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Abstract. The present study (University Hospital Medical 
Information Network study no. UMIN000003797) aimed to 
evaluate whether the maximum standardized uptake value 
(SUVmax) of pretreatment 18F-fluorodeoxyglucose-positron 
emission tomography (FDG-PET) is prognostic factor for 
stage I non-small cell lung cancer (NSCLC) treated with 
carbon ion radiotherapy (C-ion RT). Patients treated between 
June 2010 and June 2013 at Gunma University Heavy Ion 
Medical Center (Maebashi, Japan) on a prospective protocol 
were included in the present study. Patients with T1a-b and 
T2a NSCLC were treated with C-ion RT at a dose of 52.8 Gy 
[relative biological effectiveness (RBE)] and 60.0 Gy (RBE), 
respectively, in four fractions. Prior to treatment, all patients 
underwent FDG-PET, in which the SUVmax of primary tumors 
was evaluated. Local control, progression-free survival 
(PFS), and overall survival (OS) were calculated. A total of 
45 patients were analyzed and the median follow-up period 
was 28.9 months. The 2-year local control, PFS and OS rates 
for all patients were 93, 78 and 89%, respectively. The mean 
SUVmax of primary tumors was 5.5, and patients were divided 
into higher (≥5.5) and lower (<5.5) SUVmax groups. The 2-year 
PFS rates were 61 and 89% for the higher and lower SUVmax 
groups, respectively (P=0.01), and the 2-year OS rates for the 
higher and lower SUVmax groups were 76 and 96%, respectively 
(P=0.01). The higher SUVmax group exhibited a significantly 
worse PFS and OS compared with the lower SUVmax group; 

however, the SUVmax was not associated with the local control 
rate. In total, 2 patients (4%) experienced grade 2 or 3 radiation 
pneumonitis, with their symptoms improved through conser-
vative treatment. No patients experienced any grade 4 or 5 
toxicities. The results of the present study indicate that 
pretreatment SUVmax is a prognostic indicator for outcomes in 
patients with stage I NSCLC treated with C-ion RT.

Introduction

In Japan, lung cancer is the leading cause of cancer-associated 
mortality (1). Although surgical resection is the typical treat-
ment for stage I non-small cell lung cancer (NSCLC), the 
number of medically inoperable cases treated with radio-
therapy has increased (2). Furthermore, patients with operable 
NSCLC may preferentially select radiotherapy in order to 
avoid surgery. Radiotherapy, including stereotactic body 
radiotherapy (SBRT) and particle beam therapy, serves an 
important role in the treatment of stage I NSCLC (3,4).

Carbon ion radiotherapy (C-ion RT) provides an 
improved dose distribution by the distal fall-off of the Bragg 
peak and less lateral scatter compared with photon therapy. 
These physical characteristics contribute to the delivery 
of high-dose radiation to the tumor, while minimizing the 
dose to surrounding normal tissue (5,6). Furthermore, C-ion 
RT exhibits a larger mean linear energy transfer compared 
with other radiotherapy beams, which causes a high rate of 
cancer cell death due to the formation of double-stranded 
DNA breaks (7). Considering these advantages, C-ion RT is 
expected to achieve high local control rates without severe 
adverse events in several types of tumor. For stage I NSCLC, 
a number of studies of C‑ion RT revealed that its efficacy 
and safety were comparable to SBRT (8-10). Despite the high 
rate of local control in C-ion RT for stage I NSCLC, regional 
lymph node or distant metastasis are relatively common (8,9). 
Identifying patients with a high risk of metastasis is impor-
tant and adjuvant chemotherapy may decrease the level of 
metastasis in these patients. Therefore, the establishment of 
a pretreatment prognostic factor for recurrence and survival 
in NSCLC is required.
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18F-fluorodeoxyglucose-positron emission tomography 
(FDG-PET) has been revealed to be a useful technique for 
tumor staging through its ability to detect of tumor extension 
or metastasis (11-14). In several types of tumor, FDG-PET 
has been demonstrated to predict survival and treatment 
response (15-17). A meta-analysis of 13 studies on NSCLC 
treated with surgery revealed that a high FDG-PET stan-
dardized uptake value (SUV) of the primary tumor was a 
prognostic factor for unfavorable survival (18). However, the 
prognostic value of FDG-PET for stage I NLCLC treated with 
radiotherapy remains unclear. The aim of the present study 
was to evaluate whether the maximum SUV (SUVmax) of 
pretreatment FDG-PET may predict the prognosis of stage I 
NSCLC treated with C-ion RT.

Materials and methods

Study design and patients. Since 2010, patients with periph-
eral stage I (T1a-2a N0 M0) NSCLC have been treated with 
C-ion RT at Gunma University Heavy Ion Medical Center 
(Maebashi, Japan). The present study analyzed the patients 
that were treated between June 2010 and June 2013 with a 
prospective protocol approved by the Institutional Review 
Board of Gunma University Hospital (Maebashi, Japan). The 
present study was registered at the University Hospital Medical 
Information Network Center (http://www.umin.ac.jp; study 
no. UMIN000003797). Tumor stage was determined through 
chest computed tomography (CT) scanning, brain magnetic 
resonance imaging and PET/CT within 1 month prior to C-ion 
RT. Although the majority of patients exhibited biopsy-proven 
NSCLC, several patients avoided biopsy due to medical 
conditions. These patients were clinically diagnosed by subse-
quent tumor growth on CT scans and/or by accumulation on 
FDG-PET. Treatment options were based on discussions of the 
Cancer Board of the hospital, including surgical and medical 
oncologists, and a radiologist. All patients provided written 
informed consent prior to treatment.

Treatment planning. C-ion beams of 290, 380 and 400 MeV 
were generated by the heavy particle accelerator at Gunma 
University Heavy Ion Medical Center. Details of the tech-
niques for C-ion RT and treatment planning have been 
previously described (19). CT simulation was performed 
following immobilization of the patients on fixation cushions 
and thermoplastic shells. Gross tumor volume was delineated 
as a visible lesion on lung window CT images. The clinical 
target volume margin was set at 5-8 mm to include subclinical 
disease extension. The planning target volume margin included 
set-up and internal margins, which were determined by tumor 
motion on four-dimensional CT images. The dose of C-ion RT 
was expressed as Gy [relative biological effectiveness (RBE)], 
which is defined as the physical C‑ion dose x RBE (3). Patients 
with T1a-b and T2a were treated with 52.8 Gy (RBE) and 
60.0 Gy (RBE), respectively. All treatments were administered 
in four fractions within a week.

PET scan acquisition. All patients underwent FDG-PET 
prior to C-ion RT. Subsequent to fasting for 6 h, FDG-PET 
scans were performed 60 min following intravenous FDG 
injection with a maximum activity of 400 Mbq. The SUVmax 

of the primary tumor was determined by drawing the volume 
of interest on attenuation-corrected FDG-PET reconstructed 
images. The SUVmax was automatically calculated based 
on the maximum activity in the volume of interest, injected 
FDG dose and patient weight (GE Healthcare Life Sciences, 
Chalfont, UK; Discovery ST Elite).

Assessment and follow‑up. Patient follow-up included a 
clinical examination and CT scan every 3 months for the 
first year, and every 6 months subsequently. Local recurrence 
was defined as progressive abnormalities on CT images with 
accumulation on FDG-PET. The majority of recurrent cases 
of NSCLC were pathologically confirmed by biopsy, cytology 
or salvage surgery. Toxicities, including pneumonitis, derma-
titis, esophagitis and chest wall pain, were scored according 
to the Common Terminology Criteria for Adverse Events 
version 4.0 (20).

Statistical analysis. Local control, progression-free survival 
(PFS), and overall survival (OS) were measured using the 
Kaplan‑Meier estimator method. The statistical significance of 
differences in local control and survival was assessed using the 
log-rank test. Local control, PFS and OS were calculated from 
the start date of C-ion RT until the last available follow-up or 
until the events, including recurrence, metastasis and death. 
Differences between two groups were compared using a 
Student's t-test. All statistical analyses were performed using 
SPSS software (version 21.0; SPSS Inc., Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Patient and tumor characteristics. A total of 45 patients were 
analyzed in the present study and their clinicopathological 
characteristics are presented in Table I. The median patient 
age was 72 years (range, 47-85). There were 18 patients 
(40%) with T1a, 15 (33%) with T1b and 12 (27%) with T2a. 
Squamous cell carcinoma was diagnosed in 16 patients (36%), 
adenocarcinoma in 24 (53%) and clinically diagnosed lung 
cancer in 5 (11%). The number of patients with operable NSCL 
was 30 (67%) and the number with inoperable NSCLC was 
15 (33%). The median follow-up time for all patients was 
28.9 months (range, 7.9-56.7). In total, 2 patients (4%) expe-
rienced grade 2 or 3 radiation pneumonitis; however, their 
symptoms rapidly improved subsequent to conservative treat-
ments. No patients experienced any grade 4 or 5 toxicities.

Local control, progression‑free survival and overall survival. 
Fig. 1 shows the curves of local control, PFS and OS for the 
entire cohort. The 2-year local control rate, PFS and OS were 
93, 78 and 89%, respectively. Of the 10 patients with recurrent 
NSCLC, 3 exhibited local recurrences, 2 exhibited hilar lymph 
node metastasis and 5 exhibited distant metastasis (data not 
shown). At the time of analysis, 8 patients had succumbed to 
lung cancer (n=4) or comorbidities (n=4) (data not shown).

Outcomes according to the SUVmax of FDG‑PET. The mean 
SUVmax of primary tumors was 5.5 (range, 0.8-22.4), which 
was used as the cut-off to divide the cohort into two groups. 
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All patients were divided into a higher (≥5.5) or lower 
(<5.5) SUVmax group. Patient and tumor characteristics were 
not significantly associated with SUVmax groups. The 2-year 
local control rates for the higher and lower SUVmax groups 
were 87 and 96%, respectively, which was not significantly 
different (P=0.27; Fig. 2). Patient clinicopathological 
characteristics were not significantly associated with the 
local control rate (data not shown). The 2-year PFS rates 
for the higher and lower SUVmax groups were 61 and 89%, 
respectively (Fig. 3). The higher SUVmax group exhibited a 
significantly worse PFS compared with the lower SUVmax 
group (P=0.01; Fig. 3). In addition, operability (P<0.01) and 
tumor stage (P=0.03) were significant prognostic factors for 
PFS (data not shown). The 2-year OS rates for the higher 
and lower SUVmax groups were 76 and 96%, respectively, 
and the difference betweem the two groups was statistically 
significant (P=0.01, Fig. 4). Operability (P<0.01) and perfor-
mance status (P=0.03) were also significant prognostic 
factors for OS (data not shown). Histological type was not 
significant factor for PFS and OS. Multivariate analysis was 
not performed due to the small number of patients in the 
present study.

Discussion

Based on a 2-year follow-up period, the present study revealed 
that C-ion RT produced 93% local control and 89% OS 
for stage I NSCLC with minimal toxicity. Furthermore, a 
higher SUVmax of the primary tumors on FDG-PET was 
significantly associated with a worse PFS and OS compared 
with a lower SUVmax. To the best of our knowledge, this is 
the first report demonstrating that pretreatment SUVmax on 
FDG-PET is a prognostic factor for stage I NSCLC treated 
with C-ion RT.

In SBRT, the utility of SUVmax as a prognostic factor for 
stage I NSCLC remains unclear; several previous studies 
have identified no significant association between SUVmax and 
patient outcomes (21-22). Burdick et al (22) analyzed pretreat-
ment SUVmax in 72 patients with inoperable T1-2N0M0 
NSCLC treated with SBRT and concluded that pretreatment 
SUVmax did not predict for local control, mediastinal failure, 
distant metastases or OS. In Japan, Takeda et al (23) revealed 
that a high SUVmax of the primary tumor was associated with 
a significantly worse local control rate in 95 patients with 
NSCLC treated with SBRT. It was concluded that NSCLC 
tumors with a high SUVmax may require dose escalation to 
improve local control, but patient outcomes were not studied. 
Chang et al (24) evaluated 130 patients with stage I NSCLC 
who underwent SBRT with 50 Gy in four fractions and 
concluded that a higher SUVmax was markedly associated 
with worse PFS and OS, but not local control. In a study 
by Clarke et al (25) on 82 patients with inoperable stage I 
NSCLC treated with SBRT, it was concluded that pretreat-
ment SUVmax was associated with local relapse and distant 
metastases.

A previous meta-analysis of 13 studies on NSCLC treated 
with radiotherapy revealed that a high pre-treatment SUVmax 
was significantly associated with unfavorable local control 
in patient treated with SBRT (hazard ratio, 1.11; 95% confi-
dence interval, 1.06-1.18) (26). In the present study, the higher 
SUVmax group did not exhibit worse local control compared 
with the lower SUVmax group, possibly as the local control 
rate of C-ion RT was high and the difference between two 
groups was not significant. Regardless of FDG accumula-
tion, C-ion RT exhibits an advantage in the local control of 
primary tumor.

Several surgical studies have evaluated the prognostic value 
of pretreatment FDG-PET in NSCLC. Goodgame et al (27) 
revealed that a pretreatment SUVmax ≥5.5 predicted worse 
recurrence and survival in 136 patients treated with surgery, 
and suggested that stage I NSCLC with a high SUVmax 
should be considered for adjuvant chemotherapy. In addition, 
Nair et al (28) systematically reviewed the association between 
FDG uptake and prognosis in stage I NSCLC treated with 
surgery. It was concluded that an increased tumor FDG uptake 
was associated with worse patient survival and could poten-
tially be used as a biomarker for identifying high-risk patients 
with stage I NSCLC. Similarly, the results of the present study 
demonstrated that a high FDG accumulation was associated 
with worse PFS and OS.

A high FDG uptake suggests that metabolically active 
cancer cells take up glucose. Vesselle et al (29) reported 
that FDG uptake is associated with tumor proliferation and 

Table I. Patient and tumor characteristics (n=45).

Characteristic No. of patients Frequency (%)

Gender  
  Male 31 69
  Female 14 31
ECOG performance status  
  0 19 42
  1 24 53
  2   2 4
Operability  
  Operable 30 67
  Inoperable 15 33
Histology  
  Squamous cell carcinoma 16 36
  Adenocarcinoma 24 53
  Clinical lung cancer   5 11
T stage  
  T1a 18 40
  T1b 15 33
  T2a 12 27
RT dose  
  52.8 Gy (RBE) 33 73
  60.0 Gy (RBE) 12 27
FDG-PET  
  SUVmax <5.5 29 64
  SUVmax ≥5.5 16 36

ECOG, Eastern Cooperative Oncology Group; T, tumor; RT, 
radiotherapy; RBE, relative biological effectiveness; FDG-PET, 
18F‑fluorodeoxyglucose‑positron emission tomography; SUVmax, 
maximum standardized uptake value.
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a poorer differentiation in NSCLC. van Baardwijk et al (30) 
revealed that high SUVmax tumors exhibited significantly 
higher hypoxic marker (hypoxia-inducible factor 1-α and 
glucose transporter 1) expression compared with lower 
SUVmax tumors. These results suggest that a higher FDG 
uptake is an indicator of malignant and radioresistant charac-
teristics, which means that these tumors may progress. As the 
biological and physiological advantages of C-ion RT produce 

a high local control rate even for radioresistant tumors (for 
example, hypoxic cells), FDG‑PET was a significant prog-
nostic factor for PFS and OS, but not local control, in the 
present study.

The cut-off value for SUVmax remains controversial. A 
previous study has indicated that an SUVmax of 5-7 in tumors 
was important for predicting outcomes (26). However, these 
values depend on patient characteristics, treatments and 

Figure 2. Comparison of the local control rate according to the SUVmax of pretreatment 18F‑fluorodeoxyglucose‑positron emission tomography in patients with 
stage I non-small cell lung cancer following treatment with carbon ion radiotherapy. SUVmax, maximum standardized uptake value.

Figure 1. Local control, overall survival and progression-free survival curves for patients with stage I non-small cell lung cancer following treatment with 
carbon ion radiotherapy.
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radiation doses. Additional studies are required to validate the 
findings of the present study in this regard.

Although SUVmax has been the focus of numerous 
studies, the usefulness of other PET parameters has also 
been reported. Satoh et al (31) reported that metabolic tumor 
volume, in addition to SUVmax, was significantly associated 
with outcomes following SBRT in lung cancer. Generally, 
the SUVmax of lung tumors is affected by the partial volume 

effect due to its respiratory movement, and a previous 
study (32) has attempted to correct this effect by using 
four-dimensional PET/CT. Salavati et al (32) demonstrated 
that semi-automated correction for the partial volume effect 
improved the accuracy of FDG quantification for malignant 
lesions of the lung.

The present study revealed that C-ion RT is an effective 
and safe treatment for stage I NSCLC. The 2-year local control 

Figure 3. Progression-free survival curve according to the pretreatment SUVmax on 18F‑fluorodeoxyglucose‑positron emission tomography in patients with 
stage I non-small cell lung cancer following treatment with carbon ion radiotherapy. SUVmax, maximum standardized uptake value.

Figure 4. Overall survival curve according to the pretreatment SUVmax on 18F‑fluorodeoxyglucose‑positron emission tomography in patients with stage I 
non-small cell lung cancer following treatment with carbon ion radiotherapy. SUVmax, maximum standardized uptake value.
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rate and OS were 93 and 89%, respectively, and the rate of 
radiation pneumonitis that was above grade 2 was only 4%. 
These results are comparable to that of a previous study of 
C-ion RT (8). However, additional follow-up is required to 
assess long-term outcomes and late adverse events following 
C-ion RT.

In conclusion, patients with a pretreatment SUVmax of ≥5.5 
exhibited a worse 2-year PFS and OS compared with those with 
an SUVmax of <5.5. These results indicate that pretreatment 
SUVmax is a prognostic marker that could be used to identify 
high-risk patients with NSCLC. Based on the results of the 
present study, patients with a higher SUVmax may benefit from 
adjuvant chemotherapy following C-ion RT to decrease the 
risk of distant metastasis. Additional studies are warranted to 
determine if pretreatment SUVmax is associated with long-term 
prognosis.
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