Aim of the study: This study aimed to
prospectively investigate the clinical
outcomes of curative radical helical
tomotherapy (HT) applied to recurrent
non-small cell lung cancer (NSCLC) at
the bronchial stump site after right
pneumonectomy. After right pneumo-
nectomy, the heart shifted right later-
ally. The chambers of the heart closed
with a recurrent mass at the bronchial
stump were the right atrium and left
atrium due to right shifting of the heart.
The unfavorable bronchial stump re-
current cancer-heart geometry due to
a right shift of the heart might serve as
a reliable predictor of cardiac morbidity
for aggressive radiotherapy.

Material and methods: The 23 patients
received HT for the recurrent NSCLC
at the bronchial stump site after right
pneumonectomy between 2008 and
2011. The median age of the patients
was 65 years (range 56-74).

Results: We prescribed 95% volume
of the primary planning target volume
(PTV) to a total dose of 69 Gy in 30 frac-
tions, and 95% of the secondary PTV
to a total dose of 54 Gy in 30 fractions
with reduction of the 50% volume of
the heart < 20 Gy. The median confor-
mal index in the 23 plans was 1.21. The
mean fraction of primary PTV receiving
more than 95% of the prescribed dose
was 97.8%. The mean V,, V.,V of
the heart were 10.5%, 6.5%, 0.2%, re-
spectively. The median follow-up after
tomotherapy was 19.86 months. Medi-
an survival was 20 months. The 2-year
0OS was 39.1%.

Conclusions: The relatively high dose
tomotherapy alone for patients with
a recurrent bronchial stump mass
which was proximal to the heart
demonstrated favorable clinical results
without severe heart or pulmonary
complications.

Key words: recurrent NSCLC at right
bronchial stump, heart, helical tomo-
therapy.
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Introduction

Most patients suffering from non-small cell lung cancer (NSCLC) are ad-
vised to undergo surgery, especially if the ailment is in the early stages, in-
cluding sometimes patients with stage IlIA disease.

Analysis of failure patterns in the past has indicated that loco-regional
recurrence is a well-documented event in these cases, and occurrence of
systemic failure in completely resected patients usually changes them into
the incurable state [1, 2]. Many studies have been carried out in the field of
local regional recurrence. These studies reveal that this recurrence ranges
from 3 to 9% in stage |, and between 29 and 38% in stage IlIA, depending on
whether the patients underwent adjuvant treatment. After administering
curative resection, 5-year survival can range from 10 to 21% among persons
suffering from stage Ill adenocarcinoma, or between 54 and 84% for stage |
squamous cell carcinoma (SCC) [3-5]. There are more cases of documented
distant treatment failures after surgery than intrathoracic ones.

Persons who suffer from intrathoracic recurrence are mainly treated with
endobronchial irradiation, completion pneumonectomy, and other aggres-
sive approaches. Photodynamic therapy has also been shown to be quite in-
effective among NSCLC patients suffering from inoperable recurrent NSCLC
at the stump site [6, 7]. According to a study conducted by Furukawa et al.
[8], 75% of patients who had suffered from NSCLC recurrence at the stump
site experienced re-recurrence after undergoing photodynamic therapy, in
spite of an initial positive response. However, other studies conducted in this
field have more than contradicted this position. There are various studies
which have shown that radiation therapy can be effective in treating lung
cancer stump recurrence, even when it is not used in conjunction with other
therapies [9, 10]. All these studies were carried out over a long period of time
and involved recurrence at several different sites, including at the bronchial
stump, chest wall, and lymph node. These studies used diverse samples of
patients who were treated using different doses and fractionation patterns.
Additionally, external radiotherapy was at times used in combination with
brachytherapy or chemotherapy. In this regard, the studies did not portray
a comprehensive picture on the effectiveness of radiotherapy in disease
treatment. This is regardless of the fact that some of them acknowledged
that external beam radiation therapy (EBRT) was as effective as surgery.

In NSCLC, pneumonectomy is required in the removal of lesions which in-
volve the bronchi. In the case of lung cancer, pneumonectomy is associated
with significant mortality and morbidity rates, including lung edema, post-
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pneumonectomy syndrome, and bronchopleural fistula [11,
12]. However, in most cases, this cannot be avoided due
to technical and anatomical considerations. In addition to
changing pulmonary hemodynamics, pneumonectomy re-
sults in the migration of large vessels, as well as the heart,
in the pneumonectomy cavity. This process takes place over
a period of many years after one undergoes resection. After
a patient undergoes right pneumonectomy, the heart will
shift laterally. However, it is noted that in the case of left-sid-
ed pneumonectomy, the heart rotates in the cavity [13, 14].

There are many benefits associated with radiation ther-
apy. For example, radiation therapy improves both overall
survival and local control in stump recurrence after pneu-
monectomy is carried out. However, the survival benefits
that result from secondary metastasis prevention and bet-
ter local control can be offset by radiation-induced heart dis-
ease [15, 16]. There are diverse explanations for this. One of
them is the lateral shift of the heart after the patient suffer-
ing from lung cancer has undergone right pneumonectomy
[17]. There are other ailments that a person may suffer from
later in life as a consequence of cardiac irradiation caused
by radiotherapy of a right recurrent bronchial stump tumor
close to the right-shifted heart after right pneumonectomy.
These include valvular disease, cardiomyopathy, and peri-
cardial disease. Lung cancer patients who are also afflicted
by different heart ailments have an increased risk of myo-
cardial infarction or even death as compared to those pa-
tients without additional heart conditions. There are many
contributing factors in this case. However, the main ones
are cardiac volume and radiation dose [18, 19]. In this study,
it is supposed that extremely unfavorable bronchial stump
recurrent cancer-heart geometry which is caused by the
lateral shift of the heart (a heart proximal to the bronchial
stump recurrent cancer) might serve as a reliable predictor
of cardiac morbidity in patients with disadvantageous car-
diac anatomy and localization for 3-dimensional radiation
techniques. Tomotherapy has been found to significantly re-
duce the radiation dose delivered to the cardiac region and
other uninvolved tissues among patients with left-sided
breast cancer [20, 21]. The main objective in such a case is to
ascertain the effectiveness of tomotherapy in increasing the
tumor dose, while at the same time reducing irradiation of
the heart, the left lung and other tissues. Our present study
concerns patients who suffer from inoperable recurrent
NSCLC at the stump site after right pneumonectomy. In this
study, we sought to analyze the preliminary results of tomo-
therapy for the treatment of inoperable recurrent NSCLC at
the stump site after right pneumonectomy. The treatment
was carried out by escalating the radiation dose to the tu-
mor and reducing radiation exposure to the right-shifted
heart and to the single remaining left normal lung due to
right pneumonectomy.

Material and methods
Study design

The current study was a clinical trial that aimed at gath-
ering preliminary results of tomotherapy for the treatment
of inoperable recurrent NSCLC at the stump site after right
pneumonectomy. From 2008 to 2011, 23 patients received

curative radical tomotherapy for a recurrent stump mass.
The results were gathered by escalating the radiation dose
and reducing radiation exposure to the right-shifted heart
and to the single remaining left normal lung due to right
pneumonectomy. Patients who had received induction
chemotherapy were not included in the study. The devel-
opment, review, and management of the trial were carried
out according to the international standards that govern
human experimentation. The Hospital review board ap-
proved of the study before inclusion of any of the 23 pa-
tients. All the patients consented to the trial in writing be-
fore they were included.

Patient eligibility

The patients used in the study were histologically proven
to have stage I-lIl NSCLC. They were only eligible if it was
possible to encompass the entire detectable tumor under
the tomotherapy radiation field. The detectable tumor re-
ferred to included the primary tumor and lymph nodes that
were involved. Patients with supraclavicular metastasis in
the nodes were also included. All the patients were more
than 18 years of age and had a performance status of more
than or equal to 70%. Because the interest of the study was
to independently evaluate the efficiency of tomotherapy in
dose escalation to the targeted tumor and toxicity reduc-
tion, patients undergoing concurrent chemotherapy were
not included in the study. Other patients who were ineligible
were those who had undergone other kinds of resections
that were less than a pneumonectomy, those who had un-
dergone left pneumonectomies, those who had received
radiotherapy prior to the study, those with small cell lung
cancer, and those with distant metastases. All the patients
included in the study had developed locoregional recur-
rence after curative right pneumonectomy. In the 23 cases,
the histology at recurrence was similar to that of the initial
tumor. The staging evaluations that were carried out includ-
ed the medical history of patients, complete blood counts,
physical examination, biochemical tests, bronchoscopy, to-
mography and chest X-rays, ultrasound images of the ab-
domen, as well as liver, brain, and bone radionuclide scans.
Locoregional recurrence was diagnosed using computed
tomotherapy, [18F] FDG-PET, and abnormal observations on
bronchoscopy. The following criteria of the results for PFT
(pulmonary function test) must be considered for tomother-
apy: (1) baseline FEV, > 35% predicted; (2) diffusion capac-
ity > 35% predicted; (3) absent baseline hypoxemia (hypo-
xemia defined as Pa02 of < 60 mmHg on room air) and/or
hypercapnia (hypercapnia defined as PaCO, > 50 mmHg).

Treatment planning

All the target delineation was performed in the Pinnacle
treatment planning system (Philips Medical Systems, Both-
ell, WA). Afterwards, each patient’s planning CT scan and
the contours were transferred into the helical tomotherapy
planning system (Tomotherapy Inc.) for treatment planning.
The primary planning target volume (PTVp) associated with
the primary tumor gross tumor volume (GTV) had a 10 mm
margin from GTV (Fig. 1). The clinical target volume (CTV)
was defined by adding 8 mm margins around the gross
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Fig. 1. Primary PTV (red line) and secondary PTV (blue line). The primary planning target volume (PTV) associated with the primary tumor

gross tumor volume (GTV) had a 10 mm margin from the GTV. The CTV were defined by adding 8 mm margins around the GTV in this patient
with adenocarcinoma. By taking tumor motion and setup uncertainty into consideration, the secondary PTV was defined by adding 10 mm

margins around the CTV

tumor volume (GTV). By taking tumor motion and setup
uncertainty into consideration, the secondary planning tar-
get volume (PTVs) was defined by adding 10 mm margins
around the CTV (Fig. 1). The lungs, esophagus, spinal cord,
and heart were contoured for each patient. The major ves-
sels, major airway and other additional structures were con-
toured only when they were adjacent to the GTV. Treatment
plans were generated in the Tomotherapy Hi-Art planning
system using 6 MV photons delivered without a flattening
filter.

Planning was performed taking into account the field
width, pitch, modulation factor, and dose constraints, on the
basis of a standardized procedure. The present study used
a 5 cm field width, and a pitch of 0.17 or 0.31. A modulation
factor of 3 was set at the beginning of the optimization pro-
cess. A binary multi-leaf collimator (MLC) with a leaf width
that projected to a 6.25 mm width at the isocenter was
85 cm away from the X-ray photon source. In the plans,
a longitudinal aperture size of 1.05 cm or 2.5 cm was used.
The nominal dose rate at the isocenter was 87 cGy/min
(SAD). All plans prescribed 69 Gy delivered in 30 daily frac-
tions to the primary PTV with heterogeneity corrections us-
ing the superposition-convolution algorithm, and were opti-
mized to have at least 95% of the PTV receiving 100% of the
prescription dose, which is in accordance with the American
Society of Therapeutic Radiation Oncology (ASTRO)’s white
paper.

Target volume coverage took priority over the dose con-
straints for the OAR (organs at risk) in each case because
of the concern for a significant decrease in tumor control
probability (TCP) when there are significant subvolumes of
cold spots. Helical tomotherapy was used to deliver a dose
of 2.3 Gy for a period of 30 days to all patients. As a result,
the total radiation received was 69 Gy per patient. Radia-
tion was targeted at both the primary tumor and involved
nodal regions. However, elective nodal irradiation was not
carried out. Planning imaging involved a thin slice treatment
planning CT. Respiratory motion was reduced and normal-
ized using a double vacuum immobilization system.

In order to determine the extent of the GTV, the re-
searchers used PET imaging. The gross tumor volume was
defined as the visualization of any gross disease and lymph
nodes>1cm on CT. The clinical target volume was defined
as the GTV plus a 6- to 8-mm margin (adenocarcinoma:
8 mm; SCC: 6 mm). The primary PTV was defined as the
gross tumor volume plus a 10 mm margin to account for
tumor motion and setup uncertainty. The secondary PTV
was defined as the clinical target volume plus a 10 mm
margin with the same causes for primary PTV.

In addition, the critical structures, including the left
lung and the heart, the esophagus, and the spinal cord,
were contoured.

The tomotherapy treatment planning system was used
to plan treatment. The planning objectives for the tomo-
therapy plans reflected the following priorities: (1) achiev-
ing the plan of dose prescription for the target volume
which aimed at a standard deviation (SD) of the dose dis-
tribution of no more than 2% or 3% of the deliverable dose
to PTVpl and PTVp2; (2) maintaining the maximal dose of
the planning spinal cord < 45 Gy; (3) limiting the volume
of the left lung receiving 20 Gy (V20) less than 20%, and
mean lung dose < 20 Gy, based on a study of Graham et al.
[22]; (4) keeping the volume of the heart receiving 20 Gy
(V,,) less than 50%; (5) limiting the 30% volume of the
esophagus < 60 Gy, 66% to 55 Gy, and D__ < 75 Gy. The
dose constraints for the lung, the heart, the esophagus,
and the spinal cord were corrected for fractionation effects
using the linear-quadratic formalism [23, 24]. The /B val-
ue of 3 Gy was selected for the lung and esophagus, 1 Gy
for the heart, and 2 Gy for the spinal cord [25, 26]. The act
of repeating the process was required until the objective
function was optimized and the treatment planning aims
approached the desired goal.

Evaluation of survival and toxicity

All the patients were followed up for evaluation which
included chest CT, chest X-ray, [18F] FDG-PET, and physical
examinations. The examination was carried out at intervals
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of three months for a period of two years after the comple-
tion of radiotherapy, and thereafter at six-month intervals.

Statistical analysis

Overall survival (OS) duration was calculated from the
first day of tomotherapy to time of death or last follow-up.
The Kaplan-Meier method was used for calculation of the
survival rates. The Cox proportional hazards model identi-
fied the various prognostic factors that might have a sig-
nificant effect on post-recurrent survival. Several factors
such as demographic and clinical characteristics were ini-
tially evaluated for their association with postrecurrence
survival using univariate analysis by the log-rank test. The
relative risk (RR) of death and its 95% confidence interval
(Cl) were calculated using multivariate analysis by a Cox
regression model. The data were considered as signifi-
cant when the p value did not exceed 0.05. The Wilcoxon
signed rank test was used to test the differences in loss of
FEV,, forced vital capacity (FVC), and DLco (diffusion capac-
ity, transfer factor) after pneumonectomy and tomothera-
py. Two-sided p-values < 0.05 were considered significant.
Statistical analyses were performed using SPSS software
(release 14.0; SPSS Inc., Chicago, IL, USA).

Results
Patient characteristics

There were 4 females and 19 males, with a median age
of 65 (range 56—74). Table 1 shows the recurrence T- and
N-stage distribution of the patient population according
to the (2009) AJCC staging classification. The disease re-
currence was stage I1B in 13 (56.5%), stage llIA in 6 (26%),
and stage IlIB in 4 (17.5%). Twelve patients had SCC, and
11 patients had adenocarcinoma. There was no patient
with small cell carcinoma. A total of 23 patients received
tomotherapy alone without chemotherapy, and were
treated with a total dose of 69 Gy at 2.3 Gy per fraction,
5 days per week, for an overall treatment time of 6 weeks.

Results for tomotherapy plans

The tomotherapy plan for one of the study patients is
presented in Fig. 2. This is the most severe case of tomo-
therapy performed in recurrent cancer at the bronchial
stump in our hospital. Among the 23 subjects of this study,
the patient had the largest GTV volume (322.3 cc) and pri-
mary PTV volume (761.9 cc). This case was diagnosed as
NSCLCa (adenocarcinoma) stage 1A (T2N2MO), surgically
proven in October 30, 2002. Main surgery was right pneu-
monectomy and mediastinal lymph node dissection. The
patient underwent 6 sessions of chemotherapy of gem-
citabine plus cisplatin postoperatively (from December 5,
2002 to April 11, 2003) and was followed up at 6-month
intervals. PET CT and chest CT findings on March 9, 2006
revealed the recurrence at the right bronchial stump site.
The patient complained of hoarseness caused by vocal
cord paralysis. The second chemotherapy was performed
on the patient by changing the chemotherapeutic regimen
to paclitaxel plus carboplatin (from March 17, 2006 to Janu-
ary 4, 2007). PET CT findings (May 8, 2008) revealed aggra-

vation of the recurrent mass at the stump site and multiple
newly developed metastases in upper paratracheal lymph
nodes and both (right and left) supraclavicular lymph
nodes. Subsequently, the hematooncologist prescribed
erlotinib but suspended the medication due to poor com-
pliance with erlotinib. Instead, we implemented radiother-
apy. Relapse sites were characterized by both unfavorable
tumor geometry and proximity of the tumor to the heart,
esophagus, spinal cord, and the single remaining left lung

Table 1. Characteristics of the patients

Variables Patients (n = 23)
Age (SD) 65 (9.1)
Sex, No. (%)

men 19 (82.6)
women 4(17.3)
Initial pathologic stage, No. (%)
(after pneumonectomy)
| 8 (34.8)
[ 5(21.7)
A 4(17.3)
B 6 (26)
ECOG performance scale, No. (%)
(when recurrence)
1 15 (65.2)
2 4(17.3)
3 4(17.3)
Weight loss (when recurrence)
< 5% 12 (52)
>5% 11 (48)
Histology, No. (%)
squamous cell carcinoma 12 (52.1)
adenocarcinoma 11 (47.8)
Nodal station with disease, No. (%)
(after pneumonectomy)
NO 13 (56.5)
N1 5(21.7)
N2 3(13)
N3 2(87)
Recurrent stage (%)
113] 13 (56.5)
1A 6 (26)
1B 4 (17.5)
Reason for the pneumonectomy, No. (%)
direct extension 15 (65.2)
metastatic lymph node 8(34.7)
Previous chemotherapy, No. (%)
neoadjuvant chemotherapy 6 (26)
postoperative adjuvant chemotherapy 10 (43.5)
Previous radiotherapy, No. (%)
neoadjuvant radiotherapy 6 (26)
postoperative adjuvant radiotherapy 10 (43.5)

Gross tumor volume (cm?®) (range) 254.5 (103-322.3)

for tomotherapy

Planning tumor volume (cm?) (range)
for tomotherapy

439 (164-761.9)
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Fig. 2. Example of isodose distribution and drawing of PTV in a single case. Coronal view (upper photo) and axial view (lower photo). This is
the most severe case of tomotherapy performed in recurrent cancer at the right bronchial stump in our hospital. Among 23 subjects of this
study, the patient had the biggest GTV volume (322.3cc) and primary PTV volume (761.9cc)

in radiation therapy. Especially, the radiation exposure to
both ventricles of the heart had to be reduced. Since the
stump recurrent mass maintained a very close distance
with the esophagus in addition to the heart, the likelihood
of esophageal toxicity was forecasted to be great. Against
this clinical background, tomotherapy of intensity-modu-
lated radiation therapy (IMRT) and image-guided radiation
therapy (IGRT) was performed.

GTV1was defined by drawing the right recurrent stump
mass, upper paratracheal lymph node metastases and
right supraclavicular lymph node metastases. GTV2 was
defined by drawing left supraclavicular lymph node me-
tastases. This patient had a GTV volume (GTV1 plus GTV?2)
of 322.3 cc. The primary PTV was composed of PTVpl and
PTVp2 (Fig. 1). The CTV1 and CTV2 were defined by adding
8 mm margins around GTV1 and GTV2, respectively. By
taking tumor motion and setup uncertainty into consider-
ation, the PTVs1 (582.67 cc) and PTVs2 (179.23 cc) were de-
fined by adding 10 mm margins around CTV1and CTV2, re-
spectively (Fig. 1). This patient had a total PTV of 761.9 cm?
occupying a stump recurrent mass and metastatic lymph
nodes.

The results of the pulmonary function test before ra-
diation therapy are FEV, > 700 cc, predicted FEV, value
> 40%. Therefore, we decided on high-dose radiation ther-
apy alone by tomotherapy with radical and curative aims.
In this case, the 95% volume of the primary PTV was pre-
scribed to a total dose of 69 Gy in 30 fractions, and 95%
of the secondary PTV was given to a total dose of 54 Gy
in 30 fractions. The BED (biologically effective dose) for
primary PTV and secondary PTV was 84.87 Gy, and 63.72
Gy, respectively (o/B ratio = 10). Thus, a simultaneous in-
tegrated boost (SIB) was applied to cover several anatomic
target sites and with the notion of a treatment strategy
of clinical and dosimetric benefits. The treatment was
completed in 6 weeks, which corresponded to a moderate
shortening of treatment time.

As shown in the dose-volume histogram (DVH) of Fig. 3,
a steep incline was observed in the graph of PTVsl and
PTVs2 in the initial period, and then it changed to a gentle
slope at the dose range of 55-60 Gy. After a dose of 70 Gy,
a steep incline was seen again in the graph. Although
95% of PTVsl and PTVs2 was exposed to a dose of 54 Gy,
a small volume of PTVs was exposed to a high dose of ra-
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Fig. 3. Example of dose-volume histograms (DVHs) of planning tu-
mor volume (PTV) in the same case presented in Fig. 1 and Fig. 2.
As shown in the DVH of Fig. 3, a steep incline was observed in the
graph of PTVsl and PTVs2 in the initial period, and then it changed
to a gentle slope at the dose range of 55-60 Gy. After a dose of
70 Gy, a steep incline was seen again in the graph

diation because a 95% of PTVpl and PTVp2 was exposed
to a dose of 69 Gy at the same time.

The duration of tomotherapy was from December 23,
2009 to February 12, 2010 (52 days). After the treatment,
history taking, physical examination, and chest X-ray were
performed at a 3-month interval for the first two years. The
interval of the next follow-up period was 6 months. Chest
CT and PET CT were conducted to evaluate the response of
tomotherapy in January 16, 2013 after finishing tomothera-
py. Both chest CT and PET CT showed NED (no evidence of
disease). However, the patient abruptly complained about
dysphagia, and emergently performed endoscopic biop-
sy of the distal esophageal mass revealed the pathologic
results of adenocarcinoma in March 4, 2013. The patient
was on treatment with pemetrexed. PET after pemetrexed
revealed markedly improved metabolism of a known me-
tastasis in the distal esophagus (SUV,  18.0 — > 8.6) in
May 16, 2013. The maximal dose of the esophagus was
69 Gy due to the recurrent stump mass completely abut-
ting the esophagus. As a result, the patient had to undergo
tomotherapy, suffering from esophagitis grade 3. Eventual-
ly, the patient overcame the adverse reaction with medical
supportive care including nystatin, tetracycline, fentanyl,
and 1-week rest. Esophageal stricture has not been found
until now as a complication of tomotherapy with a high
radiation dose. Limitation of radiation dose exposed to
the left lung maintained the 20% volume of the left lung
< 20 Gy, and mean lung dose < 20 Gy. No radiation pneu-
monitis was detected. When radical and curative, high-
dose tomotherapy is applied to patients with recurrent
stump lung cancer having only one remaining lung after
pneumonectomy, the new guidelines of constraints for
only one remaining lung need to be investigated more in

Cumulative dose (Gy)
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Fig. 4. Mean dose-volume histograms for the heart in the 23 cases
of this study. The mean V,,, V., V_ of the heart were 10.5%, 6.5%,

0.2%, respectively. In the h4éart5,0a 6600% volume of the left atrium and
right atrium was mostly exposed to over 40 Gy. A 50% of the right
ventricle was exposed to an average of 11.3 Gy while, a 50% of left
ventricle was exposed to an average of 10.4 Gy

the future. Although the patient in this case report was
the most difficult and complex, very satisfactory clinical
results were obtained.

To evaluate the quality of the 23 plans created by our
team, the conformal index (CI) and heterogeneity index (HI)
were calculated on the basis of the DVHs of the PTV. The Cl
of the PTV is the volume enclosed by the prescription isod-
ose line divided by the volume of the PTV. The increased Cl
shows a greater volume of the prescription dose delivered
outside the PTV. The HI of the PTV was defined using the
equation of D5%/D95%, where D5% and D95% correspond
to the dose given to 5% and 95% of the PTV, respectively.
Alarger Hlis a sign which suggests a greater dose exceeding
the prescription dose, and thus greater dose heterogeneity
inside the PTV. The median Cls of PTVp and PTVs in the 23
plans were 0.92 and 0.94, respectively. During our research
on radiotherapy of lung cancer, the poor Cl of 3D conformal
radiotherapy (3DRTx) was frequently observed in most lung
cancers with more irregular, complex, and advanced stage,
ranging from 2 to 5. The tomotherapy improved the Cl of the
PTV, showing more conformal and improved isodose distri-
butions. The median heterogeneity index of PTVp and PTVs
in the 23 plans was 1.04 and 1.33, respectively. The tomo-
therapy also improved the HI of the PTVp including the GTV,
compared to the already known data of the HI for 3DRTX,
on average ranging from 1.2 to 1.5. However, in general, the
HI of PTVs including the PTVp increased, compared to the
HI of the PTVp. The reason for the increased Hl of PTVs was
the planning and irradiation of different targets at different
dose levels in a single treatment session in simultaneous
integrated boost (SIB)-IMRT used in this study.

The V, (%) of the left lung and mean lung dose present-
ed as the median, with the range in parentheses, are as
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Fig. 5. Overall survival rate and progression-free survival rate. The median follow-up after tomotherapy was 19.86 months (range 6 to 26.5
months). This analysis of treatment outcome was based on the follow-up data available as of February 28, 2014. Overall survival duration
was assessed from the first day of tomotherapy to the time of death or last follow-up, and estimated using the Kaplan-Meier method. Me-
dian survival was 20 months. The 1-year and 2-year OS rates were 69.5% and 39.1%, respectively

follows: left lung V. (%): 52.35 (21-82), left lung V,, (%):
36.20 (16-57), left lung V., (%): 14.1 (11-16), and mean
lung dose (Gy): 15.54 (9.7-26). There was a case where the
volume of the left lung exposed to low dose radiation in-
creased to 82%. However, no severe radiation pneumonitis
was detected. Further evaluation and study of the param-
eters which have a significant effect on the degree of sin-
gle remaining left lung sparing are crucial.

The meanV,, V., V,, of the esophagus were 79%, 69%,
31%, respectively. The dose delivered to the esophagus was
increased. The percentage volume of the esophagus at
55 Gy was 46 (38-71). The maximal dose of the esophagus
increased to about 75 Gy in the case of the stump recurrent
mass abutting the esophagus at the level of T5-T7. In this
case of the recurrent stump mass abutting the esophagus,
tomotherapy was resumed after a week rest period due to
esophagitis of grade 3 and then was completed with all re-
quired procedures. Consequently, CR (complete response)
was decided in the PET study after a 6-month follow-up.

The mean V,,, V., V,, of the heart were 10.5%, 6.5%,
0.2%, respectively. In the heart, 60% volume of the left atri-
um and right atrium was mostly exposed to above 40 Gy.
50% of the right ventricle was exposed to an average of

11.3 Gy, while 50% of the left ventricle was exposed to an
average of 10.4 Gy (Fig. 4).

Treatment outcome — survival rate and treatment
failure

The median follow-up after tomotherapy was 19.86
months (range 6 to 26.5 months). This analysis of treatment
outcome was based on the follow-up data available as of
February 28, 2014. Overall survival duration was assessed
from the first day of tomotherapy to the time of death
or last follow-up, and estimated using the Kaplan-Meier
method. Median survival was 20 months. The 1-year and
2-year OS rates were 69.5% and 39.1%, respectively (Fig. 5).

After tomotherapy, 7 out of 23 patients died within
1 year. Three out of 7 patients died of local progression at
a median of 7.5 months, 2 out of 7 patients died of distal
progression at a median of 8.9 months, and the other 2 pa-
tients died of local progression followed by distant pro-
gression at a median of 5 months. Therefore, 1-year OS was
69.5% (16 out of 23 patients survived) (Fig. 5). The local
progression-free survival rate was 78.3% at 1 year (Fig. 5).
The distant progression-free survival rate was 69.57% at
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1year (Fig. 5). Total distant metastasis was detected in the
brain (n = 1), right kidney (n = 1), left lung (n = 1), and peri-
cardium (n = 1).

Two years after tomotherapy, 7 out of 16 survivors died
after another year. All of these 7 patients died of distant
metastasis. The cause of death of 4 patients was local
progression followed by distant progression at a median
of 15.5 months. The other 3 patients died of distant pro-
gression at a median of 13 months. Therefore, 2-year OS
was 39.1% (9 out of 16 patients survived) (Fig. 5). The local
progression-free survival rate was 51.4% at 2 years (Fig. 3).
The distant progression-free survival rate was 39.1% at
2 years (Fig. 5). Total distant metastasis was observed in
the liver (n = 1), brain (n = 3), bone (n = 1), multiple lymph
nodes (n = 1), and adrenal gland (n = 1).

Table 2. Prognostic factors associated with overall survival

Prognostic factors

Crude hazard ratio
on univariate analysis

Analysis of prognostic factors for overall
survival

The results of the Cox regression analysis are shown in
Table 2. The left panel shows the crude hazard ratio (HR)
for each variable based on univariate analysis. Compared
to the < 65 yr group, the crude HR of mortality for the
> 65 yr group was 3.251(95% Cl: 1.1-9.4; p = 0.03). The oth-
ervariables showed no significant correlation with mortal-
ity in the univariate analysis. In the final multiple regres-
sion model (the right panel of Table 2), the adjusted HR of
mortality for the > 65 yr group was 6.4 (95% Cl: 1.2-11.2;
p = 0.032) after controlling for other explanatory vari-
ables. Other predictors selected in the final model for the
risk of mortality were ECOG performance status at recur-
rence, stage at recurrence, and weight loss.

Adjusted hazard ratio
on multivariate analysis

(95% CI) (95% CI)
Crude HR 95% Cl P Value Adjusted HR 95% Cl P Value
Age at recurrence
< 65 years 1 0.03 1 1.2-11.2 0.032
> 65 years 3.251 11-9.4 6.4
ECOG performance status at recurrence
0-1 1 0.1-5.9 0.059 1 1.13-6.3 0.045
2-4 2.6 3.7
Symptoms when recurrence
no 1 0.4-3.8 0.35 (> 0.2) 1 0.07-5.8
yes 1.3 3.1
Disease-free interval (years)
< 1lyears 1 0.2-8.7 0.09 1 0.03-3.34 0.66
> 1years 0.8 0.87
Initial pathologic stage
stage | 1 0.47-2.3 0.085 1 0.31-4.8 0.93
stage |l 1.7 0.33-5.1 2.52 0.45-4.94
stage IlI 2.5 2.69
Stage at recurrence
stage II1B 1 0.12-4.1 0.067 1 1.62-3.02 0.014
stage IIIA-I1IB 1.7 231
Sex
female 1 0.04-2.41 0.51 (> 0.2) 1 0.49-9.11
male 0.3 4.9
Cell type
adenocarcinoma 1 0.5-4.3 0.15 1 0.95-3.23 0.27
squamous cell carcinoma 1.5 2.14
Neoadjuvant chemotherapy
yes 1 0.7-1.8 0.27 (> 0.2) 1 0.75-10.8
no 0.98 5.6
Postoperative adjuvant chemotherapy
yes 1 0.1-1.5 0.49 (> 0.2) 1 0.71-3.68
no 0.5 236
Weight loss
none 1 0.7-6.1 0.096 1 1.86-7.3 0.025
> 5% 21 4.38

The Cox proportional-hazards model was used to identify prognostic factors associated with overall survival. All factors with a univariate significance of p < 0.20
were entered in the multivariate model. The proportional-hazards assumption was checked using a test on Schoenfeld residuals and was found to be valid for all

factors investigated.
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Table 3. Variable changes in FEV,, FVC, and DLco after pneumonec-
tomy and tomotherapy according to the age of the patients at to-
motherapy

Pneumonectomy AFEV, A FVC A DLco
(% pred) (% pred) (% pred)
(mean£SD) (mean+SD) (mean % SD)
< 65 years 31.7 £16 31+24 33.8 +24
(n=19) (P =0.043) (P =0.039) (P =0.042)
> 65 years 21.9 +11 23.7 £20 26.7 24
(n=4) (P=0.037) (P=0.047) (P=0.035)
Tomotherapy A FEV, A FVC A DLco
(% pred) (% pred) (% pred)
(mean £ SD) (mean £ SD) (mean % SD)
< 65 years NS NS NS
(n=19)
> 65 years NS NS NS
(n=4)

Variable changes in PFT (pulmonary function test)

There was a significant difference between preopera-
tive and postoperative FEV,, FVC, and DLco values for right
pneumonectomy in both age groups (p < 0.05). However,
there was no significant difference between pre tomother-
apy and post tomotherapy for the reductions of pulmonary
function test in both age groups (Table 3).

Complications

Various grades of radiation pneumonitis were observed
among 7 patients (30%). One of the patients included in
the study had grade 3 radiation pneumonitis and was
treated using steroid therapy. The patient recovered. With-
in 6 months after the radiation treatment, 3 patients died
of pulmonary complications. One patient died of bacterial
pneumonia, while 2 died of radiation pneumonitis. Nine
patients (39%) experienced radiation esophagitis after the
treatment. Five patients suffered grade 3 esophagitis and
therefore required fluid support during radiation therapy.

Discussion

Lung cancer is considered to be the leading cause of
cancer-related deaths in the world today. The discussion
about NSCLC recurrence after pneumonectomy has been
rather peripheral [2]. The literature on the effectiveness
of using radiation therapy alone in treating recurrent lung
cancer among patients who have undergone right pneu-
monectomy is even scarcer. The scarcity is the reason why
a uniform policy has not been put in place to tackle these
issues in the world today. Many of the reports include stud-
ies that were carried out over periods of many years and
involve multiple therapeutic and diagnostic approaches.
Moreover, it is to be noted that most of the studies do not
have information on treatment and expected outcomes
among patients who have stump recurrences. One of the
main reasons why the survival rate among recurrence pa-
tients is low, even after subsequent radiation therapy, is
that post- operative irradiation is delayed. In most cases, it
is delayed until such a time when recurrence has already
occurred. Various studies have pointed out that post-oper-

ative irradiation is effective, especially if it is directed and
confined to the stump site [27-33]. In spite of the fact that
this clinical investigation only involved 23 patients, it was
carried out over a relatively short period of time and en-
deavored to ascertain the effectiveness of tomotherapy as
a sole treatment.

Despite the use of pneumonectomy and other resection
procedures for the treatment of NSCLC, up to 30% of the
patients experience recurrence. Locoregional recurrence is
very important for the attainment of overall survival and
cure for NSCLC patients. As a result of this, subsequent
treatment is required. Although reoperation is adopted
for the treatment of some patients, the procedure is very
limited. The two main modes of treatment for locoregion-
al recurrence are chemotherapy and radiotherapy. Many
different retrospective studies have documented that
the median overall survival for such patients is between
10 and 20 months. There are many prognostic factors,
which have diverse impacts on the OS. They include where
the recurrence has occurred, the objective of the treat-
ment (palliative or curative), disease-free interval, and the
incorporation of chemotherapy.

Other studies have suggested that patients who have
undergone resection after recurrence have a rate of surviv-
al that is comparable to that of those who have just been
diagnosed with NSCLC. The observation is made when the
two groups of patients receive curative radiotherapy or
chemotherapy. For the attainment of cure, the researchers
have pointed out that patients who have suffered from NS-
CLC recurrence should be offered aggressive therapy. How-
ever, one of the main concerns of administering curative
radical aggressive radiotherapy to NSCLC recurrence pa-
tients is the impact of such treatment on their pulmonary
functions. In the recurrent case, the lung function of the
patients was already compromised because of their first
operation after they were initially diagnosed with NSCLC.
Even if the pulmonary function of the patients is normal
after right pneumonectomy, there is always the likelihood
that salvage radiation will interfere with lung function.

The current study had two major objectives: (1) to de-
termine the effectiveness of tomotherapy in radiation
dose escalation for the treatment of inoperable recurrent
non-small cell lung cancer at the stump site after right
pneumonectomy; (2) to determine the effectiveness of
tomotherapy in reducing radiation exposure to the right-
shifted heart and to the single remaining left normal lung
for the treatment of inoperable recurrent non-small cell
lung cancer at the stump site after right pneumonectomy.

Our results of median survival of 20 months and
39.13% survival rate within 2 years were comparable to
the findings of other investigators. For instance, Kagami et
al. [30] documented that the median survival and 2-year
overall survival rate among 32 locoregional recurrent
NSCLC patients were 14 months and 28.1%, respectively.
Most authors found that patients who were treated with
curative intent of a dose of more than 50 Gy had better
health outcomes than their counterparts who had received
lower palliative doses. In the retrospective study of Jeremic
et al.[9,10], which included 61 patients who were irradiat-
ed with either curative intent (tumor dose (TD) 55-60 Gy
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in 26-30 fractions) (n = 42) or palliative intent (TD 30 Gy
in 10 fractions) (n = 19), the median survival and 2-year
survival rate of patients treated with radical aims were
18 months and 36%, respectively, compared to 7 months
and 11% for patients treated with palliative aims. The sur-
vival results were significantly different between curative
intent and palliative intent (p = 0.000). Foo et al. [31] also
reported that median survival of patients who were treat-
ed with radical radiotherapy for curative purposes was
26 months. On the other hand, those who were treated
with lower doses for palliative purposes had a median sur-
vival of 10.5 months (p = 0.025). Curran et al. [32], who
compared the use of radiotherapy among patients who
were resected with those who had not received surgical
treatment, used a radiation dose of 56 Gy for those suf-
fering from recurrent disease and 59 Gy for newly diag-
nosed NSCLC. The median survival rate for the patients in
both groups was 12 months, while the 2-year survival rate
was 22% and 26% among the recurrent and newly diag-
nosed patients respectively (p value was non-significant).
When the patients who had bronchial stump recurrence
were compared to those having lesions in the chest wall or
lymph nodes, a significant difference was evident. Patients
with bronchial stump lesions had a median survival of
36 months, compared to the patients with nodal or chest
wall recurrence (median survival of 9 and 7 months, re-
spectively). In this study, the investigators concluded
that aggressive radiotherapy should be offered to those
patients who have suffered locoregional recurrence after
resection and those newly diagnosed with NSCLC. Cai et
al. [33] carried out a study to draw comparisons between
newly diagnosed NSCLC patients and those who had lo-
coregional recurrence after resection. They suggested that
locoregional recurrence patients should receive aggressive
chemotherapy and radiotherapy. In their study, they did
not find any significant differences in the overall rate of
survival among stage | to stage Ill patients suffering from
newly diagnosed disease and recurrence patients. These
findings suggest that patients with postresection recur-
rent NSCLC should be treated as aggressively as those
with newly diagnosed disease.

During radiotherapy for bronchial stump recurrence of
lung cancer, the distances of the right atrium and left atri-
um get close to the GTV. For this reason, 60% volume of
the left atrium and right atrium was mostly exposed to
40 Gy. The results from physical analysis of dosimetric fac-
tors for the heart are as follows: (1) The percentage vol-
ume of the heart at 40 Gy was 13.7 (0.0-26.7). The effect of
radiation on the heart was insignificant. (2) The radiation
dose exposed to 60% volume of the right atrium and left
atrium increased to 40 Gy each, compared to the radiation
dose exposed to 60% volume of the left ventricle of mean
9.3 Gy. To sum up, exposed radiation doses are 60% vol-
ume of left ventricle: mean 9.3 Gy; 60% volume of right
ventricle: mean 9.7 Gy; 60% volume of left atrium: mean
40 Gy; and 60% volume of right atrium: mean 40 Gy (Fig. 4).
Radiation damage to the heart muscle is called cardio-
myopathy. It generally affects the left ventricle (chamber)
more than other parts of the heart, causing it to be stiff
and less responsive to changes. In patients treated for

non-Hodgkin’s lymphoma, doses > 40 Gy to the medias-
tinum are associated with significantly increased risk of
chronic heart failure and myocardial infarction [34]. Dos-
es should be < 40 Gy for < 25% of cardiac volume and
30 Gy for larger volumes [35]. However, in this study, the
mean of 60% volume of the left ventricle was 9.3 Gy, and
the mean of 25% volume of the heart was 27 Gy. There-
fore, serious cardiac complications were not detected at
almost low dose to the left ventricle. Reasons for the in-
creased amount of radiation exposure to the right atrium
and the left atrium than the left ventricle are as follows:
(1) right-sided shift of the heart after right pneumonecto-
my; surface characteristics of the chambers of the heart
determine that the right atrium forms the right border of
the heart, part of the base, and part of the sternocostal
surface, and the left atrium forms the posterior surface
(base) of the heart, lying entirely within the boundaries
of the oblique sinus of the pericardial sac; (2) the recur-
rent mass at the bronchial stump close to the left atrium
and right atrium because of superior location of both atria
compared to the other three chambers of heart at the level
of the carina.

Researchers have noted that pneumonectomy can cure
NSCLC because it is a relatively safe procedure. However,
when compared to sublobar or lobar resection, it has high
mortality and morbidity rates. Various researchers are of
the opinion that the operation scale, as opposed to neo-
adjuvant therapy, is the main contributor to postoperative
mortality and morbidity rates [36]. Additionally, most pa-
tients suffering from lung cancer develop recurrence after
successful resection. The recurrence can either be distant
metastasis or locoregional recurrence. Between 10 and
35% of NSCLC patients develop isolated recurrence, while
more than 50% of such patients develop both distant
metastasis and locoregional recurrence. As already men-
tioned earlier in this paper, there are quite a number of
studies that have documented findings in this regard. The
findings from the current study will be seminal in inform-
ing policy with regard to effective treatment of inoperable
recurrent NSCLC among patients who have undergone
surgery. Effective treatment involves both tumor dose
escalation and cardiac and pulmonary dose reduction.
Penagaricano and colleagues [37] note that tomotherapy
is a radiation therapy technique that allows for conformal
distribution of the dose to the volume that is targeted
while at the same time reducing irradiation of normal tis-
sues. In this regard, it is a technique that can reduce the
toxicity of normal tissue and allow the escalation of the
dose to the targeted volume, thus culminating in higher
local control rates. The findings of the current study will
go a long way in complementing such studies in the field.
Presently, there are no conclusive guidelines on the opti-
mal dose for the treatment of inoperable NSCLC. Lack of
such conclusive guidelines is especially notable in cases
of bronchogenic carcinoma. It has also been observed
that local control improves with an increase in the dose
of radiation [38, 39]. Nevertheless, the optimal dose has
been traditionally set from 60 to 70 Gy mainly because
of the nearness of other structures to tumors. This paper
describes the outcomes and characteristics of 23 patients
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with bronchial stump recurrence after curative right pneu-
monectomy who received subsequent tomotherapy treat-
ment. The 23 patients whose data were used in the study
represent a sample of the patients that the researchers
come across in their daily professional endeavors.

In summary, our study was conducted with a focus on
the special clinical situations of locally advanced recurrent
bronchial stump cancer after right pneumonectomy. In
these cases, we were faced with difficulties in the choice
of treatment method. Challenges we had to overcome in
treatment were the inoperability due to the anatomical
complexity of the heart and esophagus close to recurrent
tumor and the very wide range of recurrent disease from
the bronchial stump to the supraclavicular lymph node.
Because of the large disease volume with which chemo-
therapy alone could not deal, we should consider pallia-
tive radiotherapy at first. However, we changed the pal-
liative aim to the curative, radical aim because we have
the state-of-the-art tomotherapy which is equipped with
intensity-modulated radiotherapy and image-guided ra-
diotherapy. Thus, we set the target volume of tomother-
apy to the lesions including all of the recurrent sites pre-
sented in the patient’s body, and prescribed the high dose
of 69 Gy fractionated by 30 times to the target volume.
The most important points on which we put the emphasis
in IMRT planning were the following: the cardiac toxicity
and esophagitis, the radiation pneumonitis of the single
remaining left lung after right pneumonectomy, the high
radiation dose distributed to the recurrent mass and the
high risk area around it. It was fortunate that tomother-
apy had the potential for further escalating the dose to
the large and complex target volume with better sparing
of the esophagus, left ventricle and left lung in the pres-
ent tomotherapy planning. We report excellent survival
rates after the fractionated IMRT and IGRT using tomo-
therapy. The survival data which we analyzed statistically
were median survival, 1-year overall survival, 2-year overall
survival, local progression-free survival, and distant pro-
gression-free survival; they showed encouraging results
comparable or superior to other authors’ survival data al-
ready presented. The dose escalation may have relevance
for improved survival. Despite some patients showing ra-
diation-induced morbidity, our method was relatively well
tolerated, and the cumulative acute and late side-effect
rates were considered acceptable. Therefore tomotherapy
may be considered for not only symptomatic palliation
but also improving survival of locally advanced right recur-
rent bronchial stump cancer, and patients with recurrent
NSCLC after surgery should not be treated any less aggres-
sively than those with newly diagnosed disease. We will
be able to recommend appropriate dose scheduling guide-
lines for tomotherapy based on a belief founded in this
experience. Tomotherapy is gradually being incorporated
into the clinical practice of lung cancer, and several ques-
tions regarding its safety and superiority can be answered
by our results. On the basis of these results, we currently
offer fractionated high dose tomotherapy to patients with
a reasonable performance status (Karnofsky performance
status > 70) and who after multidisciplinary evaluation are
expected to benefit from control of the targeted lesion.

However, we think that future prospective trials with great
numbers of patients and longer follow-up are required.

The authors declare no conflict of interest.
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