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Abstract

Purpose—Radiation pneumonitis is a major toxicity following thoracic radiotherapy with no
method available to accurately predict the individual risk. This is a prospective study to evaluate
exhaled nitric oxide as a predictive biomarker for radiation pneumonitis in esophagus cancer
patients.

Patients and Methods—34 patients prescribed neoadjuvant chemoradiotherapy for esophagus
cancer were enrolled in this trial. Each received respiratory surveys and exhaled nitric oxide (NO)
measurements before, at the end of, and 1 to 2 months after completing radiotherapy. Pneumonitis
toxicity was scored using the Common Terminology Criteria for Adverse Events version 4.0. The
demographics, dosimetric factors, and exhaled NO were evaluated for correlation with
symptomatic patients (scores >2).

Results—28 patients were evaluable, all received 50.4 Gy with concurrent chemotherapy.
Pneumonitis toxcity scores were: 1 grade 3, 3 grade 2, 7 grade 1, and 17 grade 0. Dosimetric
factors were not predictive of symptoms. Exhaled NO measured before, at completion, and at
restaging were 17.3(8.5; 5.5 - 36.7), 16.0(14.2; 5.8 - 67.7), 14.7(6.2; 5.5 - 28.0) parts per billion
respectively. The ratio of exhaled NO at the end of radiotherapy versus pre-treatment was 3.4(1.7 -
6.7) for the symptomatic and 0.8(0.3 - 1.3) for the asymptomatic (P = 0.0017). Elevation in
exhaled NO preceded peak symptoms by 33(21 - 50) days. The time to peak symptoms was found
to be inversely related to the exhaled NO elevation.

Conclusions—Elevation in the exhaled NO at the end of radiotherapy was found to predict for
radiation pneumonitis symptoms.
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1. Introduction

Radiation pneumonitis is the dose limiting toxicity in thoracic radiotherapy for lung

cancer 1 2 and a major cause of mortality in the treatment of mesothelioma 3-°. It occurs
after radiotherapy for esophagus cancer & 7 and for breast cancer®. Radiation pneumonitis is
an inflammatory reaction within irradiated normal lung tissue in response to radiation
injury® 10, Bronchoalveolar lavage!! and lung biopsies? have shown that acute radiation
pneumonitis is characterized by leukocyte infiltration. Leukocyte migration into the
radiation injured site begins and is propagated by pro-inflammatory cytokines produced by
macrophages, epithelial cells, pneumocytes, and fibroblasts!3. Radiation pneumonitis occurs
beginning after the initiation of radiotherapy to six months after completion of thoracic
radiotherapy, with cough, shortness of breath, fever, and/or changes in pulmonary
function14 15, Severe radiation pneumonitis is often fatal, with a mortality rate among non-
small 6ceII lung cancer patients who experienced severe symptoms reported to approach
50%°.

The differential diagnosis of radiation pneumonitis includes lymphangitic malignancy
spread, respiratory infection, exacerbation of underlying pulmonary disease, pulmonary
emboli, cardiac disease, and drug toxicity’. The difficulty in the diagnosis of radiation
pneumonitis stems from an overlap of symptoms (cough, shortness of breath, low grade
fever, etc.) with those from the differential diagnosis also commonly present in patients with
thoracic malignancies. Studies using dosimetric parameters, such as the percentage of lung
volume irradiated > 20 Gy (V5q) or mean lung dose (MLD), to assess the risk of radiation
pneumonitis complications have had poor predictive power for individual risk 2 18:19 The
range of these dosimetric parameters for asymptomatic and symptomatic patients often
completely overlap!? 20 [8F]-2-fluoro-2- deoxyglucose positron emission tomography (18F-
FDG PET) imaging provides an assessment of pneumonitis, pulmonary inflammation
appears as enhanced 18F-FDG uptake in response to inflammatory stimuli?1-23, A metabolic
response to radiation has been reported?4, beginning early in the radiotherapy courseZ® and
reaching its peak response up to three months following completion?6. There is a significant
correlation between clinical symptoms and the metabolic response measured by 18F-FDG
PET imaging®. However, this metabolic response occurs concurrently with clinical
symptoms. An inexpensive biomarker that predicts for radiation pneumonitis before clinical
symptoms is needed.

Exhaled nitric oxide (NO) is an inexpensive non-invasive marker of pulmonary
inflammation that has been studied in many acute and chronic lung diseases2’: 28, Exhaled
NO is useful in assessing inflammatory status and response to therapy in moderate to severe
asthma and is becoming routine clinical practice in the pediatric asthmatic population2®. NO
has been studied in the irradiated lung in animal models and humans. In an irradiated lung
mouse model, alveolar macrophages produced NO after irradiation, and the expression of
inducible NO synthase (iNOS) in both alveolar macrophages and alveolar epithelial cells
was increased3: 31, In a prospective patient study of 29 patients undergoing thoracic
radiotherapy for lung cancer, Koizami et al.32 found the exhaled NO level rose > 3 times
pretreatment levels in five patients. Three of these five patients developed symptomatic
radiation pneumonitis, and no other patient showed signs of radiation pneumonitis.
However, the 2-dimensional treatment planning used and the lack of clinically available NO
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breath analyzers limited the studies wider acceptance. These studies suggest exhaled NO is a
potential biomarker of radiation pneumonitis.

In this study, we evaluate exhaled NO as a predictive biomarker for radiation pneumonitis in
patient receiving neoadjuvant chemoradiotherapy for esophagus cancer in a prospective
study. Patient symptoms are surveyed using a standard respiratory questionnaire33 and they
receive exhaled NO measurements prior to the start of, at the completion of, and 6 weeks
after thoracic radiotherapy.

2. Materials and Methods
2.1. Study Overview

Thirty-four patients scheduled to begin esophagus cancer treatment in the Department of
Radiation Oncology at the University of Texas M. D. Anderson Cancer Center (MDACC)
between March 23, 2009 and December 21, 2009 were enrolled in this MDACC Institutional
Review Board approved prospective study (2008-0632). Each patient signed an informed
consent and was entered into the clinical research database prior to study entry. Esophagus
cancer patients at our institution undergo induction and/or neoadjuvant chemoradiotherapy,
interval restaging, and surgery34. Patients on this study received measurement of their
concentration of exhaled NO prior to beginning radiotherapy, on the last day of
radiotherapy, and at their restaging follow-up visit. Since thoracic surgical intervention
would interfere with the interpretation of clinical symptoms, patients completed this study at
their restaging follow-up visit prior to surgery. At each of the three study encounters, they
were asked to complete a respiratory questionnaire and confirm their current medications
list. A measurement of their exhaled nitric oxide concentration was also made.

2.2. Radiation Treatment Plans

Each patient received a treatment planning session in which CT images of the entire thorax
and upper-abdomen. Gross target delineation and margin generation was performed in a
consistent manner as our group has reported3®. The radiation dose was calculated using an
average CT calculated from a 4-dimensional CT (4D CT) image set 36 37, The radiation
dose distributions were calculated with lung heterogeneity corrections for all cases3®: 39,
Mean lung dose (MLD), the percentage volume of lung irradiated to 5, 10, 20, and 30 Gy
(Vs, V10, V20, and V3g), were obtained from the radiation treatment plans as dosimetric
parameters to estimate the volume of lung irradiated.

2.3. Measurement of exhaled Nitric Oxide Concentration

The patients received exhaled NO testing using the Food and Drug Administration approved
NIOX Minno (Aerocrine, New Providence, NJ) within 2 weeks prior to the start of
radiotherapy, on the day of its completion, and on their restaging follow-up visit after the
completion after radiotherapy. The patients received exhaled breath testing following the
American Thoracic Society (ATS) guidelines?? standard techniques. The subjects were
seated comfortably, a sterile single-use mouthpieces and filter was used for each subject at
each session. Each patient inserted the mouthpiece and inhaled over 2 to 3 seconds through
the mouth to total lung capacity (TLC), or near TLC if TLC was difficult, and then exhaled
immediately. Since the NO concentration has a marked dependence on the flow rate, the
flow rate monitored is by the NIOX Minno to maintain a 3 L/min flow rate on exhalation.
The NIOX Minno creates a mild back pressure (8-10 mmHg) to close the posterior vellum
and prevent nasal air contamination. The measurements were made in triplicate, with data
acquired during three breaths at each time point and recorded. Exhaled NO values were then
calculated as the mean of the three values. There was at least 2 minutes of rest prior to each
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measurement. Measurements were taken at the start of radiation therapy, during the last
week of radiation treatment, and at the time of the follow-up PET imaging session.

2.4. Respiratory Questionnaire & Assessment

At each of the three assessment time points, patients enrolled in this study were asked to
complete the Americanized St. George's Respiratory Questionnaire33. Their current
medications list was confirmed with the patients and the documents entered into the patients'
electronic file for this study. The clinical and research records were combined to score the
pneumonitis toxicity using the National Cancer Institute Common Terminology Criteria for
Adverse Events, version 4.0 (CTCAEV4.0)4L. Clinically symptomatic pneumonitis was
defined as grade 2 or higher.

2.5. Statistical analysis

Continuous variables (mean lung dose, Vs, V19, V2o, V30, radiation dose, time between
radiotherapy and restaging, and age) were summarized in the form of mean (SD; range).
Categorical variables (toxicity, tumor location, and tumor histology) were summarized in the
form of frequency tables. A Wilcoxon rank sum test was used to compare the dosimetry
parameters (MLD, mean lung dose; CTV, clinical target volume; Vs — V3q, percentage of
lung volume that received > 5 - 30 Gy) between the asymptomatic and symptomatic groups.
P-values of 0.05 or less were considered statistically significant. The Wilcoxon rank test was
also used to compare exhaled NO ratios of end versus before RT. The exhaled NO ratio of
end versus before treatment was tested as classifier to predict symptomatic patients using a
k-nearest neighbor classifier with k=1-5 and an 80/20 cross-validation scheme. Simulations
were run 1000 times to predict the average error, where 80/20 is the percentage of data used
to train/test the classifier.

3. Results

3.1. Patient characteristics

Of the 34 consented patients 4 patients withdrew from the study prior to completing
radiotherapy and their scheduled tests. Three patients missed one of the evaluation sessions,
either due to instrument failure or schedule. One patient did not return for follow-up or
restaging visits. The characteristics of the evaluable patients who completed the study are
summarized in Table 1. All patients received 50.4 Gy (or Co-60 GE), 10 received proton
therapy and the remainder x-ray based intensity modulated radiotherapy (IMRT). The
primary esophagus tumors from all cases were mid-thoracic or lower esophagus cancer
primaries. The median time between the completion of radiotherapy and the follow-up visit
was 36 days (range: 23 to 56 days).

3.2. Exhaled Nitric Oxide

The concentration of exhaled NO measured before radiotherapy, at completion of
radiotherapy, and at restaging were 17.3(8.5; 5.5 - 36.7), 16.0(14.2; 5.8 - 67.7), and 14.7(6.2;
5.5 - 28.0) parts per billion (ppb) respectively. Each measurement was made in triplicate
with an average standard error of 0.8 ppb. Ratios for each case were formed with respect to
the pre- radiotherapy baseline and are given in histogram format in Figure 1 for the
radiotherapy completion and restaging time points. For a small subset, there is a transient
rise in the exhaled NO over baseline at the end of radiotherapy that nearly completely
resolves by the restaging visit.
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3.3. Respiratory Symptoms

Pneumonitis toxicity was assessed from medical records, including a review of the
radiographic studies, and the respiratory surveys. The toxicity scores derived using the
CTCAEV4.0%1 were: grade 0 - 17 patients, grade 1 - 7 patients, grade 2 - 3 patients, grade 3 -
1 patient, grade 4 or 5 - none. One patient who was hospitalized for dyspnea received a
grade 3 toxicity score, his restaging 18F-FDG PET imaging study is shown overlain the
treatment planning isodose distribution in Figure 2. Using the scoring system of Hicks et
al.*2 this corresponds with a grade 3 pneumonitis metabolic response. There is enhanced
FDG uptake within his lungs in the radiation treatment field consistent with radiation
pneumonitis. Three patients had both radiographic and clinical respiratory symptoms
affecting their instrumental activities of daily living were given a score of 2. Seven patients,
who had only radiographic findings within the radiation treatment field or minor clinical
symptoms, were scored as grade 1 toxicity. Patients were stratified based on clinical score as
symptomatic (= 2, 4 patients) or asymptomatic (0 or 1, 24 patients). For the four
symptomatic patients, toxicity grade > 2, the times to peak respiratory symptoms were
recorded.

3.4. Prediction of Clinical Symptoms

The dosimetric parameters, the MLD and Vs though V3, for asymptomatic and
symptomatic cases are summarized in Table 2. The range of values for the asymptomatic
cases included and exceeded the range for the symptomatic cases. There was no statistical
difference in the dosimetric parameters detected between the two groups. The exhaled NO
ratios, start versus end of radiotherapy, are separated into symptomatic and asymptomatic
cases in Figure 3a. Every symptomatic case was higher than all of the asymptomatic cases,
there were no symptomatic cases with a ratio of < 1.5 and vice versa. A scatter plot of the
time from the end of radiotherapy to peak symptoms versus exhaled NO ratio is given in
Figure 3b. For each of these symptomatic cases peak symptoms were defined during a
clinical encounter such as hospitalization for dyspnea. For every symptomatic case the
greater the exhaled NO ratio at the end of radiation treatment, the shorter the time to peak
symptoms. The exhaled NO ratio was plotted against the MLD and V5 in Figure 4 for the
symptomatic (red) and asymptomatic (blue) cases. There was no dosimetric parameter that
could meaningfully separate the two groups, however an exhaled NO ratio of 1.5 completely
separated the symptomatic from asymptomatic groups.

A comparison of the exhaled NO ratios (end versus before) between the asymptomatic
versus the symptomatic group found that symptomatic patients had a higher ratio than
asymptomatic patients (P-value < 0.0017). Additionally, the exhaled NO ratio (end versus
before) was tested as a classifier to predict symptomatic patients. A k-nearest neighbor
classifier with k=1-5 and an 80/20 cross-validation scheme run 1000 times to predict the
average error, where 80/20 is the percentage of data used to train/test the classifier, resulted
in a very small average error rate (8%).

4. Discussion

In this report, we report the findings of our prospective study designed to test the ability of
exhaled NO concentration measurements, using a point-of-service NO breath analyzer, to
predict symptomatic radiation pneumonitis. We found a transiently elevated exhaled NO
ratio at the end of radiotherapy in each patient who subsequently develop symptomatic
radiation pneumonitis. We found no dosimetric parameter predictive of radiation
pneumonitis symptom status, similar to the recently reported RTOG-0117 findings of
Bradley et al.#3. This elevation in exhaled NO was predictive and occurred weeks to months
before peak symptoms developed in each case. We demonstrated that the exhaled NO ratio
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can be used as a classifier to predict symptomatic patients with a small average error rate
(8%). These findings in esophagus cancer patients undergoing thoracic radiotherapy are
similar to those of Koizumi et al.32, who studied lung cancer patients, and may be
generalized broadly to all thoracic radiotherapy patients.

The rate of symptomatic RP was lower in this study than in our prior retrospective study of
esophagus cancer patients reported by McCurdy et al. 44, where the overall incidence of
symptomatic RP was 58%. In that retrospective study which included 139 cases and one
case of fatal RP, the MLD was 12.3 Gy versus 7.2 Gy in the present series. The lower lung
doses in this prospective study are due to the progressive use of technology, IMRT and
proton therapy versus 3D-RT planning, as well as reduced planning margins due to the use
of image guidance. Subgroup analysis would not yield additional findings given the small
sample size in this study. The incidence of symptomatic RP in the current study falls within
the range of 13 to 37% reported in the literature review by Rodrigues et al. 4°. In a recent
retrospective study of RP after stereotactic body radiotherapy (SBRT) in the setting of prior
thoracic radiotherapy, a crude symptomatic RP incidence of 50% was found 46. In that study
the biologically equivalent dose received was 112.5 Gy to the target, however, the lung
dosimetry parameters were not reported. Hua et al. 20 reported a 1-year cumulative
incidence of symptomatic RP of 8.2% in a retrospective study of 122 pediatric patients who
received thoracic radiotherapy. The prescription radiation dose for this cohort ranged from
15 Gy (Hodgkin lymphoma) to 70 Gy (sarcoma). Symptomatic cases were found even in the
Hodgkin lymphoma patients who received treatment at the lower dose range. We
hypothesize exhaled NO will increase in all symptomatic thoracic radiotherapy patients and
are planning a phase Il study to test our hypothesis.

Previous studies have evaluated inflammatory biomarkers from blood samples to predict
radiation pneumonitis symptoms. Plasma transforming growth factor p1 (TGF- p1) was
found to be a predictive marker of symptomatic radiation pneumonitis in a study by Anscher
etal.4’. In that study of 73 patients, those who had no elevation above pre-radiotherapy and
an absolute plasma concentration < 7.5 ng/mL were unlikely to develop symptoms with a
sensitivity and positive predictive value of 90%. However, subsequent studies attempting to
reproduce these results were mixed; a table illustrating the mixed results of TGF- B1 studies
can be found in Fleckenstein et al.#8. Soluble intercellular adhesion molecule 1 (sICAM-1)
was evaluated prospectively by Ishii et al.#% in 30 lung cancer patients. 12 patients
developed symptomatic pneumonitis, serum levels of sSICAM-1 at the end of radiotherapy
were elevated in the 7 out of 12 patients from the symptomatic group. In 10 out of 12
patients serum levels of SICAM-1 was elevated at the onset of symptoms. Arpin et al.>0
found, in a study of 96 patients, a significant rise in interleukin-6 (IL-6) among the radiation
pneumonitis group at 2 weeks into treatment, however there was a large variation in I1L-6
values in the radiation pneumonitis group (113.7(SD 474.7) versus 6.7(SD 27.3), P = 0.025)
making individual risk assessment difficult. Each of these test have the drawback of
requiring blood samples and consist of tests that are not broadly available.

Exhaled NO is useful in assessing inflammatory status and response to therapy in moderate
to severe asthma and is becoming routine clinical practice in that population??. The
instrument used in this study was designed for point of service use for both adult and
pediatric populations; it was simple to use, no technical training required, and gave
reproducible readings. The sensitivity and specificity of this test could not be fully assessed
due to the limited number of symptomatic cases. This study was also limited by the number
exhaled NO measurements made. To address these issues, this study is currently being
expanded to recruit a larger cohort of esophagus and lung cancer patients, with weekly
assessments to allow earlier detection of the rise in exhaled NO.
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We found in this study, patients who developed an elevation in their exhaled NO, are at high
risk to develop clinical radiation pneumonitis symptoms. Previously investigators have
shown amifostine®! or inhaled beclamethasone®? can reduce the incidence of radiation
pneumonitis in locally advanced lung cancer patient receiving thoracic radiotherapy.
However, the perceived risk of reduced cancer control and the medication side-effects
resulted in a reluctance to treat prophylactically all thoracic radiotherapy with these
medications. Now that a high risk group can be identified prior to peak symptoms, studies to
mitigate the subsequent development of radiation pneumonitis symptoms in this group are
needed. Genome-wide studies should also be applied to this high risk group to identify
genetic determinant that contribute to the enhanced pulmonary inflammatory response to
radiation expressed by this group.

5. Conclusions

In this prospective study, elevation in the exhaled NO concentration at the end of
radiotherapy was found to predict for subsequent symptoms. Every symptomatic patient was
found to have a higher ratio of exhaled NO over baseline than any of the asymptomatic
cases, there were no symptomatic cases with a ratio of < 1.5 and vice versa. The time to
peak symptoms was found to be inversely related to the rise in exhaled NO. Serial exhaled
NO may be utilized to identify a group at high risk to the subsequent development of
symptomatic radiation pneumonitis.
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Figure 1. Ratio of exhaled nitric oxide ver sustimepoint

a) A histogram is shown of the ratio of exhaled nitric oxide concentrations at the completion
of versus that obtained before radiotherapy (RT) from 28 cases. b) A histogram of the ratio
of exhaled nitric oxide concentration obtained at the first follow-up visit (23 to 53 days after
RT) versus that obtained before RT from 24 cases. All symptomatic cases are represented at
both time points.
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Abzolute

Figure 2. [18F]-Fluorodeoxygluoose (FDG) PET Response to Radiotherapy (RT)

The radiation isodose distribution is shown in coronal section for the case with the most
severe symptoms and the largest exhaled nitric oxide (NO) concentration ratio. The post-
treatment FDG PET imaging study obtained 33 days after completion of radiotherapy is
overlain. Note the FDG-avid lung regions within the irradiated lung. This patient
experienced CTCAEV4.0 grade 3 pneumonitis. This patient's exhaled NO concentration was
elevated (ratio equals; 6.7) one month prior to the above FDG PET imaging study and 3
weeks before his hospitalization for radiation pneumonitis related symptoms.
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Figure 3. Exhaled nitric oxide ver sus symptoms and radiotherapy (RT) type

a) A histogram is shown of the ratio of exhaled nitric oxide concentrations at the completion
of versus that obtained before radiotherapy from 28 cases. The symptomatic cases are shown
in solid black and the asymptomatic in solid white. Symptomatic cases were those with
CTCAEV4.0 grade 2 or higher pneumonitis. b) Scatter plot of time from the end of
radiotherapy to peak symptoms versus exhaled NO ratio. For every symptomatic case the
greater the exhaled NO ratio at the end of radiation treatment, the shorter the time to peak
symptoms. For each of these symptomatic cases peak symptoms were defined during a
clinical encounter such as hospitalization for dyspnea.
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Figure4. Toxicity analysis using exhaled nitric oxide (NO)

a) Plot of toxicity outcome by exhaled NO ratio and MLD. The dashed line (ratio exhaled
NO = 1.5) separates those with grade 2 or higher toxicity from the asymptomatic cases. b).
Plot of toxicity outcome by exhaled NO ratio and V5. The same line delineates a high risk
region for those with grade 2 or higher radiation pneumonitis toxicity. The two volumetric
parameters (MLD & Voq) alone or combined had poor predictive power.
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Table 1
Evaluable Patients Char acteristics

Characteristics n
Age (y)

Median 62

Range 41-75
Gender

Male/Female 25/3
Stage

I 1(3.6)

1A 10 (35.7)

1l 12 (42.9)

IVA 4(14.3)

IVB 1(3.6)
Location

Middle 5(17.9)

Middle to GE junction 3(10.7)

Lower 7 (25.0)

GE junction 13 (46.4)
CTV (mL)

Median 379 mL

Range 157 — 1095 mL
Prescription dose (Gy)

Median 50.4 Gy (or Co-60 GE)

Range 50.4 Gy
Radiation type

IMRT/Protons 18/10
Time between completion of radiotherapy to PET imaging session (days)

Median 36 days

Range 23 to 53 days
Chemotherapy

Induction prior to radiotherapy 17 (60.7)

Concurrent with radiotherapy 28 (100)

Abbreviations: GE = Gastro-esophageal, CTV = clinical target volume, Co-60 GE = cobalt-60 Gray Equivalents.

Percentages are presented in parenthesis.
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Dosimetric parameters for asymptomatic and symptomatic cases.

Table 2

Parameter | Asymptomatic (4 cases) | Symptomatic (26 cases) | P-value
MLD 7.0 (3.0-14.7) 8.4 (4.4-12.0) 0.69
Vs 37.9(11.9 - 63.8) 39.2 (185 - 56.1) 0.93
\V 24.2 (8.5-43.8) 28.8 (15.9 - 39.9) 0.93
Vo 13.2 (4.6 - 26.3) 16.8 (11.8 - 24.5) 0.56
V3o 7.3(1.3-18.8) 6.2(2.3-12.2) 0.78

Page 16

Median value with range given in parentheses for each entry. P-values calculated using the Wilcoxon rank sum test. P-values of 0.05 or less were

considered statistically significant.

Abbreviations. MLD = mean lung dose; V5 = percentage of lung receiving =5 Gy; V10 = percentage of lung receiving 210 Gy; V20 = percentage

of lung receiving 220 Gy; V30 = percentage of lung receiving =30 Gy.
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