(0)
Male 25 (76) 20 (71) 5 (100)
Disease, n (%) 0.85
Primary lung cancer 25 (76) 22 (79) 1 (20)
Adenocarcinoma 17 (51)
Squamous cell carcinoma 2 (6)
Others 6 (18)
Esophageal cancer 2 (6) 2(7) 0(0)
Metastatic lung cancer 5 (15) 5(18) 0(0)
Treatment, n (%)
SBRT 18 (53) 17 (59) 1 (20) 0.26
48 Gy in 4 fractions 15 (44)
50 Gy in 5 fractions 2 (6)
60 Gy in 10 fractions 1(3)
3D-CRT 16 (47) 12 (41) 4 (80)
60 Gy in 20 fractions 2 (6)
69 Gy in 23 fractions 2 (6)
66 Gy in 12 fractions 1(3)
50 Gy in 25 fractions 1(3)
54 Gy in 27 fractions 1(3)
60 Gy in 30 fractions 4(12)
65 Gy in 30 fractions 1(3)
67.2 Gy in 34 fractions 1(3)
64 Gy in 40 fractions 2 (6)
70 Gy in 42 fractions 1(3)
Concurrent chemotherapy, n (%) 0.71
Yes 6 (21) 2 (40)
No 23 (79) 3 (60)
Exhaled NO, median (range) ppb 19 (13-27) 22 (8-60) 0.77
Krebs von den Lungen-6, median (range) U/ml 298 (173-567) 372 (154-2,066) 0.84
Surfactant protein-D, median (range) ng/ml 47.6 (17.2-207) 95.8 (55.1-167) 0.03
Mean lung dose, median (range) Gy
3D-CRT 8.55 (1.84-13.38) 14.49 (9.92-16.05) 0.01
SBRT 3.08 (1.42-5.81) 3.58 0.77
V20,,,,, median (range) Gy
3D-CRT 14.49 (9.92-16.05) 28.3 (17.6-31.8) 0.01
SBRT 3.21(1.24-10.09) 6.01 0.20

*One patient underwent treatment twice, including 3D-CRT and SBRT. NS, not significant; SBRT, stereotactic body radiotherapy; 3D-CRT,
three-dimensional conformal radiation therapy.

Among the 5 RP cases, 2 of the patients exhibited a unique  high serum SP-D level prior to RT; those levels were initially
pattern of serum SP-D expression. The patients exhibited reduced by RT and surged to abnormally high values at the
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Figure 2. Serum SP-D level prior to, during and subsequent to radiotherapy.
(A) Serum SP-D level of all patients. The dashed line depicts the threshold
value, 109 ng/ml. (B) Serum SP-D level stratified by RP status. The black
circles represent the RP* group and white circles represent the RP- group.
SP-D, surfactant protein D; RP, radiation pneumonitis.

onset of RP at 3 months (Fig. 3B). Of the 3 RP* patients with
low initial SP-D levels, 2 exhibited an increase in serum SP-D
to an abnormal level (>109 ng/ml) a month subsequent to RT.
The RT+ patient receiving SBRT (presenting with large cell
lung cancer, cTINOMO) exhibited a gradual elevation in serum
SPD and eNO levels with patchy consolidation in CT images
immediately prior to RP onset. Following the remission of RP,
eNO level decreased to 14 ppb at 6 months.

Discussion

eNO levels increase in patients with Hodgkin lymphoma and
normalize following remission (13,14). A similar effect has been
reported for patients with lung cancer, which exhibit increased
eNO levels, including in our previous study (6,15). It is established
that tumors and surrounding tissues produce NO. In the present
study, eNO levels in the patients with primary lung cancer was
higher than in normal volunteers to an extent which bordered
on significance. This may be explained by the characteristics
of the patients in the present study, as they were predominantly
patients with early stage lung cancer. Our previous study was
concerning predominantly patients with advanced cancer (6).

ONCOLOGY LETTERS 14: 4190-4196, 2017

Serial measurements have demonstrated that eNO dimin-
ishes subsequent to chemotherapy (16) and RT (6). A previous
study demonstrated that at 8 days subsequent to carboplatin
or cisplatin-based chemotherapy, the eNO level decreased by
3.8 ppb in patients with lung cancer and returned to the baseline
value after 15 days (16). We previously reported that subsequent
to RT or combined chemo-RT in 29 patients, the eNO level had
decreased by 35% immediately subsequent to the completion of
40 Gy RT (6). The decrease in the eNO level observed following
the treatment of chest malignancies is caused by cell death in the
tumor and the surrounding tissues; this may also be accompa-
nied by a reduction in tumor-associated inflammation, including
cytokine production (17). The present study confirmed our
previous data, demonstrating that RT reduced the levels of eNO.

RP remains a dose-limiting side effect of RT, impairing
the quality of life of patients and potentially leading to
mortality (18). The level of the inducible NO synthase (iNOS)
expression in alveolar macrophages is associated with the
level of eNO (11). Immunohistochemical studies indicate that
alveolar macrophages are the major cellular site for NO produc-
tion (15,16). In mice, the alveolar macrophages produce NO, and
the expression of iNOS in alveolar macrophages and epithelial
cells is increased, subsequent to irradiation (15). Our previous
study demonstrated that irradiation itself does not increase the
iNOS mRNA levels in vitro; however, it enhances the expression
of iNOS in the presence of cytokines [tumor necrosis factor o
and interleukin (IL)-6] (16,19). Additionally, the progression of
RP can be reduced by treatment with an iNOS inhibitor (16,20).

A number of studies have demonstrated the value of eNO
measurements for predicting RP. In our previous study, a
three-fold increase in the eNO levels during RT treatment was
reported in 5 patients. A total of 3/5 of these patients developed
RP requiring steroid medication (6). McCurdy et al (20) and
Guerrero et al (21) examined 28 patients with esophageal cancer
and identified that a 1.5-fold increase in eNO exhibited 100%
sensitivity and specificity for the prediction of RP (18,20). In
another study by the same group, the ratio of eNO (the level
at the end of RT/pre-RT level) was calculated for 50 lung or
esophageal cancer patients. A threshold of 1.4 could perfectly
distinguish symptomatic and asymptomatic patients (21). In
contrast, Enache et al (17) identified that although the speci-
ficity of a 10 ppb increase in eNO level was relatively specific
(specificity, 83%) for predicting RP symptoms in lung cancer
patients, the sensitivity was low (18%). The data of the present
study supports their conclusion that 10-ppb elevation from the
initial eNO level does not always indicate RP. Their results
indicated that the basal level of eNO (i.e., prior to RT) was
not a good basis for RP prediction, and that the crude eNO
value was not suitable for such estimates (18). Moré et al (22)
reported that acute changes in eNO level, defined as percent
changes between each pre-fraction and post-fraction measure-
ment, were significantly smaller in RP* than in RP patients.
The observations from the present study confirm that eNO
variation may be meaningful in the prediction of RP occur-
rence. The minimum value during treatment was used as the
control level, rather than the initial value. The minimum value
may be the result of a reduction in tumor-associated inflam-
mation. In our previous study, RP occurred earlier during RT
(<2 months) with a larger extent of eNO level variation; >3-fold
elevation in comparison with the initial level was identified (6).



YAMAZAKI et al: EXHALED NITRIC OXIDE AND SP-D IN RADIATION PNEUMONITIS MONITORING

Table II. Stratification based on serum SP-D level prior to RT.
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RP* RP
Serum SP-D level All n Observation of all cases Observation of all cases
prior to RT patients, n of this type n of this type
High (>109 ng/ml) 6 2 Transient decrease with 4 High level throughout the
resurgence at 1 month examination period
Low (<109 ng/ml) 28 3 Gradual increase 25 N/A
A s most common timing for minimum eNO as determined from
0 " the present study was 4 weeks according to Fig. 1B; calculating
eNO ratio by measuring at that time point may be useful.
e There are a number of reports that serum SP-D is a useful
30 biomarker for RP prediction (7,8,24-26). Yamashita et al (8,19)
g 25 have reported that patients presenting with an interstitial
2 29 pneumonitis shadow in CT imaging and a high value of the
15 serum SP-D prior to SBRT treatment develop severe RP
- (grade 4 or 5) at a relatively high rate. There was no correlation
5 between dose-volume histogram parameters and severe RP
events (24,25). The present study identified that an increase in
o Before Minimum After 1 3 6 9 12 the serum SP-D level was associated with the occurrence of RP.
Month(s) However, grade 2-3 RP was also significantly associated with
B dose-volume histogram parameters, including mean lung dose
250

0 i i i i i i
Before  After 1 3 6 9 12
Month(s)

Figure 3. Individual biomarker data for RP* patients. (A) Crude eNO values
for the RP* patients. (B) Serum SP-D level. Note the abnormally high levels
of serum SP-D level before RT in two patients, that was transiently decreased
by RT, and resurgent subsequent to RT. The dashed line depicts the threshold
value, 109 ng/ml. Asterisks indicate the time point of RP occurrence. The
black circle indicates the patient that underwent stereotactic body RT; note
that this patient experienced an increase in eNO, but not in SP-D. RP, radia-
tion pneumonitis; eNO, exhaled nitric oxide; SP-D, surfactant protein D; RT,
radiotherapy.

However, in the present study, RP was observed at 3-5 months
with a smaller, 1.4-fold increase from the minimum level.
The eNO level could not be used for the prediction of RP
in the present study. In the 20th century, RT using 2D planning
caused large volumes of tissue to be irradiated and resulted in
a RP rate of ~30%. This rate has been reduced to ~10% with
3D-CRT and SBRT, which irradiate a reduced volume (23).
It remains difficult to predict RP by monitoring only during
RT or the following month. The monitoring period for these
biomarkers should be extended to =2 months after RT treat-
ment. Data from ‘before’, at 4-5 weeks during RT or ‘after’
may all be candidates for the minimum value, as in the present
study, minimum values occurred at those time points. The

and V20, in the present study. This data suggests that grade 2-3
RP are associated with dose-volume histogram parameters,
whereas fatal RP (grade 5) is not. This may vary depending
on other patient characteristics, including the interstitial lung
condition reflected by the increased SP-D level. RP grade >3
was not encountered in the present study; however, it may be
important to monitor SP-D to prevent severe adverse reactions.

Sasaki et al (7) hypothesized that serum SP-D monitoring
is a practical and useful method for the early detection of RP.
However, its use is limited to patients with normal levels of serum
SP-D prior to the initiation of RT, because it was not predictive for
patients with values outside of the normal range (7). We concur
that measuring the eNO levels may also be valuable, particularly
for high-risk patients with high levels of SP-D and/or an inter-
stitial pneumonitis shadow (15). For example, in our previous
study, lethal RP occurred in a patient with squamous cell lung
cancer (T2N1MO) and idiopathic interstitial pneumonitis (15).
The patient exhibited an elevation in eNO levels to 30-50 Gy,
followed by a decrease to 10-20 Gy, twice the minimum
value. The patient also exhibited an abnormal shadow on CT
examination at 50 Gy. RT treatment was discontinued; however,
the patient developed fatal RP (15). Sasaki et al (7) have also
identified a notable pattern of SP-D variation. In 3 patients with
primary lung adenocarcinoma that developed RP, the initial
serum SP-D levels were over twice the upper normal limit, but
decreased following RT. A similar phenomena was observed in
the present study in 2 patients with high serum SPD level prior
to RT. The level was reduced by RT and then resurged to abnor-
mally high values after a month; the RP was then observed after
three months (Fig. 3). A potential hypothesis from this observa-
tion is that the hyperproduction of SP-D, the interstitial lung
high-risk factor for RP, may be suppressed by RT and become
resurgent following the onset of RP.
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As eNO is a non-specific inflammatory marker, numerous
other factors, including corticosteroid use, smoking and diet,
may have effects on eNO, causing difficulty in the interpreta-
tion of eNO variations. The response of the lung to radiation
may also vary between patients. Zhang et al (27) demonstrated
that genetic variants of NOS2 may serve as reliable predictors
for RP. The study genotyped a cohort of 301 patients for 21
single nucleotide polymorphisms (SNPs) in the NOS2 gene.
The multivariate analysis identified that 3 SNPs (rs2297518,
rs1137933 and rs16949) in NOS2 were significantly associ-
ated with the risk of RP. Thus, a multiple biomarker analysis
(including SP-D, Krebs von den Lungen-6, transforming
growth factor-f 1, IL-6 and eNO) including genotype analysis
could be a successful approach for further study.

There are several limitations to the present study. Firstly, it
was a small study concerning a small number of patients with
a limited follow-up duration. Secondly, as no single biomarker
was adequate for the prediction of RP, only the best timing for
assessment and the best combination of biomarkers could be
explored. Finally, a good method for identifying patients with
a high risk of RP is required for serial biomarker monitoring.

In conclusion, obtaining the eNO ratio is a useful RP moni-
toring tool, but does not predict the occurrence of RP in the
present setting. Serum SP-D level may be a potential predictor
for the detection of RP risk.
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