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Abstract

Objective

This study investigated the metabolic parameters of primary tumors and regional lymph

nodes, as measured by pre-treatment F-18 fluorodeoxyglucose positron emission tomogra-

phy/computed tomography (F-18 FDG PET/CT) to compare the prognostic value for the

prediction of tumor recurrence. This study also identified the most powerful parameter in

patients with locally advanced cervical cancer treated with concurrent chemoradiotherapy.

Methods

Fifty-six patients who were diagnosed with cervical cancer with pelvic and/or paraaortic

lymph node metastasis were enrolled in this study. Metabolic parameters including the max-

imum standardized uptake value (SUVmax), the metabolic tumor volume (MTV), and total

lesion glycolysis (TLG) of the primary tumors and lymph nodes were measured by pre-treat-

ment F-18 FDG PET/CT. Univariate and multivariate analyses for disease-free survival

(DFS) were performed using the clinical and metabolic parameters.

Results

The metabolic parameters of the primary tumors were not associated with DFS. However,

DFS was significantly longer in patients with low values of nodal metabolic parameters than

in those with high values of nodal metabolic parameters. A univariate analysis revealed that

nodal metabolic parameters (SUVmax, MTV and TLG), paraaortic lymph node metastasis,

and post-treatment response correlated significantly with DFS. Among these parameters,

nodal SUVmax (hazard ratio [HR], 4.158; 95% confidence interval [CI], 1.1–22.7; p = 0.041)
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and post-treatment response (HR, 7.162; 95% CI, 1.5–11.3; p = 0.007) were found to be

determinants of DFS according to a multivariate analysis. Only nodal SUVmax was an inde-

pendent pre-treatment prognostic factor for DFS, and the optimal cutoff for nodal SUVmax

to predict progression was 4.7.

Conclusion

Nodal SUVmax according to pre-treatment F-18 FDG PET/CT may be a prognostic bio-

marker for the prediction of disease recurrence in patients with locally advanced cervical

cancer.

Introduction
Cervical cancer is the third most commonly diagnosed cancer and the fourth leading cause of
cancer-related death in women [1]. Advanced International Federation of Gynecology and
Obstetrics (FIGO) stage, larger tumor size, and presence of lymph node metastasis have been
reported as negative prognostic factors for patients with cervical cancer who are treated with
concurrent chemoradiotherapy (CCRT) [2,3]. Pelvic and/or paraaortic lymph node status is a
strong independent prognostic factor in cervical cancer [4,5]. Lymph node metastases in cervi-
cal cancer have the propensity to progress in an orderly fashion from the pelvis to the abdo-
men, the supraclavicular region, and then to the mediastinum. For patients with locally
advanced cervical cancer (stage IIB to IV), CCRT with a cisplatin-based regimen has become
the standard treatment [6,7]. Despite advances in treatment, a substantial fraction of patients
do not respond to therapy and continue to face a dismal prognosis.

Currently, F-18 fluorodeoxyglucose positron emission tomography/computed tomography
(F-18 FDG PET/CT) has been widely used to detect lymph node involvement, distant metasta-
sis, and recurrent disease in patients with cervical cancer [8]. Previous studies have demon-
strated that the maximum standardized uptake value (SUVmax) and metabolic parameters of
the primary tumor correlated with lymph node metastasis, persistent disease after treatment,
pelvic disease recurrence, and poor overall survival (OS) [9,10]. Moreover, recent studies have
reported that a high SUVmax of the regional lymph nodes is a significant adverse factor in
patients with cervical cancer [11–13]. In regards to its prognostic value, however, the degree of
F-18 FDG uptake in regional lymph nodes on F-18 FDG PET/CT has not been fully investi-
gated in patients with locally advanced cervical cancer. In addition, no comparison study has
been performed on the prognostic value of F-18 FDG uptake in primary tumors and regional
lymph nodes in patients with locally advanced cervical cancer who had regional lymph node
involvement as diagnosed by F-18 FDG PET/CT. Moreover, the prognostic value of the nodal
metabolic tumor volume (MTV) and total lesion glycolysis (TLG) has not been studied in cer-
vical cancer.

The aim of the present study was to compare the prognostic value of metabolic parameters
including SUVmax, MTV and TLG of primary tumors and regional lymph nodes to predict
tumor recurrence and to identify the most powerful biological marker that can be measured by
pre-treatment F-18 FDG PET/CT in patients with locally advanced cervical cancer who are
treated with CCRT. In addition, we evaluated the relationship between nodal F-18 FDG uptake
and known prognostic parameters of cervical cancer.
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Materials and Methods

Patients
For this study, we enrolled 95 patients with biopsy-proven cervical cancer, which was treated
with CCRT between September 2005 and August 2014. Retrospective data collection and analy-
sis were approved by the Institutional Review Board of Kyungpook National University Medical
Center. The need for informed consent was waived due to the retrospective design of the study.
The patients were staged according to the FIGO staging system. All patients had undergone F-
18 FDG PET/CT for the initial diagnosis and staging, as well as for the planning of the radio-
therapy. Of these patients, 56 patients were confirmed to have pelvic and/or paraaortic lymph
node involvement without distant metastasis on F-18 FDG PET/CT. We then performed a ret-
rospective review of 56 patients with locally advanced cervical cancer. The following clinical and
pathological parameters were retrieved and reviewed: age, FIGO stage, histology, primary tumor
size, and paraaortic lymph node metastasis.

Treatment
All patients were treated with a combination of external beam radiotherapy (EBRT) and high-
dose-rate (HDR) intracavitary brachytherapy (ICR) with curative intent. EBRT was delivered
to the whole pelvis using 10 MV photons with customized shielding in 1.8 Gy daily fractions,
five times a week, for a total dose of 45 Gy. A four-field box technique was used. The superior
border was the L4–L5 vertebral level. The inferior border was at the bottom of the obturator
foramen or 2–3 cm below the lowest extent of the cervical or vaginal disease. The lateral bor-
ders were placed 2 cm lateral to the inner bony margins of the true pelvis. For the lateral fields,
the anterior border included the symphysis pubis, and the posterior border was the S2-3 inter-
space. For patients with paraaortic nodal involvement, the superior border extended to the
T12-L1 interspace. A boost of EBRT given in 5 fractions for a total of 10 Gy was indicated for
patients with parametrial involvement and/or nodal metastases. HDR ICR was initiated after
an EBRT dose of 39.6 Gy. ICR was delivered twice a week in five fractions with a fractional
dose of 6 Gy at point A. At the end of parametrial and nodal boost EBRT, F-18 FDG PET/CT
or CT scans were performed. In cases of residual pelvic lymphadenopathy, an additional boost
of EBRT, which consisted of 4–10 Gy, was applied. As a result, a median of 65 Gy (range, 59–
65 Gy) of radiation was irradiated for gross residual lymphadenopathy after parametrial and
nodal boost. Weekly cisplatin at a dose of 40 mg/m2 was administered during radiotherapy.
The first course of cisplatin was administered on day 1 of radiotherapy.

F-18 FDG PET/CT Image Acquisition
All patients fasted for at least 6 hours, and their blood glucose levels were determined before
the administration of F-18 FDG. Patients with blood glucose levels higher than 150 mg/dL
were rescheduled for a later examination, and treatment was administered to maintain a blood
glucose concentration of<150 mg/dL in all subjects. Patients received intravenous injections
of approximately 8.1 MBq of FDG per kg of body weight and were advised to rest for 1 hour
before the acquisition of the F-18 FDG PET/CT image. F-18 FDG PET/CT scans were per-
formed using a Reveal RT-HiREZ 6-slice CT apparatus (CTI Molecular Imaging, Knoxville,
TN, USA) and a 16-slice CT Discovery STE apparatus (GE Healthcare, Milwaukee, WI, USA).
Before the PET scan, for attenuation correction, a low-dose CT scan was obtained without con-
trast enhancement from the skull base to the thigh when the patient was supine and breathing
quietly. PET scans with a maximum spatial resolution of 6.5 mm (Reveal PET/CT) and 5.5 mm
(Discovery PET/CT) were also obtained from the skull base to the thigh at 3 minutes per bed
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position. PET images that were obtained with the Reveal PET/CT and Discovery PET/CT scan-
ners were reconstructed with a 128 × 128 matrix, an ordered-subset expectation maximum
iterative reconstruction algorithm (4 iterations; 8 subsets), a Gaussian filter of 5.0 mm, and a
slice thickness of either 3.0 mm (Reveal PET/CT) or 3.27 mm (Discovery PET/CT).

Image analysis
The display and the analysis of the images were achieved with Volume Viewer software on an
Advantage Workstation 4.5 (GE Medical Systems, Milwaukee, WI, USA), which provides a
convenient and automatic method to delineate the volume of interest using an isocontour
threshold method based on the SUV. For each patient, the SUVmax was designated as the
highest SUVmax of the primary tumor and regional lymph nodes, and MTV and TLG were
obtained by summation of the values of the primary tumor and the values of all of the regional
lymph nodes. The SUVmax was obtained with the following formula: SUVmax = maximum
activity in the region of interest (MBq/g)/(injected dose [MBq]/body weight [g]). The mean
SUV of the mediastinal background plus two standard deviations was used as the threshold to
automatically calculate MTV. The TLG of a lesion was calculated as the product of MTV and
the SUVmean. The MTV and TLG of the regional lymph nodes were defined as the sum of
MTV and TLG values of each lymph node. Semiquantitative and volumetric analyses of the
primary tumor were performed using PETVCAR (PET Volume Computerized Assisted
Reporting) on an Advantage Workstation 4.3 (GE Healthcare, Milwaukee, WI, USA).

Metabolic responses were evaluated by nuclear medicine physicians during and after CCRT
using the F-18 FDG PET/CT images. A complete response (CR) was defined as the absence of
abnormal F-18 FDG uptake in the primary cervical tumor and the absence of abnormal uptake
by the metastatic lymph nodes, as noted in the pretreatment F-18 FDG PET/CT. Partial
response (PR) was defined as any persistent abnormal uptake at these sites. Progressive disease
(PD) was defined as new foci of abnormal F-18 FDG uptake, which is suggestive of metastasis.

Clinical endpoints and follow-up
Clinical follow-up of patients was performed every 3 months for 2 years, and then every 6
months from 2 to 5 years, and annually thereafter. After the completion of treatment, F-18
FDG PET/CT was performed in all patients. Failure was defined as biopsy-proven recurrence
or documentation of disease progression based on serial imaging studies. Failure patterns were
divided into the following four groups: none, isolated local failure that included the central pel-
vis and/or pelvic lymph nodes, distant failure that included paraaortic and supraclavicular
lymph nodes, and combined local and distant failure. To evaluate the prognostic value of the
clinical and quantitative metabolic parameters, DFS was chosen as an endpoint. DFS was calcu-
lated from the date of diagnosis of disease to the date of diagnosis of recurrence or the date of
the last follow-up.

Statistical analysis
The time to event was calculated as the time interval from the date of diagnosis to the date of
the first clinical or imaging findings that suggested disease recurrence. The differences between
subsets were evaluated by Student’s t-test, and differences between proportions were compared
with the chi square test. To identify an optimal cutoff of the F-18 FDG uptake values of the pri-
mary tumor and regional lymph nodes for the prediction of recurrence, receiver operating
characteristics (ROC) curve analysis was performed. The Kaplan-Meier method and the log-
rank test were used in the survival analysis of prognostic factors. The Cox proportional hazard
model was used to evaluate prognostic variables for univariate and multivariate comparisons,
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and an estimated hazard ratio (HR) with 95% confidence intervals (95% CI) is presented. Sta-
tistical analyses were performed with SPSS 21.0 for Windows (IBM Corporation, Armonk, NY,
USA), and p-values<0.05 were considered statistically significant.

Results

Clinical features and treatment outcomes
The clinical characteristics of the study participants are listed in Table 1. The predominant
FIGO stage was IIB (44 patients), followed by IIIA2 (5 patients), IIIB (5 patients), and IIIA1
(3.6%). Thirteen patients (23.2%) had paraaortic nodal metastases. The SUVmax, MTV, and
TLG of the primary tumors were 16.9 ± 9.3, 99.0 ± 116.8 cm3, and 753.9 ± 971.9, respectively.
The SUVmax, MTV, and TLG of the lymph nodes were 7.5 ± 7.1, 16.0 ± 33.5 cm3, and
72.5 ± 179.2, respectively. F-18 FDG PET/CT images were obtained for all patients both before
and after treatment. Post-treatment F-18 FDG PET/CT images were obtained within a median
of 5 months (range, 2–18 months) after the completion of CCRT. According to F-18 FDG
PET/CT performed after treatment, complete response (CR), partial response (PR) and pro-
gressive disease (PD) were observed in 37 patients (66.1%), 17 patients (30.4%), and 2 patients
(3.6%), respectively. After the median follow-up of 42 months (range, 6–97 months), 18
patients (32.1%) had recurrence, and 11 patients (19.6%) had died due to disease progression.
Of the 18 patients who experienced disease recurrence, 5 patients had local recurrence only, 5
patients had distant recurrence only, and 8 patients had both local and distant recurrence
(Table 2).

Cut-off value of metabolic parameters
The optimal cut-off values for the SUVmax, MTV, and TLG, which were calculated using the
ROC curve for the primary tumor, were 12.3, 63.7 cm3, and 411.9, respectively (p = 0.158 for
SUVmax, 95% CI 0.237–0.528; p = 0.086 for MTV, 95% CI 0.360–0.697; and p = 0.084 for
TLG, 95% CI 0.334–0.663). The optimal cut-off values that were calculated for the nodal SUV-
max, MTV, and TLG were 4.7, 10.3 cm3, and 32.9, respectively (p = 0.044 for SUVmax, 95% CI
0.519–0.817; p = 0.046 for MTV, 95% CI 0.509–0.824; and p = 0.038 for TLG, 95% CI 0.519–
0.826) (Fig 1).

Survival Analyses
No differences in DFS were observed according to the F-18 FDG uptake in the primary tumors.
The estimated five-year DFS rates were 66% in patients with a low SUVmax of the primary
tumor (�12.3) and 53% in patients with a high SUVmax of the primary tumor (>12.3;
p = 0.403). The estimated five-year DFS rates were 69% in patients with a low MTV of the pri-
mary tumor (�63.7 cm3) and a low TLG (�411.9) of the primary tumor, compared with 53%
in patients with a high MTV of the primary tumor (>63.7 cm3; p = 0.127) and a high TLG of
the primary tumor (>411.9; p = 0.116). However, the estimated five-year DFS rate was signifi-
cantly lower in patients with a high nodal F-18 FDG uptake compared with those with a low
nodal F-18 FDG uptake (nodal SUVmax�4.7 vs.>4.7, 92% vs. 33%, p = 0.001; nodal MTV
�10.3 cm3 vs.>10.3 cm3, 78% vs. 30%, p = 0.008; and nodal TLG�32.9 vs.>32.9, 78% vs.
30%, p = 0.007, respectively). Kaplan-Meier survival plots showed significant differences in
DFS when the data were stratified by the nodal SUVmax, the MTV, and TLG (Fig 2).

According to the univariate analysis, the nodal SUVmax (HR, 7.592; 95% CI, 1.8–34.8;
p = 0.006), the nodal MTV (HR, 6.015; 95% CI, 1.3–9.2; p = 0.014), the nodal TLG (HR, 6.266;
95% CI, 1.3–9.4; p = 0.012), paraaortic lymph node metastasis (HR, 5.393; 95% CI, 1.2–8.5;
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p = 0.020), and post-treatment response (HR, 13.289; 95% CI, 2.4–17.0; p< 0.001) were signifi-
cant prognostic factors for DFS. With the use of the forward stepwise multivariate Cox propor-
tional hazards model, the nodal SUVmax (HR, 4.158; 95% CI, 1.1–22.7; p = 0.041) and the
post-treatment response (HR, 7.162; 95% CI, 1.5–11.3; p = 0.007) remained significant prog-
nostic factors for DFS (Table 3).

Correlation between the nodal SUVmax and clinicopathological
parameters
High nodal SUVmax (>4.7) was associated with FIGO stage (p = 0.041), histology (p = 0.020),
primary tumor size (p = 0.045), and primary tumor MTV (p = 0.044). No correlation was
found between the primary tumor SUVmax and the nodal SUVmax (p = 0.954) (Table 1). In

Table 1. Distribution of the clinical characteristics andmetabolic parameters according to regional lymph node SUVmax (high and low).

Variable All patients (N = 56) Nodal SUVmax �4.7 (N = 25) Nodal SUVmax >4.7 (N = 31) P

Age (years) 51.5 ± 10.3 53.2 ± 11.3 50.1 ± 10.4 0.286

FIGO stage (N, %) 0.041

IIB 44 (78.6%) 22 (88.0%) 22 (71.0%)

IIIA1 2 (3.6%) 2 (8.0%) 0 (0%)

IIIA2 5 (8.9%) 1 (4.0%) 4 (12.9%)

IIIB 5 (8.9%) 0 (0%) 5 (16.1%)

Histology (N, %) 0.020

Squamous cell carcinoma 50 (89.3%) 25 (100.0%) 25 (80.6%)

Adenocarcinoma 6 (10.7%) 0 (0%) 6 (19.4%)

Primary tumor size (cm) 4.6 ± 1.7 4.1 ± 1.2 5.1 ± 1.9 0.045

Paraaortic lymph node metastasis (N, %) 13 (23.2%) 4 (16.0%) 9 (29.0%) 0.251

Primary tumor SUVmax 16.9 ± 9.3 16.9 ± 9.5 16.8 ± 9.3 0.954

Primary tumor MTV 99.0 ± 116.8 66.5 ± 51.0 125.2 ± 146.1 0.044

Primary tumor TLG 753.9 ± 971.9 516.26 ± 564.5 945.5 ± 1179.7 0.081

Nodal SUVmax 7.5 ± 7.1 3.4 ± 0.7 10.9 ± 8.2 <0.001

Nodal MTV 16.0 ± 33.5 2.6 ± 2.6 26.8 ± 42.2 0.003

Nodal TLG 72.5 ± 179.2 6.8 ± 5.8 125.9 ± 222.8 0.007

FIGO = International Federation of Gynecology and Obstetrics; SUVmax = maximum standardized uptake value; MTV = whole-body metabolic tumor

volume; TLG = total lesion glycolysis

doi:10.1371/journal.pone.0137743.t001

Table 2. Treatment response and recurrence patterns according to the SUVmax of the regional lymph nodes (high and low).

Variables All patients (N = 56) Nodal SUVmax �4.7 (N = 25) Nodal SUVmax >4.7 (N = 37) P

Response (N, %) 0.032

Complete response 37 (66.1%) 21 (84.0%) 16 (51.6%)

Partial response 17 (30.4%) 4 (16.0%) 13 (41.9%)

Progressive disease 2 (3.6%) 0 (0%) 2 (6.5%)

Recurrence (N, %) 0.002

Local 5 (8.9%) 2 (8.0%) 3 (9.7%)

Distant 5 (8.9%) 0 (0%) 5 (16.1%)

Combined 8 (14.3%) 0 (0%) 8 (25.8%)

SUVmax = maximum standardized uptake

doi:10.1371/journal.pone.0137743.t002
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the low nodal SUVmax (�4.7) group, 21 patients (84.0%) had a CR and 4 patients (16.0%) had
a PR. In the high nodal SUVmax group (>4.7), 16 patients (51.6%) had a CR, 13 patients
(41.9%) had a PR, and 2 patients (6.5%) had PD (p = 0.032). In the low nodal SUVmax group,
only local recurrences were observed. In the high nodal SUVmax group, however, both distant
(16.1%) and combined recurrences (25.8%) were observed (p = 0.004) (Table 2).

Discussion
This study investigated the relationship between quantitative metabolic parameters and DFS in
patients with locally advanced cervical cancer with regional lymph node involvement who
were treated by CCRT. To our knowledge, this is the first study that suggests that nodal meta-
bolic parameters as measured on F-18 FDG PET/CT are more significant prognostic parame-
ters compared with metabolic parameters of the primary tumor in cases of regional lymph

Fig 1. Receiver operating characteristic curve analysis for the prediction of recurrence according to the nodal maximum standardized uptake
value (SUVmax). The area under the curve was 0.668 (p = 0.044, 95% confidence interval 0.519–0.817), and 4.7 was determined to be the cutoff
comparison value for the nodal SUVmax.

doi:10.1371/journal.pone.0137743.g001
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node metastasis that are confirmed by F-18 FDG PET/CT. Among the metabolic parameters of
the primary tumor and the lymph nodes, the nodal SUVmax was the most powerful prognostic
marker for the prediction of recurrence.

Stage, tumor size, and lymph node status have been recognized as important predictors of
the prognosis with respect to patient survival [2,3]. In addition, it has been well demonstrated
that the survival rate of patients with cervical cancer with lymph node metastasis is signifi-
cantly lower than that of patients without lymph node metastasis [14,15]. However, an accurate
lymph node status can be determined only after surgery, which is frequently associated with
significant morbidity and mortality. F-18 FDG PET/CT has been shown to be more sensitive
than CT or magnetic resonance imaging for the detection of lymph node metastasis in patients
with cervical cancer [16,17]. Moreover, F-18 FDG uptake reflects the degree of glucose metabo-
lism within the tumor, which represents the aggressiveness of the malignant lesion [18,19].

Several reports have suggested that locally advanced cervical cancers in which the primary
tumors show high F-18 FDG uptake are associated with a poorer prognosis than cervical can-
cers with low uptake [10,20]. Recently, a few studies have demonstrated that regional lymph

Fig 2. Kaplan-Meier survival plots of disease-free survival according to the metabolic PET parameters. Kaplan-Meier survival plots of disease-free
survival according to (a) the maximum standardized uptake value (SUVmax) of the primary tumor, (b) the metabolic tumor volume (MTV) of the primary
tumor, (c) total lesion glycolysis (TLG) of the primary tumor, (d) the SUVmax of the regional lymph nodes, (e) the MTV of the regional lymph nodes, and (f)
TLG of the regional lymph nodes.

doi:10.1371/journal.pone.0137743.g002
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node F-18 FDG uptake might be a prognostic biomarker in patients with cervical cancer who
are treated with CCRT [11–13]. Yen et al. [11] found that an SUVmax>3.3 in the paraaortic
lymph nodes was predictive of worse OS; however, they found no impact of the pelvic lymph
node SUVmax on OS. In another study, Kidd et al. [12] showed that an SUV�4.3 in the pelvic
lymph nodes was a prognostic biomarker that was predictive of treatment response, pelvic
recurrence risk, and DFS in 83 patients with cervical cancer and pelvic node involvement on
PET/CT. Moreover, a recent study demonstrated that high F-18 FDG uptake in the pelvic
lymph nodes was associated with a high risk of disease recurrence and poor survival in 93 of
183 patients with pelvic and/or paraaortic lymph node metastasis. In this earlier study, cervical
cancer patients with a relatively early FIGO stage were enrolled. Fifty-four (77.1%) patients
with FIGO stage I-II were enrolled in the study by Yen et al. [11], while 19 patients (22.9%)
with FIGO stage IB1-IIA were included in the study by Kidd et al. [12]; 11 patients (11.8%)
with FIGO stage IB2-IIA were described in the study by Onal et al. [13]. In the current study,
however, the enrolled patients were restricted to those with locally advanced cervical cancer
(�FIGO stage IIB) who underwent pre-treatment F-18 FDG PET/CT that revealed pelvic and/
or paraaortic lymph node metastasis. Moreover, we evaluated the F-18 FDG uptake values of
whole regional lymph nodes including the pelvic and paraaortic lymph nodes. High values of
metabolic parameters such as MTV and TLG of the whole regional lymph nodes have signifi-
cant predictive value in terms of DFS. Moreover, the nodal SUVmax, including the SUVmax of
the pelvic and paraaortic lymph nodes, was the most powerful prognostic marker for the pre-
diction of recurrence among the metabolic parameters that were measured by pre-treatment F-
18 FDG PET/CT. Furthermore, an elevated nodal SUVmax was also found to be predictive of
worse OS (p = 0.016). However, the SUVmax of the primary tumor was not found to be corre-
lated with OS (p = 0.233). The Kaplan-Meier curves of OS indicated better outcomes for
patients with a lower SUVmax of the regional lymph nodes (S1 Fig).

Previously, we reported that the nodal SUVmax according to pretreatment F-18 FDG PET/
CT might be an independent prognostic factor for disease recurrence in patients with breast
cancer [21]. The hypothesis for the predictive value of the nodal SUVmax may be applied to
cervical cancer in the same manner. First, many authors have reported that increased tumoral

Table 3. Univariate andmultivariate analyses of clinical variables and quantitative metabolic parameters for disease-free survival.

Variables Univariate analysis Multivariate analysis

HR 95% CI P HR 95% CI P

Age (years) <45 vs. �45 1.030 0.6–4.2 0.310

Primary tumor SUVmax >12.3 vs. �12.3 0.673 0.5–4.0 0.412

Primary tumor MTV >63.7 cm3 vs. �63.7 cm3 2.172 0.8–5.6 0.141

Primary tumor TLG >411.9 vs. �411.9 2.294 0.8–5.8 0.130

Nodal SUVmax >4.7 vs. �4.7 7.592 1.8–34.8 0.006 4.158 1.1–22.7 0.041

Nodal MTV >10.3 cm3 vs. �10.3 cm3 6.015 1.3–9.2 0.014

Nodal TLG >32.9 vs. �32.9 6.266 1.3–9.4 0.012

FIGO stage >IIB vs. IIB 1.695 0.7–5.2 0.193

Tumor size �4 cm vs. <4 cm 0.811 0.5–5.1 0.368

Paraaortic node metastases 5.393 1.2–8.5 0.020

Post-treatment response PR or PD vs. CR 13.289 2.4–17.0 <0.001 7.162 1.5–11.3 0.007

SUVmax = maximum standardized uptake value; MTV = whole-body metabolic tumor volume; TLG = total lesion glycolysis; FIGO = International

Federation of Gynecology and Obstetrics; CR = complete response; PR = partial response; PD = progressive disease; HR = hazard ratio; CI = confidence

interval.

doi:10.1371/journal.pone.0137743.t003
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uptake of F-18 FDG correlates closely with the density of viable carcinoma cells, microvessel
density, and proliferative activity [22,23]. Second, lymph node involvement has been known to
be one of the most important prognostic factors in cervical cancer. We postulated that these
combinatorial effects might highlight the prognostic significance of the nodal SUVmax.

F-18 FDG PET/CT can be used to evaluate treatment response. Several studies have shown
that the metabolic response is associated with long-term outcomes in cervical cancer [24,25].
In this study, the post-treatment metabolic response was an independent prognostic factor for
the prediction of disease recurrence in a multivariate analysis. However, the time frame for
when F-18 FDG PET/CT was conducted after the completion of treatment, was varied (range,
2–18 months). As a result, the effect of various time intervals may limit the generalizability of
our results.

Our study has some limitations. First, it is a retrospective study with a limited number of
patients. Second, the SUV of small metastatic lymph nodes may be underestimated because of
partial-volume effects and because of the limited resolution of PET [26]. Third, histopatholog-
ical verification of the lymph nodes was not performed. The two types of PET scans that were
used for this study might affect the values of the quantitative metabolic parameters as measured
by FDG PET/CT. However, we performed image analysis on a single workstation to minimize
the effects of the SUV measured from different scanners. Finally, the fact that only node-posi-
tive patients were enrolled may limit the generalizability of our results and prevent the applica-
tion of risk stratification to patients without lymph node metastasis.

Despite these limitations, our study offers some unique and significant findings, and it dif-
fers from previous studies. We enrolled only patients with locally advanced cervical cancer
who had higher than FIGO stage IIB disease. To our knowledge, this is the first study that com-
pared the prognostic value of metabolic parameters of primary tumors and lymph nodes in
patients with cervical cancer who had F-18 FDG PET/CT-proven pelvic and/or paraaortic
nodal metastasis. In cases of nodal metastasis, the metabolic parameters of the primary tumor
were not significant prognostic factors for tumor recurrence. Furthermore, conventional clini-
cal factors for recurrence, such as age, size of the primary tumor, and FIGO stage, were not sig-
nificantly predictive of DFS according to a univariate analysis. However, nodal metabolic
parameters were significant predictors of DFS. In addition, the nodal SUVmax was the only
predictive factor for DFS among the pre-treatment variables according to a multivariate analy-
sis. Additionally, the optimal cutoff for the nodal SUVmax to differentiate progression was 4.7.

Conclusion
The present study revealed that the nodal SUVmax on F-18 FDG PET/CT before CCRT may
be an independent prognostic factor for the prediction of disease recurrence in patients with
locally advanced cervical cancer with regional lymph node involvement. These findings may be
used to improve prognostic models with appropriate risk reduction strategies. The identifica-
tion of these high-risk patients may make it possible to personalize treatment that may involve
higher doses of radiation boosts, consolidation chemotherapy, or adjuvant hysterectomy, when
indicated.
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S1 Fig. Kaplan-Meier survival plots of overall survival according to metabolic PET parame-
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