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Stereotactic body radiotherapy (SBRT) proved to be an effective treatmentwith acceptable toxicity for lung tumors.However, the use
of helical intensity-modulated (IM) SBRT is controversial. We investigated the outcome of lung tumor patients treated by IMSBRT
using helical tomotherapy with a Japanese standard fractionation schedule of 48Gy in 4 fractions (𝑛 = 37) or modified protocols
of 50–60Gy in 5–8 fractions (𝑛 = 35). Median patient’s age was 76 years and median follow-up period for living patients was 20
months (range, 6–46). The median PTV was 6.9 cc in the 4-fraction group and 14 cc in the 5- to 8-fraction group (𝑃 = 0.001).
Grade 2 radiation pneumonitis was seen in 2 of 37 patients in the 4-fraction group and in 2 of 35 patients in the 5- to 8-fraction
group (log-rank 𝑃 = 0.92). Other major complications were not observed.The LC rates at 2 years were 87% in the 4-fraction group
and 83% in the 5- to 8-fraction group. Helical IMSBRT for lung tumors is safe and effective. Patients with a high risk of developing
severe complicationsmay also be safely treated using 5–8 fractions.The results of the current study warrant further studies of helical
IMSBRT.

1. Introduction

In recent years, treatment strategies for lung malignancy
have changed considerably. Twenty years ago, surgery was
the first choice of treatment for stage I non-small-cell lung
cancer (NSCLC) and solitary lung metastasis with no other
metastatic lesions. However, stereotactic body radiation ther-
apy (SBRT) is becoming more widely used following the first
report by Blomgren et al. [1] in 1995. Subsequently, Japanese
multi-institutional studies reported encouraging outcomes in
stage I NSCLC patients after SBRT [2, 3]. In addition, SBRT
proved to be an effective treatment for metastases in the lung
and liver, achieving high tumor control rates [4, 5]. A recent
systematic review revealed that SBRT ensures consistent local
control (LC) and overall survival (OS) rates comparable
to those obtained by surgical resection, while toxicities are

acceptable and minimal, regardless of differences in dose-
deliverymodalities or dose-fractionation schedules, provided
that an adequate dose is delivered to the target [6].

Helical tomotherapy (HT) delivers intensity-modulated
(IM) radiotherapy with a highly conformal dose distribution
within a target and minimized doses to surrounding organs
at risk. The use of helical IMSBRT is however controversial.
As advantages, conformal delivery and precise setup using
the onboard megavoltage (MV) CT system are well known
[7]. On the other hand, expansion of the low-dose irradiated
lung volume resulting from the coplanar beam delivery and
uncertainty in dose distribution due to respiratorymovement
are major concerns. Despite the disadvantages, several exper-
imental studies have shown that efforts to restrict respiration-
associated tumor motion and optimize the planning target
volume (PTV) margin lead to an acceptable minimal dose
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Table 1: Patient characteristics.

Characteristic Number of patients (%)
Total 4 fractions 5–8 fractions 𝑃 value

Total number of patients 72 37 35
Gender

Male 47 (65) 24 (51) 23 (49) 1.0
Female 25 (35) 13 (52) 12 (48)

Age (years), median [range] 76 [31–93] 76 [31–93] 78 [51–90] 0.17
Follow-up (months), median [range] 20 [6–46] 20 [7–41] 21 [6–46] 0.74
Clinical stage

Primary
cT1N0M0 52 30 22
cT2N0M0 1 0 1

Metastasis 12∗ 4 8
Recurrence 7 3 4

Performance status
0 61 (85) 34 (56) 27 (44)

0.151 9 (12) 3 (33) 6 (67)
2 2 (3) 0 2

Previous radiotherapy
Yes 23 (32) 11 (48) 12 (52) 0.8
No 49 (68) 26 (53) 23 (47)

Previous operation
Yes 28 (39) 12 (43) 16 (57) 0.33
No 44 (61) 25 (57) 19 (43)

Previous chemotherapy
Yes 3 (4) 1 (33) 2 (67) 0.61
No 69 (96) 36 (52) 33 (48)

Double cancer
Yes 24 (33) 12 (50) 12 (50) 1.0
No 48 (67) 25 (52) 23 (48)

∗Primary organ: tongue in 1, lung in 3, esophagus in 1, liver in 1, colorectum in 3, and ovary in 3.

error [8–10]. A number of clinical reports on IMSBRT have
demonstrated its feasibility, with a promising outcome and
favorable tolerance [7, 11–13].

With respect to normal tissue injury by SBRT, a recent
review indicated several problems: centrally located tumors
[14, 15], tumors adjacent to the chest walls [16–19], brachial
plexus [20] or diaphragm [21], large tumors [22], and tumors
in the lower lobe [23] that may carry a high risk of develop-
ing severe complications. The incidence of severe radiation
pneumonitis (RP) may also increase with enlargement of the
irradiated lung volume [24, 25]. To reduce toxicity, increasing
the fraction number is considered generally useful.When the
dose per fraction is increased above a reference level of 2Gy,
the isoeffective dose fallsmore rapidly for the late-responding
tissues than for the early-responding ones [24].

On the basis of these considerations, the use of IMSBRT
with HT appeared to be warranted to avoid severe toxicities
other than lung toxicity. It was hypothesized that, by increas-
ing the fraction number to above 4, toxicities reported for
smaller-fraction regimensmight be reduced. In this study, we
investigated the outcome of helical IMSBRT for lung tumors

with a Japanese standard fractionation schedule of 48Gy in
4 fractions for standard-risk patients and modified protocols
of 50–60Gy in 5 to 8 fractions for high-risk patients.

2. Materials and Methods

2.1. Patient Characteristics. Between January 2010 and
August 2013, a total of 72 patients were treated at Fukui Sai-
seikai Hospital using HT (TomoTherapy, Accuray, Madison,
WI, USA). Informed consent was obtained from all patients.
Patient and tumor characteristics are shown in Tables 1 and 2,
respectively. Patient age ranged from 31 to 93 years (median,
76 years). All patients had a performance status score of 0–2
and follow-up CT images until death or at least 5 months
after SBRT. Concurrent chemotherapy was not used. Fifty-
four had primary lung cancer, 11 had metastatic lung cancer,
and 7 had recurrent lung cancer. In patients with a previous
history of malignancy, the diagnosis of metastatic, recurrent,
or second primary lung cancer was made by consensus
of at least two radiation oncologists/radiologists/thoracic
surgeons/pulmonologists with over 20 years of experience in
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Table 2: Tumor characteristics.

Characteristic Number of tumors
Total 4 fractions 5–8 fractions 𝑃 value

Total number of tumors 72 37 35
Histology∗

Primary
Squamous 2 1 1
Adeno 10 6 4
Small 1 1 0

Metastasis
Squamous 2 0 2
Adeno 3 1 2
Small 1 1 0
UD 1 1 0

Recurrence
Squamous 2 0 2
Adeno 4 3 1

Maximum tumor diameter (mm), median [range] 15 [6–32] 14 [8–30] 15 [6–32] 0.12
CTV (cc), median [range] 2.2 [0.2–32] 1.6 [0.2–18] 2.8 [0.2–32] <0.001
PTV (cc), median [range] 9.1 [0.8–65] 6.9 [0.8–41] 14 [1.6–65] 0.001
PTV D95 (%), median [range] 100 [88–100] 100 [88–100] 100 [95–100] 0.14
CI, median [range] 1.0 [0.8–1.0] 1.0 [0.8–1.0] 1.0 [0.8–1.0] 0.87
HI, median [range] 1.2 [1.1–1.7] 1.2 [1.1–1.7] 1.2 [1.0–1.7] 0.145
MLD (Gy), median [range] 1.9 [0.2–8.1] 1.7 [0.4–5.6] 2.6 [0.2–8.1] 0.076
Volume of lung (cc), median [range] 3064 [1952–5278] 3057 [1952–5278] 3071 [1957–4700] 0.32
∗Patients with no histological diagnosis are not included.
UD: undifferentiated; CTV: clinical tumor volume; PTV: planning target volume; CI: conformity index; HI: homogeneity index; MLD: mean lung dose.

lung cancer management, considering the patients’ clinical
course, radiological findings, frequency of metastasis and
characteristics of previous malignancy, rate of tumor growth,
and tumor marker data. The primary lung cancers were
staged as T1N0M0 in 53 and T2N0M0 in 1 (according
to the 6th edition of TNM staging). Primary organs for
metastatic lung cancers were the tongue, lung, esophagus,
liver, colorectum, and ovary (Table 1).

Fifty-six of the 72 patients were judged as medically
inoperable. Forty-six patients (64%) had no histological
diagnosis and were treated based on progressive changes
on CT and/or PET-CT with or without elevation of tumor
markers. They refused or had contraindications to biopsy
or surgery. Forty-nine of all 72 patients and 28 of the 46
histologically unproven patients underwent PET-CT before
IMSBRT. Of the 18 histologically unproven patients who did
not undergo PET-CT, 17 had a ground glass opacity lesion
and 1 had a 0.8 cm tumor; both conditions are known to be
difficult to evaluate accurately by PET-CT [26].

2.2. Treatment Methods. Among the 72 tumors, 35 were
centrally located adjacent to the chest wall, brachial plexus,
or diaphragm or in the lower lobe. The patients with these
tumors were defined as those with a high risk for toxicity,
and 5 to 8 fractions were employed (50Gy/5 fractions, 𝑛 = 1;
52.5 Gy/7 fractions, 𝑛 = 1; 54Gy/6 fractions, 𝑛 = 1; 54.6Gy/6
fractions, 𝑛 = 2; 55.2 Gy/6 fractions, 𝑛 = 1; 57.6Gy/8

fractions, 𝑛 = 19; 59.2 Gy/8 fractions, 𝑛 = 3; 60Gy/8
fractions, 𝑛 = 7).The total dose in this group was determined
considering the tumor size and location, and 20 patients were
treated with a biologically effective dose (BED

10
) of < 100Gy

(52.5Gy/7 fractions or 57.6Gy/8 fractions).The remaining 37
patients were defined as thosewith a standard risk for toxicity,
and theywere treatedwith 48Gy in 4 fractions.The treatment
with 4 fractions was performed twice a week according to
Shibamoto et al. [25], and treatment with 5 to 8 fractions
was performed 3 or 4 times a week.There were no significant
differences in patient characteristics between the two groups.

All patients were immobilized in a supine position
with a customized Blue BAG Cushion (Medical Intelli-
gence, Schwabmuenchen,Germany) for simulation and treat-
ment. Planning CT (Toshiba Medical Systems Corporation,
Tochigi, Japan) images through the whole lung were obtained
with a 2mm slice thickness under shallow breathing andwith
breath holding during the expiratory and inspiratory phases.
All target volumes and normal structures were contoured on
the Pinnacle3 workstation (Philips Medical Systems, Madi-
son,WI, USA).The clinical target volume (CTV) was defined
as the visible gross tumor volume. The CTV on CT during
the 3 phases was superimposed on a Pinnacle3 workstation
to represent the internal target volume (ITV). In principle,
the PTV margin for the ITV was 5mm to account for setup
errors and residual tumor motion. Plans were optimized to
have at least 90% (95% inmost cases) of the PTV receiving the
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prescribed dose, which is in accordance with the American
Society of Radiation Oncology’s white paper [27], excluding
one patient whose treatment was delivered so that 87.6%
of the PTV received the prescribed dose. The lungs were
contoured for each patient. The spinal cord, heart, major
vessels, major airway, rib, and other additional structures
were contoured only when they were adjacent to the PTV.
Doses to these structures were limited according to accepted
standards of the Japan Clinical Oncology Group (JCOG)
study 0403 [28].

Treatment plans were optimized in the tomotherapy
planning software versions 1, 2, 3, and 4 (Accuray, Madison,
WI, USA), with a convolution/superposition dose calculation
algorithm. The planning parameters used for the HT plans
were as follows: a field width of 1.0 or 2.5 cm, a pitch of
0.172–0.430, a modulation factor of 1.1–4.0, and a normal
or fine calculation grid (0.39mm × 0.39mm or 1.96mm ×
1.96mm × slice thickness). All plans were verified with
a phantom on the HT unit before treatment began. The
standard delivery quality assurance (DQA) procedure for
HT plans was accomplished with a static water equivalent
phantom called the Cheese Phantom (Accuray,Madison,WI,
USA). Before administration of IMSBRT, we also carried out
DQA with the moving Cheese Phantom and confirmed that
the errors of the calculated dose and target position were
less than 3% and less than 3mm, respectively. We used the
homogeneity index (HI) and the conformity index (CI) for
DVH analysis of the PTV. The HI was defined as the ratio of
the maximum dose in the PTV (𝐷max) and the prescription
dose in the PTV (𝐷rx): HI = 𝐷max/𝐷rx. The CI, as proposed
by ICRU 62 [29], was defined as the ratio of the treated
volume within the prescription isodose surface (VTV) to the
PTV (VPTV): CI = 𝑉TV/VPTV. Although the BED must be
cautiously used for these hypofractionation schedules [30–
32], to correct for the effect of dose per fraction, the mean
lung dose (MLD) was converted into the 2Gy equivalent
normalized total dose (EQD2) for convenience using the
linear-quadratic model with an 𝛼/𝛽 ratio of 3Gy.The patients
were treated using the Blue BAG Cushion for simulation,
with positioning determined by coregistration of an MVCT
scan acquired on the HT unit immediately before treatment.
The initial automated MVCT coregistration using the bone
and soft tissue setting on the HT unit was used with manual
refinements by the therapists before treatment. An attending
radiation oncologist verified all MVCT coregistrations.

2.3. Evaluation. The objectives of this study were to evaluate
retrospectively the toxicity, LC rate, and OS rate according to
the fractionation schedules: 4 or 5–8 fractions. The median
follow-up was 19 months for all patients and 20 months for
the patients who remained alive. In principle, initial follow-
up chest CT was performed at 3 to 6 months after IMSBRT
together with a blood test. PET-CT was performed when
CT scans, tumor marker assessments, and the history or a
physical examination yielded suspicious findings. Toxicity
was assessed according to the CommonTerminologyCriteria
for Adverse Events version 4.0. Local, nodal, and distant fail-
ures were evaluated for each lesion treated, whereas survival
time was calculated for each patient from the start of first

treatment.The Response Evaluation Criteria in Solid Tumors
[33] was used to evaluate response. The definition of LC
differed from that of complete response (CR) in that tumor
shrinkage was not required in the case of local control, but
there could not be any progression of the individually treated
lesion.Therefore, local control included CR, partial response,
and stable disease in individual lesions.The patterns of failure
were classified as local failure, regional failure, and distant
metastases.

2.4. Statistical Analysis. To examine differences in the pro-
portion of patients between the two fractionation schedules,
Fisher’s exact test (for gender, previous surgery, previous
chemotherapy, previous radiation therapy, and double can-
cer), 𝜒2 test (for performance status), or Student’s t-test (for
age and follow-up) was used. Student’s t-test was used to
examine differences in tumor diameter, CTV, PTV, D95%
of PTV, CI, HI, MLD, and volume of the lung between the
patient groups. OS, LC, RC, and DMC rates and cumulative
incidences of toxicities were calculated by the Kaplan-Meier
method from the start of IMSBRT. The log-rank test was
used to compare OS, LC, RC, and DMC rates and cumulative
incidences of toxicities between the subsets. A 2-sided𝑃 value
of 0.05 or less was considered to reflect statistical significance.
All of these analyses were carried out using SPSS statistical
software version 17.0 (SPSS Inc., Chicago, IL, USA) and Prism
5 (GraphPad Institute Inc., San Diego, CA, USA).

3. Results

3.1. Treatment PlanAnalysis. TheHI andCIwere 1.3± 0.2 and
1.0 ± 0 (mean ± SD), respectively. Median maximum tumor
diameter, CTV, andPTVwere, respectively, 14mm, 1.6 cc, and
6.9 cc in the 4-fraction group and 15mm, 2.8 cc, and 14 cc in
the 5- to 8-fraction group (𝑃 = 0.11, 0.0, and 0.001, resp.).The
medianMLD in EQD2was 1.7 Gy in the 4-fraction group and
2.6Gy in the 5- to 8-fraction group (𝑃 = 0.076).

3.2. Toxicity. Grade 2 RP was seen in 2 of 37 patients in the
4-fraction group and in 2 of 35 patients in the 5- to 8-fraction
group (log-rank 𝑃 = 0.92, Figure 1). Radiation-induced rib
fracture was not seen in the 4-fraction group and Grade 1
fracture was seen in 2 patients in the 5- to 8-fraction group
(log-rank 𝑃 = 0.93). Other major complications were not
observed.

3.3. Clinical Outcome. At 6 months, the tumor response was
CR in 7 patients (10%), partial response in 17 (24%), stable
disease in 14 (19%), progressive disease in 2 (2.8%), and
unevaluable due to RP in 32 (44%). At 2 years, the LC rate
for all 72 patients was 86%. The LC rates were 86% in the
4-fraction group and 85% in the 5- to 8-fraction group (log-
rank𝑃 = 0.89) (Figure 2). Details of 7 patients who developed
local recurrence are summarized in Table 3. The results were
similar when 43 patients with primary lung cancer with
no previous radiotherapy were analyzed. The primary lung
cancers were staged as T1N0M0 in 42 and T2N0M0 in 1. For
all 43 patients, the LC rate was 97% at both 1 and 2 years.
The OS rate was 93% at both 1 and 2 years. The RC and DMC
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Figure 1: Cumulative incidence of Grade ≥2 radiation pneumonitis
according to the fractionation regimen (48Gy in 4 fractions or 50–
60Gy in 5 to 8 fractions). There was no difference between the two
groups (𝑃 = 0.92).
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Figure 2: Local control curves according to the fraction. There was
no difference between the two groups (𝑃 = 0.89).

rates at 2 years were 100% and 88%, respectively. Twenty-five
were treated with 4 fractions, while 18 were treated with 5–8
fractions; at 2 years, the LC rates were 96% versus 100%, OS
rates were 91% versus 94%, RC rates were 100% versus 100%,
and DMC rates were 95% versus 77%, respectively (𝑃 = 0.25,
0.76, 1.0, and 0.015).

4. Discussion

The use of helical IMSBRT for lung tumors is controversial.
In addition to the advantages of HT as stated in the
Introduction, HT possesses further advantages. First, MVCT
images taken for registration can detect the volume change
of a tumor [34], so it is possible to adjust the patient position
for more precise delivery of irradiation to the tumor;
this cannot be accomplished with cyberknife and older
versions of linac-based SRT machines. Second, HT provides

Table 3: Characteristics of patients and tumors with local recur-
rence.

Patient characteristics Number of patients
Total number of patients 7
Gender

Male/female 5/2
Age (years), median [range] 66 [63–78]
Follow-up (months), median [range] 18 [13–41]
Clinical stage

Primary (cT1N0M0)
/metastasis/recurrence 3/3/1

Performance status
0/1 6/1

Previous radiotherapy
Yes/No 4/3

Previous operation
Yes/No 3/4

Previous chemotherapy
Yes/No 2/5

Double cancer
Yes/No 0/7

Tumor characteristics Number of tumors
Location

Upper /lower lobe 5/2
Histology∗

Primary
Adeno 3

Recurrence
Adeno 1

Maximum tumor diameter (mm),
median [range] 17 [12–30]

CTV (cc), median [range] 3.0 [0.8–11]
PTV (cc), median [range] 9.0 [2.2–46]
PTV D95 (%), median [range] 100 [94–100]
CI, median [range] 1.0 [0.9–1.0]
HI, median [range] 1.2 [1.0–1.5]
MLD (Gy), median [range] 1.2 [0.7–2.0]
Volume of lung (cc), median [range] 3500 [2374–5278]
∗

Patients with no histological diagnosis are not included.
CTV: clinical tumor volume; PTV: planning target volume; CI: conformity
index; HI: homogeneity index; MLD: mean lung dose.

excellent target coverage and dose homogeneity while
sparing the organs at risk. Third, treatment time is short
compared with that of other modalities. Fourth, multiple
lesions can be treated in a series of treatments [35]. Fifth,
HT incorporates an excellent algorithm for heterogeneity
correction that has been approved for use in RTOG trials
(http://www.rtog.org/ClinicalTrials/ProtocolTable/StudyDe-
tails.aspx?study=0915). Therefore, it would be beneficial for
patients if these advantages could be utilized in SBRT for
lung tumors.
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On the other hand, a major disadvantage of HT is the
expansion of the low-dose irradiated lung volume, especially
in large tumors. In addition, the current version of HT
cannot use respiration gating or deliver treatment under
breath holding, resulting in expansion of the PTV especially
in the lower lobe. This also leads to a discrepancy between
calculated anddelivered dose distributions due tomovements
of tumors and mechanical dynamics peculiar to HT, such
as motions of the multileaf collimator, gantry rotation, and
couch translation through the gantry. Thus, it is considered
that the normal lung dose tends to be higher in HT than
in linac-based SBRT. Because of these disadvantages, lung
toxicity may be the greatest concern when using HT for
IMSBRT. Indeed, Grade 5 lung toxicity has been reported
recently [12, 36]. Severe RP with HT was associated with a
larger GTV or PTV [36] and MLD [12]. These results were
also shown in previous reports of linac-based SBRT; the
incidence of ≥Grade 2 RP was significantly higher in patients
with a PTV ≥ 37.7 cc [37] or ≥80 cc [38]. With an MLD
≥19.6Gy, the probability of ≥Grade 2 RP within 5 years was
≥50% [22]. In the present study, the PTVsweremuch smaller,
and the MLD was much lower; probably, as a consequence of
this, complications were mild and acceptable.

In the present study, the median PTV in the 5- to 8-
fraction group (14 cc) was larger than that in the 4-fraction
group (6.9 cc) (𝑃 = 0.001), but there was no significant
difference in the median MLD between the 5- to 8-fraction
group (2.6Gy) and the 4-fraction group (1.7 Gy) (𝑃 = 0.076).
This might have been due to the MLD being calculated
using EQD2 and the fact that increasing the fraction number
reduced the EQD2 for the lung.Therefore, it seems important
to consider fractionation for patients with a large PTV.
Actually, there was no significant difference in the incidence
of Grade 2 RP, seen in 2 of 37 patients in the 4-fraction
group and in 2 of 35 patients in the 5- to 8-fraction group
(𝑃 = 0.92). In linac-based SBRT, radiation-induced rib
fracture was reported in about 20–35% of patients [18, 19].
In contrast, only 2 cases with Grade 1 rib fracture were seen
among 72 patients (2.7%) in this study. This might have been
because we planned IMSBRT to avoid the ribs and applied
5- to 8-fraction plans when a tumor was adjacent to the
ribs. After converting the 5- to 8-fraction data to 4-fraction
data using EQD2, the V48Gy (volume receiving ≥48Gy) and
V40Gy for the rib and chest wall were confirmed to be <1
and <10 cc, respectively, in all cases, satisfying the JCOG0403
criteria [28]. In a previous study, patients receiving 60Gy in 3
fractions had a higher incidence of delayed chest wall toxicity
than those receiving 50Gy in 5 fractions, while the outcomes
were equivalent [39]. These results suggest that it would also
be effective to use 5 or more fractions for patients with a high
risk of developing severe complications (e.g., centrally located
tumors, tumors adjacent to the chest wall, brachial plexus, or
diaphragm, and tumors in the lower lobe).

So far, linac-based SBRThas yielded promising outcomes:
median 1-, 2-, and 3-year LC were 92, 87, and 81% andmedian
1-, 2-, and 3-year OS were 83, 65, and 58%, respectively, in
a systematic review [6]. To date, IMSBRT with HT reported
equivalent outcomes [7, 11, 12]. This is not surprising since
doses similar to those used in linac-based SBRT have been

delivered. In this study, for 43 patients with primary lung
cancer with no previous radiotherapy, the LC rate at 2 years
was 97%. In 25 patients treatedwith 4 fractions and 18 patients
treated with 5 to 8 fractions, LC rates at 2 years were 96% and
100%, respectively, and OS rates were 91% versus 94%. Our
results compare favorably with the previous data, although
the follow-up duration differed, the population was small,
and the median tumor volume was small. In this study,
toxicities, LC, OS, and RC rates in the 5- to 8-fraction group
were similar to those in the 4-fraction group despite the
tumor size being larger in the former group. Therefore, if
fractionation schedules are carefully chosen, patients with a
high risk for complications seem to be able to undergo helical
IMSBRT safely and efficiently.

5. Conclusions

Helical IMSBRT for lung tumors is safe and effective. High-
risk patients may also be safely treated using 5 to 8 fractions.
However, the applicability of HT to even larger tumors (CTV
> 30 cc) needs to be determined in the future. The results of
the current study warrant further prospective studies.
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