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Abstract

This study aimed to investigate the usefulness of interim '®F fluorodeoxyglucose
positron emission tomography—computed tomography (FDG PET/CT) during defini-
tive radiation therapy (RT) as a prognostic indicator of disease recurrence in patients
with hypopharyngeal squamous cell carcinoma. This prospective analysis included
35 patients with biopsy-proven hypopharyngeal squamous cell carcinoma who
received platinum-based chemoradiotherapy and underwent pretreatment FDG PET/
CT and interim FDG PET/CT (iPET) at a cumulative RT doses of 36.0—45.0 Gy. The
maximum standardized uptake value (SUVmax), metabolic tumor volume, and total
lesion glycolysis of the primary tumor (PT) and combined total lymph nodes for both
pre-PET and iPET were analyzed, and their percentage reductions in iPET were
calculated. The optimal cutoff values of the metabolic parameters were derived from
receiver operating characteristic curves. The outcomes were compared between
patients with metabolic parameters above and below the respective cutoff values.
Disease recurrence (locoregional or distant) was defined as a biopsy-proven tumor or
unequivocal clinical and radiological evidence of progression. Twelve (34%) patients
experienced disease recurrence during a median follow-up of 52 months. Univariate
Cox regression analysis revealed that the reduction ratio of the SUVmax of the PT
(ASUVp; hazard ratio, 7.685; p=0.008) was a significant predictor of disease recur-
rence. Kaplan—Meier curve analysis revealed that a smaller ASUVp was associated
with worse progression-free survival (log-rank, p=0.002). Metabolic parameters
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measured using iPET may be useful predictors of disease recurrence in patients with
hypopharyngeal squamous cell carcinoma treated with chemoradiotherapy. In this
study, ASUVp was the best prognostic indicator.

Introduction

Head and neck squamous cell carcinoma (HNSCC) represents a substantial global
cancer burden and significantly contributes to cancer-related mortality worldwide [1].
Within this group, hypopharyngeal squamous cell carcinoma accounts for a rela-
tively small subset of head and neck cancer [2]. It is often diagnosed at an advanced
stage and has a poor prognosis, with 5-year survival rates ranging from 25% to 50%,
depending on the stage and treatment [3].

Satisfactory results have been reported with the use of concomitant chemoradio-
therapy for locally advanced hypopharyngeal cancer to preserve organ function or
unresectable disease [4]. However, these treatment regimens are associated with
severe late toxicities, such as pharyngeal/swallowing disturbances, which can have
a lasting impact on a patient’s quality of life [5]. Locoregional recurrence and dis-
tant metastasis are common, and the possibility of successful salvage treatment for
recurrent disease is low. Therefore, new biological parameters should be identified to
support risk stratification and individualization of treatments to minimize toxicity while
maintaining therapeutic efficacy. The early identification of these parameters may
improve patient outcomes.

8F fluorodeoxyglucose (FDG) positron emission tomography—computed tomog-
raphy (PET/CT) is useful for staging and radiation therapy (RT) planning for head
and neck cancers. FDG PET/CT has diagnostic value for the initial staging and
detection of residual or recurrent disease [6]. Metabolic parameters, including the
maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV),
and total lesion glycolysis (TLG), also offer predictive value for anticipating thera-
peutic response [7]. These parameters are prognostic indicators for patients with
locally advanced HNSCC [8—13], and the prognostic value of FDG PET/CT during
RT has been reported [14—17]. However, these reports pertain to a variety of
head and neck sites, which may limit the generalizability of their data, as tumors
from different sites behave differently from both clinical and biological perspec-
tives. Therefore, independent evaluation of patients with hypopharyngeal cancer
is warranted.

The aim of this study was to investigate the usefulness of interim FDG PET/
CT (iPET), performed at a cumulative RT dose ranging from 36.0 to 45.0 Gy of
primary RT, as a prognostic indicator of disease recurrence in patients with hypo-
pharyngeal squamous cell carcinoma. In particular, we evaluated whether the
residual metabolic tumor burden, determined via SUVmax, MTV, and TLG, cor-
related with disease recurrence and whether the metabolic response, assessed
via the reduction ratio of these three metabolic parameters, also predicts disease
recurrence.
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Materials and methods
Study design

This was a prospective cohort study of patients who underwent iPET for hypopharyngeal cancer during CRT. All lesions
were localized using flexible laryngoscopy, and the diagnosis of hypopharyngeal squamous cell carcinoma was confirmed
histopathologically using biopsy specimens. The eligibility criteria were newly diagnosed and histologically confirmed
hypopharyngeal squamous cell carcinoma. Patients with metastatic disease, other active malignancies, or uncontrolled
diabetes mellitus were excluded.

Procedures

The pretreatment and iPET images of patients with hypopharyngeal squamous cell carcinoma who received definitive

RT with platinum-based chemotherapy were prospectively evaluated. RT was administered to the primary and neck
regions once daily using 6-MV photons. A total irradiation dose of 70.2 Gy was delivered in daily fractions of 1.8 Gy over 8
weeks. After 41.4 Gy was administered, the clinical target volume was reduced to encompass only the primary region and
involved neck nodes. RT was delivered using three-dimensional conformal radiation therapy (3D-CRT) or intensity-
modulated radiation therapy (IMRT).

Data collection and variables

The data from this cohort study were prospectively collected and managed. Clinical and demographic data were retrieved
from institutional medical records and included age at diagnosis, sex, Eastern Cooperative Oncology Group (ECOG) per-
formance status, smoking history, primary tumor (PT) subsite, T classification, N classification, and overall stage accord-
ing to the 7th Union for International Cancer Control (UICC) TNM classification. For the purposes of this study, locally
advanced disease was defined as stage Ill or IV hypopharyngeal squamous cell carcinoma according to the 7th UICC
TNM classification, without radiologically evident distant metastasis. Specific chemotherapeutic regimens were adminis-
tered. Imaging variables (SUVmax, MTV, and TLG) were derived from the pretreatment and iPET scans. The PET metrics
were acquired and measured using the imaging software SYNAPSE SAl Viewer (version 2.0; FUJIFILM, Tokyo, Japan).

PET/CT scanning technique

PET/CT was performed before treatment, and iPET scans were performed at cumulative RT doses of 36.0-45.0 Gy. The
patients fasted for at least 6 h before the PET examinations, and their blood glucose levels were confirmed to be <150 mg/
dL. FDG PET/CT commenced 60 min after the injection of FDG (3.7 MBqg/kg body weight) using the GE Discovery PET/CT
690 system (GE Healthcare, Milwaukee, WI, USA). The PET images covered the area from the skull to the midthigh. The
head—neck PET image was acquired for 6 min per bed position in list mode. The PET images were reconstructed using
three-dimensional ordered-subset expectation maximization (2 iterations, 24 subsets, and a 6-mm Gaussian filter) with
time-of-flight and point-spread-function modeling and CT attenuation correction. The parameters of CT imaging for attenu-
ation correction included a rotation time of 0.4s, noise index of 12, tube voltage of 120kV, and automatic exposure control
(tube current range, 10-300 mA). Images were reconstructed to a 192 x 192 matrix with 3.27-mm slice thickness. All PET/
CT studies were performed using the same PET/CT system with the same acquisition and reconstruction protocols.

FDG PET image interpretation and metabolic parameter measurement

All FDG PET images were analyzed by two experienced radiation oncologists. PET metrics were acquired using SYN-
APSE SAl Viewer version 2.0. The SUVmax was derived by selecting the area with the most avid uptake at the PT or
nodal sites. The MTV was derived by applying a fixed standardized uptake value (SUV) threshold of 2.5 as the lowest
limit of the segmentation criteria. TLG was calculated by multiplying the MTV by the mean standardized uptake value
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(SUVmean). A fixed SUV threshold of 2.5 was chosen as the segmentation algorithm for the calculation of the MTV and
TLG, consistent with other studies and meta-analyses [9,13,18]. The automatically derived, computer-assisted contours
and regions of interest were verified on three cross-sectional images (axial, coronal, and sagittal) to ensure that the

PT and nodal sites were accurately included, and adjacent normal structures were excluded. The SUVmax, SUVmean,
MTYV, and TLG were derived for the combined PT and total lymph nodes (PTN) from both pretreatment FDG PET/CT
(prePET) and iPET. The reduction ratios of the SUVmax (ASUV), MTV (AMTV), and TLG (ATLG) between the two images
were calculated. For example, ASUV was calculated using the following equation: ASUV =1 — (interim SUVmax/pretreat-
ment SUVmax).

Statistical analyses

The patients were observed for at least 2 years. Physical and endoscopic examinations were performed every 4-8
weeks for at least 2 years after treatment, and diagnostic imaging (CT and/or magnetic resonance imaging [MRI]) was
performed every 3—6 months, when clinically indicated. Disease recurrence was defined as a biopsy-confirmed tumor
whenever feasible. When biopsy was not possible, unequivocal progression on CT/MRI or FDG PET/CT, together with
compatible clinical findings, was considered disease recurrence. No biochemical criteria were used. The primary end-
point was progression-free survival (PFS). The secondary endpoint was overall survival (OS). The follow-up duration
was calculated from the first day of RT to the date of death or last follow-up visit. PFS was defined as the time from the
date of the first RT to the date of death or locoregional or distant recurrence. Patients without progression or death were
censored at the date of their last clinical or imaging follow-up. OS was defined as the time from the date of the first RT to
the date of death from any cause, and patients who were alive were censored at the date of the last follow-up. Locore-
gional recurrences included recurrences in the original PT region and nodal recurrences within the region of external
beam radiation fields. Distant metastases were defined as recurrences outside the external beam radiation field. A
diagnosis of tumor recurrence or distant metastasis was based on either a positive biopsy result or unequivocal clinical
or radiographic evidence of disease progression. PFS and OS were estimated using Kaplan—Meier curve analysis and
compared using the log-rank test.

FDG PET/CT parameters were compared between the disease recurrence and non-disease recurrence groups
using the Mann—Whitney U test. Receiver operating characteristic (ROC) curve analysis was performed to determine
the effectiveness of the parameters in predicting disease recurrence. The areas under the ROC curves (AUCs) were
calculated, and the optimal cutoff values were determined as the threshold that maximized the Youden index. For
univariate analysis, Cox regression analysis was used to identify the prognostic factors for PFS and OS. To evaluate
potential confounding, we summarized the baseline characteristics by the ASUVp cutoff (0.69) and tested the differ-
ences using the Mann—-Whitney U test for continuous variables (age) and Fisher’s exact test for categorical variables
(sex, ECOG performance status [PS], smoking history, primary tumor subsite, T/N classification, stage, RT technique
[IMRT vs. 3D-CRT], chemotherapeutic regimen) between two groups. Interobserver reliability for the measurement of
FDG PET/CT parameters was assessed using the intraclass correlation coefficient (ICC). A two-sided p-value <0.05
was considered statistically significant. All analyses were performed using SPSS Statistics for Windows version 23.0
(IBM Corp., Armonk, NY, USA).

Ethics statement

Participants were prospectively recruited between October 10, 2013, and March 31, 2020, at Mie University Hospital.
All participants provided written informed consent before undergoing any study-specific procedures. The study proto-
col, consent documents, and all amendments were approved by the Ethics Review Committee for Medical Research of
Mie University Hospital (permit no. 2615), which covered the entire recruitment period. Patients with minor errors were
excluded.
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Results
Patient characteristics

A total of 35 patients were included in the study from October 10, 2013, to March 31, 2020. The median age at diagno-
sis was 65 years (range, 46—81 years), and 33 patients (94%) were men. Most (97%) patients presented with locally
advanced disease. Patients with T3 and T4 disease comprised 51% of the study population, whereas 69% had N2 or N3
disease. The most common subsite was the pyriform sinus, which accounted for 69% of the study population. RT was
completed in all 35 patients. The patient characteristics are summarized in Table 1.

Association between PET parameters and disease recurrence

The median metabolic values of the PT for prePET vs. iPET were as follows: SUVmax, 14.99 (range, 3.19-25.99) vs.
4.31 (1.55-10.90); MTV, 13.45 (0.20-45.80) vs. 2.65 (0—23.25) cm3; TLG, 78.60 (0.70-328.90) vs. 9.3 (0-110.35). The
median metabolic values of the index node for prePET vs. iPET were as follows: SUVmax, 7.65 (range, 0-29.32) vs. 2.64
(0-12.64); MTV, 1.60 (0—89.05) vs. 0.10 (0-85.20) cm?; TLG, 6.60 (0—-685.55) vs. 0.20 (0-525.05).

At the time of analysis, 26 patients (74%) were alive and 23 (66%) were disease-free, whereas 12 (34%) had treatment
failure (9 with locoregional failure, 7 with distant failure, and 4 with both locoregional and distant failure). The median
follow-up period of all patients was 52 months (range, 4—-64 months; mean, 46 months), whereas that of survivors was 61
months (range, 30—64 months; mean, 55 months). Overall, 9 of the 35 patients (26%) died during the follow-up period: 7
from cancer and 2 from other causes. All recurrence-free patients were followed up for at least 2 years. After chemoradio-
therapy, 12 patients exhibited disease recurrence, whereas 23 did not. Table 2 summarizes the association between PET
parameters and disease recurrence. Significant differences were observed in the residual metabolic burden of iPET and
the reduction ratios between the disease and non-disease recurrence groups, whereas no significant differences were
observed in the prePET parameters.

ROC analysis and cutoff values

The optimal cutoff values derived from the ROC analysis are summarized in Table 3. The cutoff values of PT for
iPET were as follows: SUVmax, 4.85 (AUC =0.80; p=0.005); MTV, 4.05cm?® (AUC=0.73; p=0.029); TLG, 12.35
(AUC=0.73; p=0.029). The cutoff values of the PTN for iPET were as follows: MTV, 10.30cm?® (AUC=0.75;
p=0.017); TLG, 27.75 (AUC=0.76; p=0.012). The cutoff values of the ASUVmax of the PT (ASUVp) were as follows:
ASUVmax, 0.69 (AUC=0.81; p=0.003); AMTV, 0.77 (AUC=0.73; p=0.026); ATLG, 0.84 (AUC=0.75; p=0.018). The
cutoff values of the AMTV of the PTN were as follows: AMTV, 0.77 (AUC=0.76; p=0.012); ATLG, 0.86 (AUC=0.79;
p=0.006).

Prognostic value of PET parameters

Table 4 summarizes the results of the univariate analysis. The residual metabolic burdens on iPET and the reduction
ratio were significantly associated with disease recurrence. ASUVp >0.69 was associated with a favorable PFS (haz-
ard ratio [HR], 7.685; 95% confidence interval [CI], 1.706—34.626; p=0.008). An interim SUVmax of the PT <4.85 was
associated with a favorable OS (HR, 12.366; 95% CI, 1.525-100.3; p=0.019). Kaplan—Meier curve analysis (Fig 1)
demonstrated that patients with ASUVp <0.69 had significantly lower rates of PFS (3-year rate, 37% vs. 94%; p=0.002;
Fig 1A) than those with ASUVp>0.69. ASUVp <0.69 showed a trend toward worse OS (62% vs. 94%; p=0.064; Fig 1B)
than ASUVp>0.69.

The baseline characteristics stratified by the ASUVp groups (<0.69 vs.>0.69) are presented in Table 5; no statistically
significant between-group differences were observed across age, sex, ECOG performance status, smoking history, PT
subsite, T/N classification, stage, RT technique (IMRT vs. 3D-CRT) or chemotherapeutic regimen (all p>0.05).
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Table 1. Patient characteristics (n=35).

Follow-up time (months) 52 [4-64]
Age (years) 65 [46-81]
Sex

Male 33 (94)

Female 2 (6)
ECOG PS

0 19 (54)

1 14 (40)

2 2 (6)
Smoking history

Smoker 33 (94)

Non-smoker 2 (6)
Primary tumor subsite

Pyriform sinus 24 (69)

Posterior pharyngeal wall 7 (20)

Postcricoid region 4 (11)
T classification

1 2 (6)

2 15 (43)

3 10 (29)

4 8 (23)
N classification

0 3(9)

1 8 (23)

2 22 (63)

3 2 (6)
Stage (7th UICC TNM classification)

1 1(3)

1] 8 (23)

1\ 26 (74)
Radiation dose: 70.2 Gy in 39 fractions 35 (100)
RT technique

IMRT 23 (66)

Conventional 3D-CRT 12 (34)
Chemotherapeutic regimen

5-Fluorouracil + cisplatin 14 (40)

Cisplatin alone 14 (40)

5-Fluorouracil + carboplatin 4 (11)

Carboplatin alone 3(9)

Values are presented a median [range] or n (%).

ECOG PS, Eastern Cooperative Oncology Group performance status; UICC, Union
for International Cancer Control; TNM, tumor, node, metastasis; RT, radiation therapy;
IMRT, intensity-modulated radiation therapy; 3D-CRT, three-dimensional conformal

radiation therapy.

https://doi.org/10.1371/journal.pone.0341189.t001
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Table 2. Association between PET parameters and disease recurrence for the 35 patients.

Parameter ‘ Disease recurrence (+) (n=12) ‘ Disease recurrence (=) (n=23) p-Value
Pretreatment values of each parameter

preSUVpmax 14.1 (9.7-17.9) 15.2 (11.4-18.3) 0.851
preMTVp (cm?) 18.6 (6.7-28.4) 12.7 (5.4-28.6) 0.572
preTLGp 121.5 (28.8-186.9) 68.9 (29.7-164.9) 0.668
preMTVptn (cm?) 36.1(11.7-43.8) 15.3 (8.9-34.8) 0.161
preTLGptn 214.4 (65.0-293.7) 84.5 (41.7-201.1) 0.172
Interim values of each parameter

iSUVpmax 6.1 (4.9-8.0) 4.0 (2.6-5.1) 0.004
iMTVp (cm?®) 4.9 (1.6-8.3) 2.0 (0.1-4.5) 0.028
iTLGp 17.8 (5.8-35.8) 6.1 (0.3-16.6) 0.028
iMTVptn (cm?®) 8.3 (3.4-13.6) 2.3 (0.2-6.3) 0.016
iTLGptn 30.3 (13.4-55.0) 9.1 (0.6-20.2) 0.011
Delta values of each parameter

ASUVp 0.556 (0.443-0.670) 0.750 (0.641-0.807) 0.002
AMTVp 0.644 (0.557-0.848) 0.862 (0.717-0.981) 0.026
ATLGp 0.805 (0.712-0.907) 0.930 (0.851-0.988) 0.017
AMTVptn 0.720 (0.607-0.767) 0.853 (0.745-0.965) 0.011
ATLGptn 0.817 (0.732-0.861) 0.909 (0.856-0.981) 0.005

Values are presented a median [interquartile range].

PET, positron emission tomography; IQR, interquartile range; SUVpmax, maximum standardized uptake value of the primary tumor; MTV, metabolic
tumor volume; TLG, total lesion glycolysis; preSUVpmax, pretreatment SUVpmax; preMTVp, pretreatment MTV of the primary tumor; preTLGp, pretreat-
ment TLG of the primary tumor; preMTVptn, pretreatment MTV of the combined primary tumor and total lymph nodes; preTLGptn, pretreatment TLG of
the combined primary tumor and total lymph nodes; iISUVpmax, interim SUVpmax; iMTVp, interim MTV of primary tumor; iTLGp, interim TLG of primary
tumor; iIMTVptn, interim MTV of the combined primary tumor and total lymph nodes; iTLGptn, interim TLG of the combined primary tumor and total lymph
nodes; ASUVp, reduction ratio of SUVpmax; AMTVp, reduction ratio of MTV of the primary tumor; ATLGp, reduction ratio of TLG of the primary tumor;
AMTVptn, reduction ratio of MTV of the combined primary tumor and total lymph nodes; ATLGptn, reduction ratio of TLG of the combined primary tumor
and total lymph nodes.

https://doi.org/10.1371/journal.pone.0341189.t002

High interobserver reliability

High interobserver reliability was observed for all parameters. The ICCs of the PT and PTN for pre-PET and iPET are
presented in Table 6.

Discussion

To the best of our knowledge, this is the first prospective study to evaluate the prognostic value of FDG-PET/CT before
and during RT for hypopharyngeal cancer. This report suggests that pre-PET and iPET parameters may be useful prog-
nostic factors for patients with hypopharyngeal cancer. These metabolic parameters have the potential to stratify patients
according to prognosis (poor and good). Therefore, iPET parameters may allow for the relatively early detection of
treatment-resistant diseases that are not detected via pre-PET alone, allowing for individually adapted treatment.

Data on the prognostic value of the residual metabolic burden of iPET in HNSCC are limited. In a study by Farrag et
al., the SUVmax of PTs at baseline and during treatment after 47 Gy was associated with OS [19]. Kim et al. reported that
the TLG of the PT during RT was the most statistically significant prognostic factor for OS and PFS [17]. In this study, the
associations between the reduction ratios of metabolic values and oncological outcomes were not well studied. Hentschel
et al. evaluated iPET in patients with HNSCC and demonstrated that a decrease of 50% or more in SUVmax of the PT
from the beginning (0 Gy) to 1 week or 2 weeks (10 or 20 Gy) of treatment is a potential prognostic marker for patients
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Table 3. Cutoff values for the prediction of treatment outcomes using receiver operating characteristic analysis.

Parameter Cutoff value ‘ AUC (95% CI) ‘ Sensitivity ‘ Specificity p-Value
Interim values of each parameter

iSUVpmax 4.85 0.80 (0.63-0.95) 0.83 0.70 0.005
iMTVp (cm?) 4.05 0.73 (0.55-0.90) 0.67 0.74 0.029
iTLGp 12.35 0.73 (0.55-0.90) 0.75 0.70 0.029
iMTVptn (cm3) 10.30 0.75 (0.57-0.93) 0.50 0.96 0.017
iTLGptn 27.75 0.76 (0.59-0.94) 0.58 0.91 0.012
Delta values of each parameter

ASUVp 0.69 0.81 (0.67-0.95) 0.92 0.65 0.003
AMTVp 0.77 0.73 (0.56-0.91) 0.75 0.74 0.026
ATLGp 0.84 0.75 (0.58-0.91) 0.67 0.78 0.018
AMTVptn 0.77 0.76 (0.59-0.93) 0.83 0.74 0.012
ATLGptn 0.86 0.79 (0.62-0.95) 0.83 0.74 0.006

AUC, area under the receiver operating characteristic curve; Cl, confidence interval; SUVpmax, maximum standardized uptake value of the primary tu-
mor; MTV, metabolic tumor volume; TLG, total lesion glycolysis; iSUVpmayx, interim SUVpmax; iMTVp, interim MTV of the primary tumor; iTLGp, interim
TLG of the primary tumor; iIMTVptn, interim MTV of the combined primary tumor and total lymph nodes; iTLGptn, interim TLG of the combined primary
tumor and total lymph nodes; ASUVp, reduction ratio of SUVpmax; AMTVp, reduction ratio of MTV of primary tumor; ATLGp, reduction ratio of TLG of
the primary tumor; AMTVptn, reduction ratio of MTV of the combined primary tumor and total lymph nodes; ATLGptn, reduction ratio of TLG of the com-
bined primary tumor and total lymph nodes.

https://doi.org/10.1371/journal.pone.0341189.t003

Table 4. Univariate analysis for progression-free and overall survival for all patients.

Parameter Progression-free survival Overall survival

HR 95% ClI p-Value HR 95% ClI p-Value
Interim values of each parameter
ISUVpmax (24.85 vs.<4.85) 6.16 1.70-22.42 0.006 12.37 1.53-100.3 0.019
iMTVp (24.05 vs.<4.05 cm?) 2.91 1.00-8.44 0.05 2.39 0.64-8.91 0.196
ITLGp (212.35 vs.<12.35) 3.29 1.09-9.91 0.034 3.21 0.80-12.94 0.101
iMTVptn (210.30 vs.<10.30 cm?) 6.92 2.26-21.21 0.001 10.53 2.68-41.42 0.001
iTLGptn (227.75 vs.<27.75) 5.35 1.80-15.86 0.003 6.38 1.64-24.87 0.008
Delta values of each parameter
ASUVp (<0.69 vs.>0.69) 7.69 1.71-34.63 0.008 3.97 0.82-19.30 0.087
AMTVp (<0.77 vs.>0.77) 3.68 1.23-11.07 0.02 6.53 1.35-31.70 0.02
ATLGp (<0.84 vs.>0.84) 3.29 1.13-9.55 0.029 8.81 1.81-42.87 0.007
AMTVptn (<0.77 vs.>0.77) 4.58 1.43-14.72 0.011 5.78 1.19-28.04 0.03
ATLGptn (<0.86 vs.>0.86) 4.58 1.43-14.72 0.011 5.78 1.19-28.04 0.03

HR, hazard ratio; Cl, confidence interval; SUVpmax, maximum standardized uptake value of the primary tumor; MTV, metabolic tumor volume; TLG,
total lesion glycolysis; iISUVpmax, interim SUVpmax; iMTVp, interim MTV of the primary tumor; iTLGp, interim TLG of the primary tumor; iMTVptn,
interim MTV of the combined primary tumor and total lymph nodes; iTLGptn, interim TLG of the combined primary tumor and total lymph nodes; ASUVp,
reduction ratio of SUVpmax; AMTVp, reduction ratio of MTV of the primary tumor; ATLGp, the reduction ratio of the TLG of the primary tumor; AMTVptn,
reduction ratio of the MTV of the combined primary tumor and total lymph nodes; ATLGptn, reduction ratio of TLG of the combined primary tumor and
total lymph nodes.

https://doi.org/10.1371/journal.pone.0341189.t004

with HNSCC [20]. Chen et al. studied the SUVp after a cumulative dose of 40-50 Gy during RT and reported on a cor-
relation between the ASUVp and oncological outcomes [14]. Similarly, more recent studies by Martens et al. [21] and Kim
et al. [22] further support the utility of interim PET parameters, both residual metabolic activity and its reduction rate, for
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Fig 1. Kaplan—Meier curves stratified by ASUVp cutoff (0.69): (A) progression-free survival by ASUVp and (B) overall survival by ASUVp.
Patients with a ASUVp <0.69 had significantly worse PFS than those with a ASUVp>0.69 (p=0.002). ASUVp, SUVmax of the primary tumor.

https://doi.org/10.1371/journal.pone.0341189.g001

outcome stratification in HNSCC patients undergoing RT. However, Min et al. evaluated iPET in the third week of RT and
discovered no significant associations between the percentage reduction of any of the metabolic parameters (ASUVmax,
AMTYV, and ATLG) and oncological outcomes [18].

In the present study, which only included patients with hypopharyngeal squamous cell carcinoma, the most notable
finding was that the ASUVp obtained on iPET provided better prognostic stratification than the residual metabolic bur-
den itself. This observation is generally consistent with previous reports on iPET in heterogeneous HNSCC cohorts,
in which both the residual metabolic activity and its percentage reduction were associated with treatment outcomes
[16,17,21,22]. However, our data specifically refined these findings for hypopharyngeal cancer. In this subsite, the
degree of metabolic response during chemoradiotherapy may be a more relevant prognostic indicator than the abso-
lute metabolic activity at the interim time point. A plausible explanation is that hypopharyngeal squamous cell carci-
noma frequently presents with locally advanced disease and an intrinsically poorer prognosis than other head and
neck subsites [23]; thus, inter-patient differences in how rapidly the PT shows metabolic regression during treatment
may better capture treatment resistance. These results support the need to evaluate hypopharyngeal squamous cell
carcinoma separately from mixed HNSCC cohorts and indicate that subsite-specific cutoff values for iPET-derived
parameters should be considered when iPET is used for early risk stratification. Recent head and neck oncology
reports have proposed several subsite-specific treatments or prognostic strategies, particularly for nasopharyngeal
carcinoma, indicating a move toward tailoring radiotherapy and risk stratification to each subsite’s biological and
anatomical features [24,25]. These studies suggest that HNSCC should not be considered a homogeneous disease.
Against this background, our study adds subsite-specific evidence for hypopharyngeal squamous cell carcinoma by
showing that an iPET-derived metabolic response during chemoradiotherapy can help identify patients at a higher risk
of progression in this unfavorable subsite.

In addition to this prognostic significance, the use of the reduction ratio, rather than reliance on an absolute value (the
residual metabolic burden), also has the methodological benefit of improving the standardization and reproducibility of lon-
gitudinal studies. This benefit is attributable to the lower susceptibility of this parameter to treatment-related confounding
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Table 5. Comparison of patient characteristics according to the ASUVp cutoff value.

Characteristics Total (n=35) ASUVp=<0.69 (n=19) ASUVp>0.69 (n=16) p-Value
Age (years) 65 [46-81] 65 [46—74] 68 [47-81] 0.168
Sex 0.202
Male 33 (94) 19 (100) 14 (88)
Female 2 (6) 0 (0) 2(12)
ECOG PS 0.500
0 19 (54) 9 (47) 10 (62)
1-2 16 (46) 10 (53) 6 (38)
Smoking history 0.545
Smoker 33 (94) 17 (89) 16 (100)
Non-smoker 2 (6) 2 (11) 0(0)
Primary tumor subsite 0.974
Pyriform sinus 24 (69) 13 (68) 11 (69)
Posterior pharyngeal wall 7 (20) 4 (21) 3(19)
Postcricoid region 4 (11) 2 (1) 2 (12)
T classification 0.505
T1-2 17 (49) 8 (42) 9 (56)
T34 18 (51) 11 (58) 7 (44)
N classification 1.000
NO-1 11 (31) 6 (32) 5(31)
N2-3 24 (69) 13 (68) 11 (69)
Stage (7th UICC TNM classification) 0.273
1-1m 11 (31) 4(21) 7 (44)
v 24 (69) 15 (79) 9 (56)
RT technique 1.000
IMRT 23 (66) 12 (63) 11 (69)
Conventional 3D-CRT 12 (34) 7 (37) 5(31)
Chemotherapeutic regimen 0.677
Cisplatin-based 28 (80) 16 (84) 12 (75)
Non-cisplatin-based 7 (20) 3(16) 4 (25)

Values are presented a median [range] or n (%).

SUVpmax, maximum standardized uptake value of the primary tumor; ASUVp, reduction ratio of SUVpmax; ECOG PS, Eastern Cooperative Oncology
Group performance status; UICC, Union for International Cancer Control; TNM, tumor; nodes; metastases; RT, radiation therapy; IMRT, intensity-
modulated radiation therapy; 3D-CRT, three-dimensional conformal radiation therapy.

https://doi.org/10.1371/journal.pone.0341189.t005

factors, such as mucositis, and differences in equipment and protocols among hospitals. Therefore, we expect that the
selection of optimal ASUVp values will minimize inherent and individual site biases.

Our results imply that the ASUVp of patients with advanced hypopharyngeal cancer is useful for the identification of
patients at high risk of disease recurrence. Patients with a low ASUVp may require a more aggressive treatment plan and
shorter follow-up intervals after treatment. Further research is warranted to determine the optimal timing of iPET. Although
earlier iPET may be useful in distinguishing metabolic from inflammatory changes and aiding early decisions concerning
treatment-plan modifications [16], later assessments may also be valid.

Several reports have indicated that dose escalation may improve outcomes in head and neck cancer [26—28]; how-
ever, therapy-related complications may be increased by dose escalation because of the high radiation dose delivered to
normal tissues [29]. Therefore, such escalation should be performed by irradiating a small field with a cone-down boost.
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Table 6. Intraclass correlation coefficients.

Parameter

ICCs (95% Cl)

Pretreatment values of each parameter

preSUVpmax 1.000 (1.000—1.000)
preMTVp (cm?) 0.999 (0.997-0.999)
preTLGp 1.000 (1.000—1.000)
preMTVptn (cm?) 1.000 (0.999-1.000)
preTLGptn 1.000 (1.000-1.000)

Interim values of each parameter

iSUVpmax

1.000 (1.000-1.000

( )
iMTVp (cm?) 1.000 (0.999—1.000)
iTLGp 1.000 (0.999-1.000)
iMTVptn (cm?) 1.000 (1.000—1.000)
ITLGptn 1.000 (1.000—1.000)

ICCs, intraclass correlation coefficients; Cl, confidence interval; SUVpmax, maximum
standardized uptake value of the primary tumor; MTV, metabolic tumor volume; TLG,

total lesion glycolysis; preSUVpmax, pretreatment SUVpmax; preMTVp, pretreatment

MTV of the primary tumor; preTLGp, pretreatment TLG of the primary tumor; preMTVptn,
pretreatment MTV of the combined primary tumor and total lymph nodes; preTLGptn,
pretreatment TLG of the combined primary tumor and total lymph nodes; iISUVpmax, interim
SUVpmax; iMTVp, interim MTV of the primary tumor; iTLGp, interim TLG of the primary
tumor; iIMTVptn, interim MTV of the combined primary tumor and total lymph nodes; iTLGptn,
interim TLG of the combined primary tumor and total lymph nodes.

https://doi.org/10.1371/journal.pone.0341189.t006

In the current study, we confirmed that the MTV was sufficiently reduced at the time of iPET performed at a cumulative RT
dose of 36—45 Gy. Therefore, the volume of normal tissue that receives high doses may be reduced, and the treatment
effect may be improved by optimizing the timing of iPET and considering dose escalation.

This study has notable strengths, including its prospective design and relatively homogeneous patient population. Another
strength of this study is that it evaluated only with patients with hypopharyngeal cancer treated with definitive chemoradio-
therapy; this is important, as tumors from different sites behave differently from clinical and biological perspectives [23]. In
accordance with the consensus recommendations for the use of FDG PET [30], all our patients underwent pretreatment and
interim imaging via the same FDG PET protocol and were analyzed using the same software to minimize variability.

However, this study has limitations. A primary limitation of this study is its small sample size (n=35) from a single
center, which reduced the statistical power and resulted in only 12 disease recurrences, making it impossible to perform a
robust multivariable Cox analysis to adjust for potential confounders such as tumor stage or chemotherapeutic regimens.
Although our univariate analyses identified significant associations (Table 4), baseline tumor and treatment factors did not
differ between the ASUVp-defined groups (Table 5), making a major confounding effect less likely.

In addition, the radiation oncologists who analyzed the FDG PET/CT scans were not blinded to the clinical context or
outcomes, which could introduce potential interpretation bias. Although the treating physicians were not blinded to the
iPET findings, these findings (including ASUVp) were not used to make real-time adaptive treatment decisions. Therefore,
the observed prognostic value was unlikely to be confounded by iPET-based treatment modifications.

Another limitation is the method of cutoff determination. In clinical scenarios that prioritize early detection of
treatment-resistant diseases, a more sensitivity-oriented cutoff than the statistically balanced cutoff may be preferable.
However, in this study, we used a ROC-based cutoff derived from a small cohort (n=35), which was susceptible to over-
fitting. Owing to the limited sample size, we were unable to perform meaningful internal validation (e.g., cross-validation
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or split-sample testing). Therefore, the ASUVp cutoff of 0.69, which was derived using the Youden index, should be
considered exploratory and intended for hypothesis generation. This finding needs to be confirmed in larger, independent
cohorts before it can be considered for clinical use. Finally, although our findings identify a high-risk group, the clinical
utility of this ASUVp threshold to guide adaptive therapy, such as dose escalation or regimen modification, remains specu-
lative and unproven. This issue should be addressed in future prospective interventional trials.

Conclusions

Residual volumetric metabolic burden and percentage reduction derived from iPET appear to be useful imaging biomark-
ers for predicting the risk of disease recurrence in patients with hypopharyngeal cancer treated with chemoradiotherapy.
These biomarkers may play a role in individualized adaptive chemoradiotherapy, particularly with respect to the selection
of dose intensification and adjuvant chemotherapy.
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