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18 DG PET/CT and dynamic
contrast-enhanced MR imaging for predicting
treatment response and survival of patients with
hypopharyngeal carcinoma
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Abstract
The utility of multimodality molecular imaging for predicting treatment response and survival of patients with hypopharyngeal
carcinoma remains unclear. Here, we sought to investigate whether the combination of different molecular imaging parameters may
improve outcome prediction in this patient group.
Patients with pathologically proven hypopharyngeal carcinoma scheduled to undergo chemoradiotherapy (CRT) were deemed

eligible. Besides clinical data, parameters obtained from pretreatment 2-deoxy-2-[fluorine-18]fluoro-D-glucose positron emission
tomography/computed tomography (18F-FDG PET/CT), dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI), and
diffusion-weighted MRI were analyzed in relation to treatment response, recurrence-free survival (RFS), and overall survival (OS).
A total of 61 patients with advanced-stage disease were examined. After CRT, 36% of the patients did not achieve a complete

response. Total lesion glycolysis (TLG) and texture feature entropy were found to predict treatment response. The transfer constant
(Ktrans), TLG, and entropy were associated with RFS, whereas Ktrans, blood plasma volume (Vp), standardized uptake value (SUV),
and entropy were predictors of OS. Different scoring systems based on the sum of PET- or MRI-derived prognosticators enabled
patient stratification into distinct prognostic groups (P<.0001). The complete response rate of patients with a score of 2 was
significantly lower than those of patients with a score 1 or 0 (14.7% vs 58.9% vs 75.7%, respectively, P= .007, respectively). The
combination of PET- and DCE-MRI-derived independent risk factors allowed a better survival stratification than the TNM staging
system (P<.0001 vs .691, respectively).
Texture features on 18F-FDG PET/CT and DCE-MRI are clinically useful to predict treatment response and survival in patients with

hypopharyngeal carcinoma. Their combined use in prognostic scoring systems may help these patients benefit from tailored
treatment and obtain better oncological results.

Abbreviations: 18F-FDG PET/CT = 2-deoxy-2-[fluorine-18]fluoro-D-glucose positron emission tomography /computed
tomography, CCRT = concurrent chemotherapy, CRT = chemoradiotherapy, DCE-MRI = dynamic contrast-enhanced MRI, DWI =
diffusion-weighted MRI, HNSCC = head and neck squamous cell carcinoma, HR = hazard ratio, Kep = efflux rate constant, Ktrans =
volume transfer constant, MRI =magnetic resonance imaging, MTV =metabolic tumor volume, NGLCM = normalized gray-level co-
occurrencematrix, NGTDM= neighborhood gray-tone difference matrix, OS= overall survival, RFS= recurrence-free survival, ROI=
region-of-interest, SUV = standardized uptake value, TLG = total lesion glycolysis, Ve = relative extravascular extracellular space, Vp
= relative vascular plasma volume.
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1. Introduction

Hypopharyngeal carcinoma tends to be aggressive and comes
with a high fatality rate. Approximately 80% of patients have
stage III to IV disease at the time of diagnosis.[1] The mainstay of
treatment consists of surgery and radiotherapy, either with or
without chemotherapy. In recent years, the use of chemo-
radiotherapy (CRT) in patients with locally advanced hypo-
pharyngeal carcinoma has gained momentum, with treatment
outcomes being comparable with those of surgery.[2] However,
the current 5-year survival rate for patients with hypopharyngeal
carcinoma (30%) remains suboptimal,[2–3] with 20% of patients
still having residual disease following treatment with curative
intent.[4] Owing to the advanced disease stages at presentation
and the high treatment failure rates, an improved prognostic
stratification of patients with hypopharyngeal carcinoma would
be paramount.[4–5]

Magnetic resonance imaging (MRI) has been extensively used as
an anatomic imaging modality in patients with head and neck
squamous cell carcinoma (HNSCC). Dynamic contrast-enhanced
MRI (DCE-MRI) anddiffusion-weightedMRI (DWI) are functional
imaging techniques that are increasingly being implemented in
conventional MRI for investigating intrinsic tumor character-
istics.[6–9] DCE-MRI allows measuring tumor microvascularity—
which has prognostic significance in HNSCC.[10–14] DWI—which
measures tumor cellularity—has been also shown to predict
treatment response in patients with HNSCC.[15]

The 2-deoxy-2-[fluorine-18]fluoro-D-glucose positron emis-
sion tomography/computed tomography (18F-FDG PET/CT) has
been extensively applied in the field of oncology. Moreover, PET-
derived metabolic parameters—including standardized uptake
value (SUV), metabolic tumor volume (MTV), and total lesion
glycolysis (TLG)—are clinically useful to predict prognosis in
patients with HNSCC.[16–21] MTV is a measure of FDG-avid
disease volume, whereas TLG further incorporates the intensity
of FDG uptake at the lesion site. Growing evidence indicates that
texture features or heterogeneity on PET images can potentially
be useful for predicting survival in patients with HNSCC.[22–24]

The integration of functional information from DWI, DCE-
MRI, and 18F-FDG PET/CT holds promise for improving the
prognostic stratification of patients with malignancies. We
have previously shown that the combination of clinical variables
and PET/CT or functional MRI parameters refines prognosis
prediction in patients with pharyngeal carcinoma.[13–14,22,25]

However, these studies included both oropharyngeal and
hypopharyngeal cancers and did not report the utility of imaging
parameters for predicting treatment response. Currently, oro-
pharyngeal and hypopharyngeal cancers are classified separately
because the staging system and the management strategies for
patients with oropharyngeal cancer accompanied by human
papillomavirus infection differ from those for patients with
hypopharyngeal carcinoma.[26] In addition, the presence of
residual tumor after CRT is not uncommon for patients with
hypopharyngeal cancer [4] and poses significant challenges to
clinical management. Unfortunately, robust pretreatment molec-
ular markers for predicting treatment response in patients with
hypopharyngeal cancer have not yet been identified. Under these
circumstances, we designed the present study to investigate the
clinical value of multimodality imaging parameters from 18F-
FDG PET/CT, DCE-MRI, and DWI in the prediction of
treatment response and survival in CRT-treated patients with
hypopharyngeal carcinoma.
2

2. Materials and methods

2.1. Patients

Consecutive patients with newly diagnosed hypopharyngeal
carcinoma who were scheduled for chemoradiotherapy with
curative intent were deemed eligible. Ethics approval was granted
by the institutional review board of our hospital (protocol no.
98–3582B) and the study complied with the tenets of the
Declaration of Helsinki. The inclusion criteria were as follows:
(1)
 biopsy-proven hypopharyngeal carcinoma,

(2)
 absence of distant metastases, and

(3)
 no contraindications to MRI or 18F-FDG PET/CT.

Patients with a history of previous head and/or neck
malignancies, concomitant cancers in different anatomical
districts, or renal failure were excluded.

2.2. Pretreatment 18F-FDG PET/CT and MRI studies
18F-FDG PET/CT and MRI were performed within 2 weeks of
each other before definitive treatment. The details of the scanning
protocols have been described in a previous study.[13] Before
undergoing 18F-FDG PET/CT imaging, the study patients fasted
for at least 6hours and all of them had glucose concentrations less
than 150mg/dL. Scans were performed with a PET/CT system
(Discovery ST 16; GE Healthcare, Milwaukee, WI) consisting of
a PET scanner and a 16-section CT scanner. We obtained PET
emission images between 50 and 70min after injection of 18F-
FDG (370 MBq) in the 2-dimensional mode, with a 3-min
scanning time per table position. Before PET acquisition, a
standardized helical CT scan was acquired from the head to the
proximal thigh using the following settings: transverse 3.0-mm
collimation�16 modes, 100 kVp, 100 mAs, 0.5-s tube rotation,
35-mm/s table speed, and 1.5 pitch. No intravenous iodinated
contrast agent was used. We resized CT data from a 512�512
matrix to a 128�128 matrix to match PET results and generate
fused images andCT-based transmissionmaps.We reconstructed
PET images with CT for attenuation correction and an ordered-
subset expectation maximization iterative reconstruction algo-
rithm (4 iterations and 10 subsets).
A 3-T MRI scanner (Magnetom Trio with TIM, Siemens,

Erlangen, Germany) was used in this study. Conventional MRI
images of the head and neck region were obtained in the axial and
coronal projections using the following sequences: T1-weighted
turbo spin echo TSE; T2-weighted TSE with fat saturation; and
postcontrast fat-saturated T1-weighted TSE. Transverse images
were obtained at a 5-mm section thickness. A dedicated neck coil
was used. DWI was obtained using single shot spin-echo echo-
planar imaging with a modified Stejskal–Tanner diffusion
gradient pulsing scheme. Motion-probing gradients (b-value =
800s/mm2) were applied along the 3 orthogonal directions.
Imaging slices and coverage were identical for both T1- and T2-
weighted images. The repetition time (TR) and echo time (TE)
were 8200 ms and 84 ms, respectively. DCE-MRI was acquired
using a 3D T1-weighted spoiled gradient-echo sequence with the
following parameters: TR/TE = 3.5/1.13 ms, 230�230-mm field
of view, and 108�128 matrix. The same imaging slice and
coverage of conventional T1- and T2-weighted images were
applied. To minimize the inflow effect from carotid arteries, a
spatial saturation slab was implanted below the acquired region.
Baseline longitudinal relaxation time (T10) values were calculated
from images acquired with different flip angles (4°, 8°, 15°, and
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25°) before contrast agent injection. The dynamic series was
based on the use of the same sequence with a 15° flip angle. After
4 acquisitions of the dynamic baseline scanning, a standard dose
(0.1mmol/kg body weight) of gadopentetate dimeglumine (Gd-
DTPA; Magnevist, Bayer-Schering, Burgess Hill, UK) was
administered by a power injector through a cannula placed in
the antecubital vein (rate = 3mL/s) and immediately followed by
a saline flush. A total of 80 volumes were acquired (temporal
resolution = 3.3 s).
2.3. Treatment and follow-up schedule

Patients were treated with intensity-modulated radiotherapy using
6-MV photon beams at 2 Grays (Gy) per fraction, with 5 fractions
perweek.Radiation therapywasdelivered at a dose of 46Gy to the
gross tumor area (with at least 1-cm margins) and the entire neck,
followed by a cone-down boost at 72 Gy to the gross tumor area
and close margins. All participants received intensity-modulated
radiotherapy. Concurrent chemotherapy (CCRT) was adminis-
tered as follows: intravenous cisplatin 50mg/m2 on day 1, and oral
tegafur 800mg/day plus oral leucovorin 60mg/day from days 1 to
14. This regimen was repeated every 2 weeks throughout the
course of radiotherapy.[27]

Patients received routine clinical follow-up examinations every
1 to 3 months. Follow-up head-neck MRI was performed 3
months after treatment completion. Subsequently, an additional
MRI or CT scan was performed every 6 months or in presence of
suspected clinical recurrences. Patients were followed for at least
24 months after treatment completion or until death.
2.4. Image analysis

The apparent diffusion coefficient (ADC)mapswere reconstructed
on a pixel-by-pixel basis using software integral to the MRI unit.
The ADC values were measured on ADCmaps by an experienced
head and neck radiologist by drawing the region-of-interest (ROI)
on the primary tumor. DCE-MRI analyses were performed using
MATLAB 7.0 (TheMathworks, Natick, MA). The extended Kety
model was used in a voxel-wise manner for pharmacokinetic
analysis.[28] The arterial input function was extracted using the
blind source separation algorithm.[29] The following pharmacoki-
netic parameters were collected: volume transfer constant (Ktrans),
relative extravascular extracellular space (Ve), relative vascular
plasma volume (Vp), and efflux rate constant (Kep).
Tumor segmentation on the PET images was performed with

the PMOD 3.2 software package (PMOD Technologies Ltd.,
Zurich, Switzerland). First, an experienced nuclear medicine
physician drew boundaries large enough to include the primary
tumor on PET scans. Second, the tumor boundaries were defined
using a fixed SUV threshold of 2.5. Finally, SUV (maximum;
SUVmax), MTV, and TLG of the lesion were automatically
calculated by the software as previously described.[22]

The texture features or heterogeneity parameters of PET
images were analyzed using the normalized gray-level co-
occurrence matrix (NGLCM) and the neighborhood gray-tone
difference matrix (NGTDM). Calculations were performed as
previously described.[23] Second-order parameters were calculat-
ed using the NGLCM to obtain the uniformity, entropy,
dissimilarity, homogeneity, and inverse different moment values.
Higher-order parameters were calculated using NGTDM to
obtain coarseness, contrast, busyness, and complexity. These
parameters were calculated using an in-house software package
3

(Chang-Gung Image Texture Analysis toolbox, CGITA) imple-
mented with MATLAB 2012a (Mathworks Inc., Natick, MA).

2.5. Outcome determination and statistical analysis

The treatment response after definitive CCRT, overall survival
(OS), and recurrence-free survival (RFS) served as the main
outcome measures. The comprehensive treatment response to
CCRT was graded according to the Response Evaluation Criteria
in Solid Tumors [RECIST], version 1.1.[30] A receiver operating
characteristic curve analysis was used to calculate the cutoff values
for the variables related to treatment response. A Pearson’s chi-
square test was conducted to identify risk factors for response.
Logistic regression models were subsequently constructed to
identify the independent predictors of treatment response. OS was
calculated from the date of diagnosis to the date of death, or to the
date of the last follow-up examination for surviving patients. RFS
wasdefinedas the timebetween the endof treatmentand thedateof
recurrence (i.e., tumor relapse or death), or the date of the last
follow-up examination. Survival curves were plotted using the
Kaplan–Meier method. The effect of each individual variable was
initially evaluatedusingunivariate analysis.Cox regressionmodels
were used to identify the independent predictors of survival. Based
on the results of the multivariate regression analyses, we devised 2
distinct scoring systems for predicting treatment response and OS/
DFS, respectively. The systems were based on summation of the
independent predictors identified in multivariate analysis—with
each variable assigned a score of 1 (if present) or 0 (if absent). The
total score reflected the number of independent risk factors
identified in each patient (i.e., a participantwith a score of 2 carried
2 independent adverse risk factors). Two-tailedP values<.05were
considered statistically significant.
3. Results

3.1. Study participants

Between January 2010 and June 2013, we identified 72 patients
with hypopharyngeal cancer who were potentially eligible for the
study (Table 1). However, patients with unsatisfactory DWI or
DCE-MRI images (n=9) and lost to follow-up (n=2) were
excluded. Consequently, the final study cohort consisted of 61
patients. At the time of analysis, 22 (36.1%) patients were dead
and 32 experienced tumor recurrence. The median follow-up
time for all patients was 3 years. The 3-year RFS and OS rates
were 52.4% and 63.9%, respectively. Twenty-two patients did
not achieve complete remission after CRT, among whom 16 had
locoregional failures, 3 had distant failures, and 3 had both
locoregional plus distant failures. The distribution of the MRI
functional parameters, conventional PET parameters, and PET
heterogeneity parameters are summarized in Supplementary
Table 1, http://links.lww.com/MD/D143.
Data on p16 immunohistochemistry were available for 15

patients. Positive and negative p16 immunostaining was
identified in 2 and 13 cases, respectively. In the former group,
the percentage of p16 positivity was 5% and 60%, respectively.

3.2. Association of clinical and imaging parameters with
treatment response

After definitive CCRT, 22 patients (36%) did not achieve a
complete response to treatment and were defined as non-
complete responders. Table 2 shows the relations between

http://links.lww.com/MD/D143
http://www.md-journal.com


Table 2

Predictors of treatment response in patients with primary
hypopharyngeal carcinoma treated with chemoradiotherapy.

Variables
Cut-off v
alue

Univariate
analysis
P value

Multivariate
analysis
P value; HR

Clinical variables
Sex .531

∗

T1–2 vs T3–4 .342
∗

N0–1 vs N2–3 .109
∗

Stage .894
∗

Tobacco use .735
∗

Alcohol use .889
Age .629

PET variables
Conventional parameters
SUVmax (g/mL) 15.296 .106
MTV(mL) 24.493 .023
TLG (g/mL�mL) 161.160 .016 .004; 9.746

NGTDM parameters
Coarseness 0.021 .216
Contrast 0.014 .061
Busyness 0.226 .098

∗

Complexity 63.534 .143
NGLCM parameters
Uniformity 0.004 .079

∗

Entropy 6.952 .026 .013; 7.319
Homogeneity 0.180 .557
Dissimilarity 11.057 .423
Inverse difference moment 0.100 .692

MRI variables
Ktrans(min�1) 0.301 .173
Vp

∗
1000 0.073 .147

∗

Ve 0.166 .923
Kep 2.427 .923
ADC (� 10–3 mm2/s) 916.050 .640

∗
Fisher exact test.

ADC= apparent diffusion coefficient, HR=hazard ratio, Kep= efflux rate constant, Ktrans= volume
transfer constant, MRI=magnetic resonance imaging, MTV=metabolic tumor volume, NGTDM=
neighborhood gray-tone difference matrix, NGLCM=normalized gray-level co-occurrence matrix,
PET=positron emission tomography, SUVmax=maximum standardized uptake value, TLG= total
lesion glycolysis, Vp= relative vascular plasma volume, Ve= relative extravascular extracellular space.

Table 1

General characteristics of the study participants (n=61).

Characteristics n (%)

Age (years, mean ± standard deviation) 51±10
Sex
Male 59 (96.7)
Female 2 (3.3)

T status
T1 2 (3.3)
T2 11 (18.0)
T3 6 (9.8)
T4a 40 (65.6)
T4b 2 (3.3)

N status
N0 7 (11.5)
N1 6 (9.8)
N2b 29 (47.5)
N2c 8 (13.1)
N3 11 (18.0)

Stage
III 3 (4.9)
IVa 45 (73.8)
IVb 13 (21.3)

Histology
WD SCC 49 (80.4)
MD SCC 10 (16.4)
PD SCC 1 (1.6)
Lymphoepithelial carcinoma 1 (1.6)

Smoker
Yes 51 (83.6)
No 10 (16.4)

Alcohol consumption
Yes 45 (73.8)
No 16 (26.2)

Staging was based on the American Joint Committee on Cancer TNM Staging System, Seventh
Edition.
MD=moderately differentiated, PD=poorly differentiated, SCC= squamous cell carcinoma, WD=
well differentiated.
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response to CCRT and different clinical and imaging parameters.
PET-derived MTV, TLG, and texture feature entropy differed
significantly between complete and non-complete responders
(P<.05; Fig. 1). Another PET texture feature, uniformity,
exhibited a borderline association with response to CCRT
(P= .079). Other variables did not differ significantly between
complete and non-complete responders. The dose of radiation
therapy delivered to the gross tumor did not reach 72 Gy in 3
patients, and 2 of them did not achieve complete response. Of the
59 patients who received a full therapeutic dose, 19 were non-
complete responders. There were no significant intergroup
differences in terms of response rate (P= .27).
In logistic regression analysis, high TLG (P= .004, hazard ratio

[HR]=9.746) and entropy (P= .013, HR=7.319) were the only
independent predictors of non-complete response.
We subsequently devised a scoring system for predicting

treatment response based on the number of independent risk
factors identified in multivariate analysis. The presence or
absence of each risk factor was assigned a score of 1 and 0,
respectively, resulting in scores ranging from 0 to 2. This system
allowed patient stratification into distinct risk groups character-
ized by different responses to treatment (Table 3). Compared
with patients with a score of 0 (reference category), those with a
score of 1 or 2 had significant poorer complete response rates
(HR=2.178, P= .007; HR=18.667, P= .003, respectively). The
4

complete response rate of patients with a score of 2 was
significantly lower than those of cases with a score 1 or 0, (14.7%
vs 58.9% vs75.7%, respectively, P= .007). Figure 2 illustrates the
utility of the scoring system for stratifying response to treatment.

3.3. Predictors for survivals

Univariate analysis identified the following parameters as
significant predictors of RFS: Ktrans (P= .046),Ve (P= .035),
MTV (P<.001), TLG (P= .01), and entropy (P=0.002). After
adjustment for confounders in multivariate analysis, only Ktrans,
TLG, and entropy (P=0.009) were retained in the model as
adverse prognostic factors (Table 4). The results of univariate
analysis also revealed that Ktrans (P= .01),Vp (P= .025),Ve

(P= .028), ADC (P= .016), SUVmax (P= .025), TLG (P= .048),
and texture feature entropy (P= .025) were significantly
associated with OS. After allowance for potential confounders
in multivariate analysis, only the Ktrans, Vp, SUVmax, and
entropywere identified as independent predictors ofOS (Table 4).
Both T andN status were not significantly associated with RFS or
OS in univariate analysis. A scoring system was therefore devised
to predict OS and RFS based on DCE-MRI- and PET-derived



Figure 1. Box-whisker plot showing the value of TLG and texture feature entropy on PET for predicting treatment response in patients with primary hypopharyngeal
carcinoma treated with chemoradiotherapy. CRs showed significantly lower entropy and TLG values compared with non-complete responders (non-CRs). CRs=
complete responders, PET= positron emission tomography, TLG= total lesion glycolysis.

Table 3

Comparison of treatment responses after chemoradiotherapy according to the prognostic scoring system.

No. of events P value HR (95% CI)

Score 0 (n=37) 9 Reference Reference
Score 1 (n=17) 7 .007 2.178 (0.641�7.402)
Score 2 (n=7) 6 .003 18.667 (1.975–176.445)

CI= confidence interval, HR=hazard ratio.
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parameters (Supplementary Table 2, http://links.lww.com/MD/
D143). This system was capable of identifying different patient
subgroups characterized by distinct OS (P<.0001) and RFS
(P= .001) rates. Notably, the scoring system allowed a better
prognostic stratification comparedwith the current TNMStaging
System (Fig. 3). Examples of patients with different prognostic
scores are provided in Figure 4.

4. Discussion

Residual cancer has been reported in 30% to 35% of patients
with hypopharyngeal carcinoma following treatment with
Figure 2. Scatter plot depicting the distribution of pretreatment texture featu
Representative PET and MRI images for cases with high (red color) or low (blue c
squamous cell carcinoma (arrow) and a score of 2 based on the treatment respon
depicting the primary tumor, which had an entropy value of 7.11 and (c) a TLG v
residual tumor (arrow) at the locoregional site. (e) An 18F-FDG PET/CT image of a pa
score of 0. (f) The 18F-FDG PET/CT image had an entropy value of 6.89 and (g) a TL
definitive treatment. CT=computed tomography, MRI=magnetic resonance ima

5

curative intent.[4,31] Early prediction of persistent disease is
crucial for patients with hypopharyngeal cancer who received
CRT because salvage surgery may offer a survival benefit in
patients with resectable tumors. In this study, we investigated the
impact of pretreatment 18F-FDG PET/CT, DCE-MRI, and DWI
for predicting treatment response and prognosis in patients with
primary hypopharyngeal carcinoma. Our results revealed that
PET-derived TLG and the texture feature entropy were reliable
predictors of response to CRT. The combination of TLG and
entropymay, therefore, allow the identification of patients at high
risk of residual cancer.
re entropy values against TLG values, categorized by the scoring system.
olor) scores are also shown. (a) A patient with stage T4aN2b hypopharyngeal
se scoring system devised in the present study. (b) An 18F-FDG PET/CT image
alue of 405.21g/mL�mL. (d) After chemoradiotherapy, the patient still had a
tient with stage T4aN3 hypopharyngeal squamous cell carcinoma (arrow) and a
G value of 110.97g/mL�mL. (h) The patient achieved complete remission after
ging, PET=positron emission tomography, TLG= total lesion glycolysis.

http://links.lww.com/MD/D143
http://links.lww.com/MD/D143
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Table 4

Multivariate analyses of risk factors associated with overall survival and recurrence-free survival rates in patients with primary
hypopharyngeal cancer.

Characteristics
Overall survival Recurrence-free survival

P value HR (95% CI) P value HR (95% CI)

Ktrans .019 .027
�0.424 (30) Reference Reference
>0.424 (31) 0.324 (0.127–0.829) 0.448 (0.220–0.913)
Ve NS NS
�0.053 (6)
>0.053 (55)
Vp x1000 .012 N/A
�0.071 (51) Reference
>0.071 (10) 3.284 (1.301–8.293)
SUVmax .049 N/A
�14.917 (25) Reference
>14.917 (36) 2.811 (1.005–7.863)
TLG N/A .020
�152.495 (45) Reference
>152.495 (16) 2.411 (1.146–5.072)
Entropy .015 .029
�6.939 (46) Reference Reference
>6.939 (15) 2.983 (1.238–7.189) 2.277 (1.086–4.772)

CI= confidence interval, HR=hazard ratio, Ktrans= volume transfer constant, N/A=not applicable, NS=not significant, SUVmax=maximal standardized uptake value, TLG= total lesion glycolysis Ve= relative
extravascular extracellular space, Vp= relative vascular plasma volume.
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Growing evidence indicates that metabolic parameters based
on pretreatment 18F-FDG PET/CT may improve the prognostic
stratification of patients with HNSCC.[32] TLG integrates
information on tumor volumetric burden and metabolic activity.
The results from a meta-analysis have shown that patients with
HNSCC patients and high TLG values have a 3.10-fold higher
risk of tumor progression/recurrence than those with low TLG
values.[19] Lim et al[33] also demonstrated that TLG predicts local
recurrence and overall survival in CRT-treated patients with
oropharyngeal carcinoma. Besides confirming previous observa-
tions, our current data demonstrate that TLG is a valuable
predictor (HR: 9.746) of treatment response in patients with
hypopharyngeal carcinoma who had undergone CRT.
Figure 3. Kaplan–Meier plots of overall survival in patients with primary hypophary
the TNM Staging System (b). The combination of pretreatment texture feature entro
TNM Staging System (P<.0001 vs .691, respectively). DCE-MRI=dynamic cont

6

Intratumoral heterogeneity—an imaging biomarker associated
with tumor aggressiveness—may have prognostic significance in
patientswithmalignancies.[34]Recent studieshave shown that PET
heterogeneity parameters or texture features may be superior to
other imaging or clinical parameters in informing progno-
sis.[22,25,35,36] Oh et al[24] have previously reported patients with
hypopharyngeal carcinoma who responded to CRT had lower
coarseness (P<.001) and busyness (P= .015) comparedwith those
whodid not. In the present study, entropy—but not coarseness and
busyness—was the only significant texture feature associated with
treatment response (Table 2). The discrepant findings may be
attributed at least in part to distinct treatment strategies and
methodological differences in heterogeneity analysis.
ngeal carcinoma stratified acco rding to our prognostic scoring system (a) and
py and DCE-MRI parameters enabled a better prognostic stratification than the
rast-enhanced MRI.



Figure 4. 1. (a) A PET image of a 40-year-old male patient with stage IVa hypopharyngeal squamous cell carcinoma and a score of 4. (b) The 18F-FDG PET/CT
image showed a high primary tumor entropy value (7.217). (c) A left hypopharyngeal tumor was also identified on the corresponding axial-enhanced T1-weighted
MRI image. (d) A DCE-MRI image with an overlaid volume transfer rate constant (Ktrans) map of the primary tumor exhibited a low value of 0.317 min�1. (e) The
patient had a persistent tumor at the locoregional site (arrow) and died 9 months thereafter. 4–2. (a) A positron emission tomography (PET) image of a 58-year-old
male patient with stage IVb hypopharyngeal squamous cell carcinoma staging and a score of 1. (b) The 18F-FDG PET/CT image showed a low entropy value (6.785).
(c) The corresponding axial-enhanced T1-weighted MRI also revealed a bulky right hypopharyngeal tumor. (d) The corresponding DCE-MRI with an overlaid volume
transfer rate constant (Ktrans) map had a high value (0.655min�1). (e) A post-treatment MRI showed complete remission of the primary tumor. After 60 months of
follow-up, the patient is still alive without recurrences. CT=computed tomography, DEC=dynamic contrast-enhanced, MRI=magnetic resonance imaging, PET=
positron emission tomography.
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We previously explored the utility of pretreatment PET/CT,
DCE-MRI, and DWI for predicting tumor recurrence after CRT
in patients with oropharyngeal or hypopharyngeal cancer.[14,25]

Our results revealed that Ktrans was independently associated
with local control, whereas Ve and ADC were independent
predictors of regional control. In the present study, we instead
explored the clinical utility of functional imaging parameters for
predicting treatment response in patients with hypopharyngeal
cancer, with a special emphasis on the detection of residual
tumors. Unexpectedly, functional MRI parameters were unable
to predict response to CRT. This discrepancy may be explained
by the inclusion of PET texture analysis and of a higher number of
patients with pure hypopharyngeal carcinoma.
The combined assessment of 18F-FDG PET metabolic and

heterogeneity parameters can improve the prognostic stratifica-
tion of patients with hypopharyngeal carcinoma. Here, we
devised prognostic scoring systems based on the independent risk
7

factors identified in multivariate analysis. The risk of residual
tumors was significantly higher in patients with a score of 2 or 1
(HRs: 18.667 and 2.178, respectively) than in those with a score
of 0. Our scoring systemmay be helpful to allocate patients to the
most suitable treatment strategy. Recently, several phase III trials
failed to demonstrate a survival advantage for docetaxel,
cisplatin, and 5-fluorouracil (TPF)-based induction chemothera-
py over standard cisplatin-based concurrent chemoradiotherapy
for patients with head and neck carcinoma.[37–39] These results
led to hypothesize the existence of specific risk factors for
treatment failure. Because traditional prognostic factors (e.g.,
tumor stage) may be insufficient for identifying poor responders
to CRT in clinical trials,[40] the efficacy of induction chemother-
apy could be underestimated. Patients identified with an
unfavorable outcome (e.g., those with a score of 2) may be
suitable candidates to receive induction chemotherapy in future
clinical trials. Conversely, patients with a favorable prognostic
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Figure 4. (Continued).

Wong et al. Medicine (2019) 98:33 Medicine
score (e.g., those with a score of 0) may attain a favorable tumor
control without resorting to aggressive CRT, ultimately
improving quality of life.[41]

With regard to multimodal functional imaging for survival
assessment, we previously demonstrated that Ktrans, Kep, and
alcohol consumption independently predicted RFS, whereas
Ktrans, Kep, and uniformity were independent risk factors for
OS.[22] After the exclusion of patients with oropharyngeal
carcinoma from the present study, multivariate analysis revealed
that Ktrans, TLG, and PET entropy were independent prognostic
factors for RFS.We also identified Ktrans, Vp, SUV, and entropy as
independent predictors of OS. These findings indicate that PET-
and MRI-derived functional parameters may have a different
prognostic significance in patients with oropharyngeal and
hypopharyngeal carcinoma. Ktransestimates the time-dependent
leakage from vessels into the interstitial tumor space. Higher
Ktrans values have been associated with better survival and more
favorable treatment outcomes in patients with HNSCC.[11] These
results are consistent with our current findings and those from a
previous study.[22] Theoretically, vascular permeability should be
inversely correlated with hypoxia, which is associated with a
poor response to radiotherapy and unfavorable prognosis in
patients with malignancies.[42] Patients with high pretreatment
Ktransvalues are expected to have a more favorable survival. A
8

better penetration of chemotherapeutic drugs into the tumor
volume because of an increased permeability can also explain the
improved survival observed in these patients.[11] Herein, Kep did
not predict survival but Vp values were associated with a lower
overall OS. Kep is a rate constant denoting the transfer from the
extravascular space to the plasma volume. Jasen et al[43] reported
reduced Kep values in hypoxic lymph nodes of patients with
HNSCC. Vp—a measure of the intravascular volume or tumor
vascularity—has been shown to predict treatment response in
patients with spinal metastases.[44]

Uniformity and entropy are measures of imaging heterogeneity
derived from the gray-level co-occurrence matrix. Here, we found
that PET entropy values predicted both OS and RFS. In a study of
patients with non-small cell lung cancer,[35] entropy has been
independently associated with OS as well. In contrast, PET
uniformity has been associated with survival in patients with
nasopharyngeal or oropharyngeal carcinoma.[23,45] These results
suggest that the significance of the pretreatment MRI- and PET-
derived parameters for predicting survival in patients with
HNSCC may depend on tumor subsite.
Some limitations of our study merit consideration. First, we

used an SUV of 2.5 for tumor contouring. This method may not
consistently delineate the exact tumor extent but is in line with
most previous studies that have focused on PET parameters in
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patients with HNSCC[19,23,46–47]
—ultimately allowing a direct

comparison with the published literature. We attempted to use
the adaptive threshold method for tumor segmentation,[22] but
the results did not differ appreciably from those using an SUV of
2.5 for tumor contouring. No single widely accepted tumor
segmentation method in PET imaging currently exist.[48]

Furthermore, the values of DCE-MRI or DWI parameters are
dependent on the selected ROI. Although manual contouring of
the tumor is operator-dependent, ROIs in this study were drawn
by an experienced head and neck radiologist in an effort to
minimize potential biases. Finally, the limited sample size
precluded cross-validation. Our findings need external validation
in larger cohorts before more definitive conclusions could be
drawn.
In summary, PET-derived TLG and the texture feature entropy

were independent adverse prognostic factors for treatment
response in patients with hypopharyngeal carcinoma undergoing
CRT. Their combination enabled identification of prognostic
subgroups at higher risk for treatment failure—thus allowing
timely shifts in treatment strategies or salvage surgery. Ktrans

—a
DCE MRI parameter—was significant in predicting survival. Its
combination with entropy and TLG allowed stratifying RFS,
whereas its assessment alongside with entropy, SUV, and Vp led
to a better OS stratification compared with the traditional TNM
staging system.
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