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Background and purpose: To develop and validate a magnetic resonance imaging (MRI)-derived radiomic
signature (RS) for the prediction of 1-year locoregional failure (LRF) in patients with hypopharyngeal
squamous cell carcinoma (HPSCC) who received organ preservation therapy (OPT)
Material and methods: A total of 800 MRI-based features of pretreatment tumors were obtained from 116
patients with HPSCC who received OPT from two independent cohorts. The least absolute shrinkage and
selection operator regression model were used to select the features used to develop the RS. Harrell’s C-
index and corrected C-index were used to evaluate the discriminative ability of RS. The Youden index was
used to select the optimal cut-point for risk category.
Results: The RS yielded 1000 times bootstrapping corrected C-index of 0.8036 and 0.78235 in the exper-
imental (n = 82) and validation cohorts (n = 34), respectively. With respect to the subgroup of patients
with stage III/IV and cT4 disease, the RS also showed good predictive performance with corrected C-
indices of 0.760 and 0.754, respectively. The dichotomized risk category using an RS of 0.0326 as the
cut-off value yielded a 1-year LRF predictive accuracy of 79.27%, 79.41%, 76.74%, and 71.15% in the exper-
imental, validation, stage III/IV, and cT4a cohorts, respectively. The low-risk group was associated with a
significantly better progression-free laryngectomy-free and overall survival outcome in two independent
institutions, stage III/IV, and cT4a cohorts.
Conclusion: The RS-based model provides a novel and convenient approach for the prediction of the 1-
year LRF and survival outcome in patients with HPSCC who received OPT.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Hypopharyngeal squamous cell carcinomas (HPSCC) account for
approximately 3% to 5% of all head and neck cancers (HNCs) [1,2].
Patients with HPSCC often present with a locally advanced disease
and have a poor prognosis despite the diagnostic and therapeutic
improvements in this disease area [2–5]. During the past decade,
in addition to the mainstay treatment of total laryngectomy (TL)
for locally advanced HPSCC, the increased application of organ
preservation treatment (OPT), including induction chemotherapy
(IC) followed by definitive radiotherapy (RT), or primary concur-
rent chemoradiotherapy (CCRT) has resulted in an increase in the
5-year overall survival (OS) rate from 38% to 51.9% [2,6]. Because
of comparable outcomes with TL and the benefit of preservation
of the larynx, the OPT is considered as an alternative therapeutic
choice for advanced HPSCC patients [2,6]. However, for persistent
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hypopharyngeal tumors after OPT, salvage surgery may result in
complications such as wound infection, wound dehiscence, and
pharyngocutaneous fistula [7,8]. Therefore, development of a
model for the accurate prediction of the tumor response and tumor
control after OPT, in patients with locally advanced HPSCC, is
warranted.

The clinical tumor-node-metastasis (TNM) stage system devel-
oped by the American Joint Committee on Cancer (AJCC) is cur-
rently used to classify HPSCC into early- and advanced-stage
cancers using measures of tumor extent [9,10]. Previous studies
have reported that a higher clinical T (cT) and lymph node (cN)
parameters are closely associated with poor disease control in
HPSCC [9,10]. A series of studies have demonstrated that the tumor
volume (TV) staging approach is superior to the TNM staging sys-
tem for the prediction of local disease control in patients with HNC
[11–14]. For example, a TV of >30 or 35 cm3 is a prognostic factor
for poor disease outcome in patients with HPSCC [13,14].

Radiomics, an emerging field of quantitative image analysis, is
recognized for noninvasively obtaining quantitative, three-
dimensional features of neoplastic tissue from serial images and
thus providing informative radiographic-imaging phenotypes of
entire tumors, including TV, tumor shape, and intratumoral hetero-
geneity [15–18]. Radiomic signature (RS), the combined analysis of
a panel of radiomic features, is a promising approach that may
facilitate the individualized prediction of the prognosis in several
kinds of cancers [17–19]. Computed tomography (CT)-based radio-
Fig. 1. (A) Scheme of the recruitment pathway of patients with HPSCC into the experim
process including image pre-processing, image feature extraction, and selection of radiom
carcinoma; GLCM, gray-level co-occurrence matrix; GLRL, gray-level run-length; LASSO,
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mics analysis has been found to be associated with prognosis in
patients with HNC [15,17,20]. However, there is no optimal
approach that combines the multiple image features of magnetic
resonance imaging (MRI) and RS for the prediction of persistent
or early loco-regional recurrent diseases, post OPT, in patients with
HPSCC.

We hypothesized that 1-year loco-regional failure (LRF) events,
including persistent or recurrent primary tumors and regional lym-
phadenopathies, may reflect failure of OPT in patients with locally
advanced HPSCC who received CCRT or RT as a first-line treatment.
Therefore, we sought to develop an MRI based RS score to predict
the 1-year LRF events in the experimental cohort of HPSCC patients
who received a cisplatin-based CCRT as the primary treatment, and
validate the RS classifier in the validation cohort (cisplatin-based
CCRT as the primary treatment). Furthermore, the use of the
high-risk and low-risk classification system based on the RS score
may help us select suitable patients for OPT without compromising
the disease prognosis.

2. Materials and methods

2.1. Study population

Ninety and twenty-six histologically confirmed HPSCC patients,
diagnosed between January 2003 and December 2010 at the Insti-
tution 1 (Chang-Gung Memorial Hospital) and between January
ental cohort and validation cohort (B) Flowchart: radiomic signature development
ic factors to generate the radiomic signature. HPSCC, hypopharyngeal squamous cell
the least absolute shrinkage and selection operator.
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2009 and December 2014 at the Institution 2 (Yun-Lin branch of
the National Taiwan University Hospital), who received a
cisplatin-based CCRT as the first-line treatment for OPT were
respectively enrolled in the present study. All patients underwent
a pretreatment MRI scanning for initial staging, and none of the
patients who underwent tracheotomy were included in our cohort.
The surviving patients were followed-up for a minimum of 2 years.
Patients who did not complete the whole course of RT (radiation
dose to gross tumors � 70 Gy), those who received surgery as pri-
mary treatment, or those who initially presented distant meta-
static lesions were excluded from the study. From the entire
cohort, 82 and 34 patients were randomly assigned to the experi-
mental and validation cohort, respectively. The recruitment path-
way of all the patients is depicted in Fig. 1A. The baseline
demographical data of age, sex, histological grade, and TNM stage
(according to the 7th edition of the AJCC TNM staging system) of
the experimental and validation cohorts were obtained from the
medical records, and the demographic details are listed in Table 1.
The Research Ethical Committee of the Chang-Gung Memorial
Hospital and the National Taiwan University Hospital approved
the retrospective study protocol.
2.2. MRI imaging protocols

All patients were examined with MRI before and after
gadolinium-DTPA injection. A head-and-neck synergic coil cover-
ing the entire neck, from the skull base to the thoracic inlet, was
used for the MRI examinations. Pre-contrast T2- and T1-weighted
turbo spin-echo (TSE) images were obtained in the axial plane,
and post-contrast T1-weighted TSE images with fat saturation
were obtained in the axial, coronal, and sagittal planes. The MRI
was performed with a 1.5-T unit (Intera, Philips Medical Systems;
n = 11) or 1.5-T MRI system (Signa HDxt; GE Healthcare; n = 26) or
a 3-T unit (Magnetom Trio, Siemens Healthcare, Erlangen, Ger-
many, n = 79). Supplementary materials and methods S1 show
the protocol associated with the imaging parameters used for the
MRI sequences.
Table 1
Baseline patient characteristics in the experimental and validation cohorts.

Experimental
Cohort

Validation
Cohort

P
value

Age, n (%)
>60 years 15 (18.3) 6 (17.6) 0.934
�60 years 67 (81.7) 28 (82.4)
Sex, n (%)
Male 78 (95.1) 33 (97.1) 0.640
Female 4 (4.9) 1 (2.9)
Clinical T stage, n (%)
T1-T3 30 (36.6) 15 (44.1) 0.449
T4 52 (63.4) 19 (55.9)
Clinical N stage, n (%)
N0 13 (15.9) 9 (26.5) 0.184
N1-N3 69 (84.1) 25 (73.5)
Clinical TNM stage, n (%)
Stage I-III 13 (15.9) 9 (26.5) 0.184
Stage IV 69 (84.1) 25 (73.5)
Histologic grade, n (%)
Grade 1–2 77 (93.9) 29 (85.3) 0.133
Grade 3 5 (6.1) 5 (14.7)
Tumor volume, mean ± SD, mm3 36.67 ± 30.66 34.7 ± 39.2 0.778

Follow-up time, mean ± SD, mm3,
month

39.34 ± 34.65 49.45 ± 36.84 0.163

Institution, n (%)
Institution 1 65 (79.3) 25 (73.5) 0.500
Institution 2 17 (20.7) 9 (26.5)

Abbreviations: n, number; T, tumor; N, lymph node, SD, standard deviation.
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2.3. Image preprocessing and quantitative image analysis workflow
used to create the radiomic signature

The following experiments, including image preprocessing,
quantitative image analysis, and workflow to create the RS from
the experimental and validation cohort are illustrated in Fig. 1B.
All images were reviewed and processed using the 3D Slicer soft-
ware (3D Slicer, Version 4.5.0–1, http://www.slicer.org) [21]. First,
6-Degrees-of-Freedom (6-DOF) Rigid-Body registration was
applied to the T2-weighted (T2), non-contrast T1-weighted (T1n),
and contrast enhanced T1-weighted (T1c) MRI images. Based on
the MRI images, a region of interest (ROI) was delineated around
the entire visible tumor by a radiation oncologist (C.Y.H., with
7 years of experience in HNC contouring). After the ROIs were
defined, a second radiation oncologist (S.M.L. with 7 years of expe-
rience in HNC contouring) re-evaluated 30 randomly chosen MRI
images for the assessment of the inter-observer variations. Both
the observers were blinded to the clinical data and the pathology
reports of the patients before and during the contouring process.
Image gray-level normalization, known to minimize arbitrary MR
signal intensities within the standardized intensity ranges, was
performed by rescaling the histogram data into 256 Gy levels (Sup-
plementary materials and methods S2).

Next, we applied a Laplacian of Gaussian filter (LoG) to the
intensity-normalized T2, T1n and T1c MRI images with filter
parameters between 1.0 and 3.0 (1.0, 1.5, 2.0, 2.5, 3.0) to improve
suppression of image noise and enrich the features of the diverse
spatial scales (Supplementary materials and methods S2) [21,22].
The total radiomic features, extracted from the intensity-
normalized T2, T1n, and T1c MRI images, with or without LoG
image filtration (18 sets of MRI images, totally), consisted of (i)
4 vol and 4 shape features (ii) 270 image features of first-order
statistics of gray-level histograms (iii) 324 texture features derived
from gray-level co-occurrence matrix (GLCM) analysis (iv) 198 tex-
ture features derived from the gray-level run-length (GLRL) matrix.
We utilized the heterogeneity computer-aid diagnosis (CAD) mod-
ule of 3D slicer as the feature extraction tool [18,21,23–26].

The least absolute shrinkage and selection operator (LASSO) is
an L1-regularized regression method and allows a panel of selected
features to be combined into an RS [27,28]. In the experimental
cohort, we input the radiomic features extracted from the MRI
images and used the LASSO binary logistic regression tool of the
lasso and elastic-net regularized generalized linear models
(GLMNET) package in the software R (version 3.3.1; http://www.
Rproject.org) to build the RS to predict the 1-year LRF events. We
employed a 10-fold cross-validation method, using the minimum
criteria with the measure type ‘‘Class”, to tune the parameter k
in the LASSO model. The chosen parameter k could help select
valuable image features with non-zero coefficients.

2.4. Assessment of the association between the clinicopathological
features and the radiomic signature with 1-year loco-regional control

Univariate analysis was performed to evaluate the association
between the clinicopathological factors and 1-year LRF events in
the experimental and validation cohorts. Harrell’s C-index and
the corrected C-index, derived from the bootstrapping validation
with 1000 resamples to reduce potential overfitting, were calcu-
lated by using the ‘‘Hmisc” package in the R software in order to
evaluate discriminative ability of RS for the 1-year LRF.

2.5. Follow-up and statistical analysis of the clinical outcomes

After completion of the OPT, all patients were followed up every
1 to 2 months in the first 2 years, and every 3 to 4 months
thereafter. During each follow-up, a physical examination and

http://www.slicer.org
http://www.Rproject.org
http://www.Rproject.org
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laryngoscopy were performed, and a CT or MRI of the head and
neck region was performed every 4 to 6 months in the first 1–
2 years. The median follow-up time for those still alive at the last
follow-up was 91 months (range: 27.67–137.03 months). The diag-
nosis of LRF was based on the laryngoscopy results, CT or MRI of
the head and neck region, or both (if needed, tissue proof or fine-
needle aspiration was performed). Distant failure (DF) was diag-
nosed based on the physical examination, metastases-related
symptoms, and imaging modalities including chest radiography,
abdominal sonography, or CT/MRI/whole body bone/positron
emission tomography (PET). Progression-free survival (PFS) was
measured from the first day of treatment to the date of disease pro-
gression including LRF, DF, or death. Laryngectomy-free survival
(LFS) was measured from the date of the diagnosis of HPSCC until
the date of TL or death. OS was measured from the date of the diag-
nosis of HPSCC to death. Survival analysis was calculated using the
Kaplan-Meier method. A P value of < 0.05 was considered statisti-
cally significant.
3. Results

3.1. Demographic findings of all patients

The demographic findings of the experimental and validation
cohorts are listed in Table 1. The median age of the entire cohort
was 51 (range: 34–78) years, and most patients (95.7%) were
men. There were no significant differences between the two
cohorts in the distribution of elderly patients (P = .934), gender
(P = .640), cT category (P = .449), cN category (P = .184), histological
grading (P = .133), and primary TV (P = .778).

3.2. Feature selection and radiomic signature building

We developed the RS, using the LASSO method, from 800 radio-
mic features obtained from 82 patients in the experimental cohort.
A lambda (k) value of 0.067490 gave a regularized model that
allowed the mean cross-validated error to be within one standard
error of the minimum value, and aided in narrowing down the 800
image features to 8 potential radiomic predictors. By means of the
aforementioned 8 potential radiomic predictors, we developed
the new RS to assess the association with the 1-year LRF in the
Table 2
The distribution of prognostic factors in 1-year LR control and LR failure subgroups in exp

Experimental cohort

1-year LR control 1-year LR failure

Age, year
Mean ± SD 55.04 ± 9.15 51.00 ± 9.56
Smoking, n (%)
No 13 (31.7) 11 (26.8)
Yes 28 (68.3) 30 (73.2)
cT, n (%)
T1-T3 21 (51.2) 9 (22.0)
T4 20 (48.8) 32 (78.0)
cN, n (%)
N0-N1 9 (22.0) 4 (9.8)
N2-N3 32 (78.0) 37 (90.2)
TNM, n (%)
Stage I-III 9 (22.0) 4 (9.8)
Stage IV 32 (78.0) 37 (90.2)
HG, n (%)
Grade 1–2 38 (92.7) 39 (95.1)
Grade 3 3 (7.3) 2 (4.9)
TV, mm3 mean ± SD, RS 25.59 ± 24.68 47.73 ± 32.30
mean ± SD �0.36 ± 0.66 0.34 ± 0.54

Abbreviations: LR, loco-regional; n, number; cT, clinical T stage; cN, clinical N stage; TNM
volume; SD, standard deviation; Q1, first quartile; Q3, third quartile.
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experimental cohort. The radiomic features are listed in Supple-
mentary Results S1, and the formula for RS is listed below:

RS ¼ 0:619630267 þ ð�0:336355932Þ
� Surface:Volume:Ratio þ ð0:12324892Þ � Compactness:1
þ ð0:007160570Þ � KurtosisT22 þ ð0:038133581Þ
� Maximum:

IntensityT1n1 + (�0.016441710) � SkewnessT1n1

þ ð0:001521672Þ � KurtosisT1n1 þ ð�0:019342842Þ
� KurtosisT1c0 þ ð�0:005920437Þ � LGLRET1c2:5

With regards to the inter-observer agreement assessment
between 2 readers for the features of the RS, we found that the
intraclass correlation coefficients ranged from 0.787 to 0.9259
(Supplementary Results S2). As the coefficients were >0.7, this
result indicated a good agreement of the assessment between the
2 readers.

3.3. Association of the clinicopathological features and radiomic
signature with 1-year loco-regional failure events

In the experimental cohort, in addition to the cT, TV and TNM
staging, the RS was significantly higher in patients with a 1-year
LRF (P < .001). Among these significant prognostic factors in the
experimental cohort, only TV and RS were found to be significant
in the validation cohort, whereas RS was still significantly higher
in patients with a 1-year LRF (P = .006) (Table 2 and Fig. 2A).

The RS yielded AUC of ROC curves of 0.804 (95% confidence
interval [CI], 0.708–0.899) and 0.784 (95% CI, 0.598–0.971) in the
experimental and validation cohorts, respectively (Fig. 2B). On
bootstrapping validation (1-year LRF), the corrected C-indices in
the experimental and validation cohorts were 0.8036 and
0.78235, respectively (Supplementary Results S3). As for the sub-
group of patients with stage III /IV and cT4 disease, which were
regarded as technically resectable but locally advanced diseases,
the RS also showed good predictive performance with bootstrap
corrected C-indices of 0.7609 and 0.7545, respectively (Supple-
mentary Results S3). We further performed c-statistics to analyze
the discriminative performance of the RS in predicting 2-year LRF
and found that the RS showed good predictive performance, with
erimental and validation cohorts.

Validation cohort

P value 1-year LR control 1-year LR failure P value

0.054 51.77 ± 8.62 51.58 ± 9.25 0.953

0.809 8 (50) 5 (50) 1.000
8 (50) 5 (50)

0.011 11 (68.8) 4 (40) 0.228
5 (31.2) 6 (60)

0.226 13 (81.2) 3 (30) 0.015
3 (18.8) 7 (70)

0.226 9 (56.3) 3 (30) 0.226
7 (43.8) 7 (70)

1.000 15 (93.8) 10 (100) 1.00
1 (6.2) 0 (0)

0.001 22.93 ± 29.47 56.40 ± 46.56 0.015
<0.001 �0.46 ± 0.69 0.36 ± 0.94 0.006

, clinical TNM stage; HG, histologic grade; IC, induction chemotherapy; TV, Tumor



Fig. 2. Distribution of the individual RS for the 1-year loco-regional failure in two cohorts. (A) A waterfall plot illustration for the distribution of the individual RS_score for
the 1-year loco-regional recurrence subgroup and 1-year locoregional disease-free subgroup; upper panel, experimental cohort; lower panel, validation cohort (B) Receiver
operating characteristic curve used to evaluate the prediction performance of RS in the experimental cohort (upper panel) and in the validation cohort (lower panel). RS,
radiomic signature.
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bootstrap-corrected C-index values of 0.7609 and 0.7545 in the
experimental and validation cohorts, respectively.

We further used the Youden index according to the ROC curve
of the RS in the experimental cohort to obtain an optimal cut-
point by maximizing the sum of the sensitivity and specificity.
The overall accuracies by using an RS cutoff point (RS_cutoff) of
0.0326 to predict the 1 year LRF in experimental, validation, stage
III/IV, and cT4a cohort were 79.27%, 79.41%, 76.74%, and 71.15%,
respectively (Table 3). The 1-year LRF prediction performance of
the RS_cutoff outperformed the traditional volumetric predictors
by using a tumor volume of 25 cm3, 30 cm3, and 35 cm3 in the
experimental, validation, stage III/IV, and cT4a cohort, and detailed
information are listed in Table 3.
Table 3
1-year Loco-regional failure prediction performance of radiomic signature and volumetric

Experimental cohort

Sensitivity Specificity PPR NPR Accu

RS_cutoff 75.60% 82.90% 81.60% 77.30% 79.2
V35 53.70% 80.50% 73.33% 63.50% 67.0
V30 58.50% 70.70% 66.70% 63.00% 64.6
V25 73.20% 56.10% 62.50% 67.60% 64.6

Stage III/IVA
Sensitivity Specificity PPR NPR Accu

RS_cutoff 70.00% 82.60% 77.80% 76.00% 76.7
V35 45.00% 82.60% 69.20% 63.30% 65.1
V30 50.00% 73.90% 63.00% 62.50% 62.7
V25 65.00% 60.00% 59.10% 66.70% 62.7

Abbreviations: RS, radiomic signature; RS_cutoff, RS of 0.0326 cutoff point; V35/V30/2
negative predictive ratio.

5

3.4. Progression-free, laryngectomy-free, and overall survival in risk
groups categorized via the RS_cutoff

We used a dichotomized risk category, with an RS_cutoff of
0.0326, to categorize patients into low- and high-risk groups. In
addition to the prediction of 1- and 2-year LRF, we found that
the high-risk group was significantly associated with worse sur-
vival outcome, including 1- and 2-year PFS, LFS, and OS in both
institution cohorts (Fig. 3).

In patients with stage III/IVA disease, the median PFS (P < .001),
LFS (P = .001), and OS (P < .001) were 57.0, 65.8, and 68.4 months
in the low-risk group compared to 18.4, 27.2, and 30.7 months in
the high-risk group, respectively (Supplementary Fig. 1). In
predictors.

Validation cohort

racy Sensitivity Specificity PPR NPR Accuracy

7% 83.33% 77.30% 66.70% 89.50% 79.41%
7% 58.30% 81.80% 63.60% 78.30% 73.53%
3% 66.70% 81.80% 66.70% 81.80% 76.47%
3% 75.00% 77.30% 64.30% 85.00% 76.47%

cT4a
racy Sensitivity Specificity PPR NPR Accuracy
4% 75.90% 65.20% 73.30% 68.20% 71.15%
2% 58.60% 65.00% 68.00% 55.60% 61.54%
9% 62.10% 47.80% 60.00% 50.00% 55.77%
9% 75.90% 26.10% 56.40% 46.20% 51.92%

5, tumor volume of 35/30/25 cm3 cutoff point; PPR, positive predictive ratio; NPR,



Fig. 3. Kaplan–Meier survival curve for patients in the Institution 1 cohort (A) Progression-free survival (B) Laryngectomy-free survival (C) Overall survival; and the Kaplan–
Meier survival curve for patients in the Institution 2 cohort (D) Progression-free survival (E) Laryngectomy-free survival (F) Overall survival.
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patients diagnosed with a cT4a disease, the median PFS (P = .013),
LFS (P = .01), and OS (P = .015) were 52.4, 62.6, and 65.0 months in
the low-risk group compared to 20.0, 30.1, and 34.0 months in the
high-risk group, respectively (Supplementary Fig. 1).
4. Discussion

Radiomics is a quantitative analytical method used to convert
medical images into a large-scale profile of imaging features [15].
In the current study, we demonstrated that RS, a combination of
8 potential factors obtained from 800 image features, showed good
discrimination performance for the prediction of the 1-year LRF
not only in the experimental cohort, but also in the validation
cohort. By using the Youden index, we categorized patients into
a high-risk and a low-risk category based on an RS_cutoff of
6

0.0326. Importantly, the high-risk group was closely associated
with a poor median PFS, LFS and OS in two independent institution
cohort, stage III/IV subgroup, and cT4a subgroup. To the best of our
knowledge, the present study is the first of its kind, reporting an
MRI-derived RS-based prediction model for the evaluation of the
1-year LRC and survival in patients with HPSCC who received
OPT as a first-line treatment.

Previous studies have revealed that a larger tumor size is closely
associated with poor disease outcomes in patients with HNC who
received OPT [13,14,29,30,31]. Strongin et al. reported that among
78 patients with stage III/IV HNC who received OPT, patients with a
TV > 35 cm3 were associated with higher recurrent rates compared
to those with a TV � 35 cm3 (43% vs. 71%, P = .010) [13]. Johnson
et al. also studied the association between tumor volume and dis-
ease recurrence in 76 HNC patients, and found that the 5-year DFS
was significantly better for volumes of < 35 cm3 (P = .0001) [31].
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Chen et al. reported that among the III-IVA HPSCC patients treated
with CCRT, a TV < 30 cm3 significantly correlated with a better 3-
year PFS than a TV � 30 cm3 [14]. In addition to TV, Zhang et al.
revealed that histogram analysis of parameters of primary tumor
CT textures, including entropy and skewness, were associated with
a better OS in HNC patients receiving IC [32].

In the present study, we found that among patients with stage
III/IVA and cT4 disease, the prediction accuracy of the 1-year LRF
were 65.12% and 61.54% by using TV < or � 35 cm3 and 62.79%
and 55.77% by using TV < or � 30 cm3, respectively. The results
were compatible with the historical prognosis predictive perfor-
mance of tumor volume. Nevertheless, our study demonstrated
that RS (RS_cutoff of 0.0326) provided a better prediction accuracy
for the 1-year LRF in the stage III/IV subgroup (76.74%), and the
cT4a subgroup (71.15%) than TV. The possible reason for these
findings could be that texture analysis for tumor imaging could
provide precise information on intra-tumor heterogeneity, which
may affect the response of tumors to chemotherapy and RT
[27,33–36]. For example, Aerts et al. identified a close correlation
between the intra-tumor textural features and the expression pat-
terns of different genes related to tumor growth and invasiveness
in patients with HNC [20], which were thought to be important
prognostic factors regarding post treatment disease control.

In addition to the radiomic approach via anatomical radio-
graphic imaging, a lower pretreatment metabolic TV (MTV) value
[37,38], a volumetric measurement of tumor extent with 18F-FDG
uptake scans, as well as a lower maximum standardized uptake
value (SUV) was found to be closely associated with complete or
partial responses in patients with HPSCC who received IC followed
by definitive CCRT [32]. An early response to IC is another approach
for the selection of patients suitable for OPT. Recently, Wichmann
et al. developed a predictive model, the LFS score, based on the
response to a cycle of IC using a combination of >2 LN+, residual
primary TV > 20%, residual total TV > 5.6 mL, and the ratio of the
maximal residual standard-uptake value maximum to the mean
residual SUV mean > 1.51, and showed that a LFS score � 16 signif-
icantly correlated with better LFS (P = .0014) and OS (P = .0146)
[39]. Combining radiomic analysis and functional MRI modalities
such as diffusion-weighted imaging (DWI) would have the poten-
tial effect of providing more information about the prognostic
imaging phenotype in patients with advanced HPSCC. Recently,
Leithner et al reported that radiomic analysis derived from DWI
imaging can provide high accuracy in subclassifying the molecular
subtypes of breast cancer (luminals A and B, and HER2 enriched)
[40]. Dulhanty et al also demonstrated that radiomics-driven
DWI can be used as a forcefully sensing strategy to help physicians
precisely screen zone-level prostate cancers for further targeted
biopsy treatment [41]. Further study is warranted to assess
whether DWI-driven radiomic signatures can predict 1-year LRF
in patients with advanced HPSCC who want to receive OPT. Taken
together, these findings suggest that a combination of image fea-
tures through the analysis of CT images, MRI images (included
DWI), and 18F-FDG PET might provide enormous information about
the tumor phenotypic features [40–44], and the aforementioned
approach should be confirmed in future studies for patients with
HPSCC who received CCRT for organ preservation.

The present study consisted of two independent cohorts of
patients with HPSCC receiving OPT, with a curative radiation
dose � 70 Gy for theprimary tumors.Nevertheless, therewere some
differences in the MRI imaging platform and sequence parameters
between these two cohorts. To overcome the commonproblems fre-
quentlynoticed inmulti-institutional studies,we rescaled the image
intensity data into 256 Gy levels and used a LoG image filter to
improve imagenoise suppression in the current study. In thepresent
study, our RS model, which comprises radiomic features derived
only fromprimary tumors, canpredict theprognosis of patientswith
7

HPSCC who received a cisplatin-based CCRT as the first-line treat-
ment, for the preservation of hypopharyngeal organ function. It
would not be surprising that the addition of clinicopathological fea-
tures such as tumor invasion status or lymphnode disseminated the
extent and radiographic information from regional lym-
phadenopathies will improve the current RS model.

Previous studies demonstrated that male sex, advanced age,
tumor size, tumor invasion, lymph node stage, comorbid condi-
tions, poor performance scores, human papillomavirus infection,
and programmed death ligand-1 expression level are poor prog-
nostic factors in patients with HPSCC [45–47]. Although radiomic
research studies are still emerging, our RS model provided higher
sensitivity and specificity than tumor volume in predicting loco-
regional recurrence in patients with advanced HPSCC, indicating
that, in addition to clinicopathological factors, RS is a useful tool
for predicting local failure in patients with advanced HPSCC who
want to receive OPT.

Previous studies also demonstrated that multiple factors includ-
ing laryngeal function, cartilage invasion (T4a), tumor volume,
lymph node involvement, and distant metastases are associated
with the prognosis and feasibility of organ preservation therapy
[48,49]. When adding the variables of clinical T (T4 versus T1-3)
and clinical N (N1-3 versus N0) in our RS in the regression model,
we found that the tumor and lymph node status with RS combined
yielded c-index values of 0.803 and 0.782 in the experimental and
validation cohorts, respectively, indicating that the tumor and
lymph node status combined and the RS model did not improve
thediscriminativeperformanceof the combinedmodel inpredicting
LRF when compared with our original RS model. The reasons for the
aforementioned resultsmay be related to the limited size of our cur-
rent cohorts, inwhich prognostic factors such as tumor invasion and
lymph node extension may have rarely existed in our patients with
advancedHPSCC. However, with adequate sizes of the experimental
and validation cohorts, the addition of TNM stage (including tumor
size, tumor invasion, and lymph node stage) and radiographic infor-
mation from regional lymphadenopathies will potentially improve
our established RS model. Further large-scale external validation
and advanced radiomic analyses are warranted to develop a
clinico-radiomic model for increasing the accuracy and robustness
of the prediction of loco-regional recurrence and prognosis in
patients with HPSCC.

In the present study, MRI scans were obtained at the time of ini-
tial diagnosis of all patients, and none of the patients who under-
went tracheotomy were included in our cohort. Considering that
problems of image artifacts from the endotracheal tube in patients
who had undergone tracheostomymay interfere with the data pre-
sentation of radiomic analyses, in addition to bias field correction
and imaging gray-level normalization, we will contour the endo-
tracheal tube with a 5-mm margin and subtract the endotracheal
tube region from the tumor extent for further radiomic analysis
in this subgroup of patients.

In summary, our established and validated non-invasive RS
model provides a novel and convenient approach to predict 1-
year LRF, and the survival outcome, including the PFS, LFS, and
OS, in patients with locally advanced HPSCC who received OPT.
Validation of the association of our established RS (RS_cut-
off = 0.0326) with clinical outcomes in another large cohort of
patients with HPSCC who received OPT is warranted. This estab-
lished non-invasive RS can help physicians characterize and facili-
tate decision-making for the clinical management of patients with
locally advanced HPSCC in future prospective studies. In the future,
the use of an innovative radiomic analysis combined with primary
tumor characteristics and regional lymphadenopathies in the
assessment of the predictive ability for LRF in patients with
advanced HPSCC and in the validation of the robustness of this
combined RS model is warranted.
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