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ABSTRACT

Objectives: To investigate the capability of computed-tomography (CT) radiomic 
features to predict the therapeutic response of Esophageal Carcinoma (EC) to 
chemoradiotherapy (CRT).

Methods: Pretreatment contrast-enhanced CT images of 49 EC patients (33 
responders, 16 nonresponders) who received with CRT were retrospectively analyzed. 
The region of tumor was contoured by two radiologists. A total of 214 features 
were extracted from the tumor region. Kruskal-Wallis test and receiver operating 
characteristic (ROC) analysis were performed to evaluate the capability of each 
feature on treatment response classification. Support vector machine (SVM) and 
artificial neural network (ANN) algorithms were used to build models for prediction 
of the treatment response. The statistical difference between the performances of 
the models was assessed using McNemar’s test.

Results: Radiomic-based classification showed significance in differentiating 
responders from nonresponders. Five features were found to discriminate 
nonresponders from responders (AUCs from 0.686 to 0.727). Considering these 
features, two features (Histogram2D_skewness: P = 0.015. Histogram2D_kurtosis: 
P = 0.039) were significant for differentiating SDs (stable disease) from PRs (partial 
response) and one feature (Histogram2D_skewness: P = 0.027) for differentiating 
SDs from CRs (complete response). Both classifiers showed potential in predicting the 
treatment response with higher accuracy (ANN: 0.972, SVM: 0.891). No statistically 
significant difference was observed in the performance of the two classifiers (P = 
0.250).

Conclusions: CT-based radiomic features can be used as imaging biomarkers to 
predict tumor response to CRT in EC patients.

INTRODUCTION

Esophageal carcinoma is the eighth most commonly 
occurring types of malignancy, including more than 

450.000 new cancer diagnoses yearly, and also the sixth 
leading cause of cancer-related mortality with an estimated 
approximately 400.000 deaths every year [1]. Most people 
are diagnosed with esophageal cancer present with locally 
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advanced disease, to which concurrent chemoradiotherapy 
has emerged as a standard treatment [2]. However, locally 
advanced esophageal cancer has only 5-year overall 
survival of 36-47% after the CRT [3-5]. Therefore, a 
non-invasive prediction approach is expected to identify 
those who are at higher risk of poor response after CRT. 
Literatures showed that early selected patients with poor 
response to CRT may benefit from salvage surgery, with 
long-term survival [6, 7]. Therefore, identification of these 
patients prior to treatment would allow modification of 
their therapeutic plan and/or intensification of radiation 
dose to reduce unnecessary toxicity and improve 
prognosis.

Tumor internal microscopic differences (e.g., high 
cell density, necrosis, proliferation, hemorrhage, and 
hypoxia) are well-recognized features of malignancy 
that are related to worse prognosis, as well as to poorer 
response to treatment. Particularly, heterogeneity of the 
tumor blood supply will lead to the formation of cell 
hypoxia. The existence of hypoxic tumor cells increased 
tumor aggression and resistance to treatment [8] and is one 
of the most important reasons for distant metastasis [9]. 
Recent advances in radiomic analysis have been able to 
objectively and precisely quantify the tumor heterogeneity 
for predicting treatment response and prognosis.

Radiomic [10-12] is an emerging field that 
converts medical imaging to a set of high dimensional 
and quantitative features, including parameters not easily 
visible and quantifiable by simple visual analysis. By 
assessing the features of shape, texture, and transformation 
within a tumor lesion, radiomic analysis has the potential 
to provide complementary information relating to the 
tumor phenotype (e.g., shapes irregularity, heterogeneity 
or necrosis) [13-15]. Recently, many studies have 
shown that radiomic analysis could potentially provide 
a biomarker for the prediction of distant metastasis 
(DM) [16], treatment response [17-20], and radiation 
pneumonitis (RP) after radiotherapy [21, 22].

To our knowledge, there are few studies 
investigating the potential of radiomic analysis based on 
contrast-enhanced CT to predict treatment response in 
EC patients to CRT, particularly for the combination of 
multivariable prediction models, which may serve as an 
assistive tool for clinically accurate prediction. Therefore, 
the purpose of our study was to evaluate the power of 
radiomic features derived from pretreatment contrast-
enhanced CT images combined with supervised machine-
learning techniques in predicting therapeutic response to 
CRT in EC patients.

RESULTS

Treatment response after CRT

A total of 49 EC patients finished the treatment 
and observation. The evaluation of curative effect was 

performed 1 month after CRT. Patients classified as 
responders and nonresponders were 33 cases (17 CR, 16 
PR) and 16 cases (16 SD, 0 PD), respectively.

Feature inter-observer variability assessment

Five features extracted from two sets of contours 
delineated separately by two radiologists showed poor 
reproducibility (ICC < 0.8). In the other word, a total of 
209 features were considered to be highly reproducible 
(ICC ≥ 0.8). The details were summarized in Table 1.

Predictive capabilities

The Kruskal-Wallis test was performed to all highly 
reproducible features with the results showing that 5 
features could differentiate between responders (CRs and 
PRs) and nonresponders (SDs), 2 features (Histogram2D_
skewness, P = 0.015; Histogram2D_kurtosis, P = 0.039) 
could differentiate between SDs and CRs, and one feature 
(Histogram2D_skewness, P = 0.027) could differentiate 
between SDs and CRs. The 5 features were Histogram2D_
skewness, Histogram2D_kurtosis, GLSZM2D_LZE, 
Gabor2D_MSA-54, and Gabor2D_MSE-54, showed 
significantly different between responders and 
nonresponders. To discriminate between responders and 
nonresponders, we analyzed the Histogram2D_skewness 
with ROC curves and found a cut-off of 0.025, indicating 
that tumor lesions whose Histogram2D_skewness was 
higher than 0.025 were most likely from nonresponders 
(sensitivity = 56.25%, specificity = 84.85, AUC = 0.727; 
P = 0.007). Similar results were obtained from the ROC 
analysis of other 4 significant features. The detailed data 
were summarized in Table 2 and Table 3. The distribution 
of statistically significant parameters within different 
treatment response was shown in Figure 1. Additionally, 
for the pairwise comparison of AUCs between the 5 
significant features, Delong’s test showed that there was a 
significant difference in predictive performance between 
Histogram2D_skewness and Histogram2D_kurtosis 
(AUCs: 0.727 vs. 0.689; P = 0.049).

Supervised classification and statistical 
comparison

Before model construction, feature reduction was 
performed to obtain the optimal parameter subsets on the 
basis of the wrapper-based method. With this method, 
our feature reduction process resulted in different optimal 
feature subsets for each model (SVM and ANN). The 
optimal feature subset for ANN contained 7 features 
and for SVM contained 9 features. Table 4 summarizes 
the optimal feature sets for each model in detail. Three 
features (Histogram2D_skewness, Gabor_MSA-42, and 
Gabor_MSA-55) were both selected in these 2 different 
feature sets and no shape-based features were selected. 
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Table 5 summarizes the detailed results of the weighted 
average accuracy, precision, MCC, and AUC for each 
model. Results showed that both models have good 
performances in differentiating between responders and 
nonresponders, and higher accuracies were obtained 
(accuracy of ANN: 0.927; accuracy of SVM: 0.891).

Pairwise comparisons in McNemar’s test showed 
that there was no statistical difference between ANN 
and SVM models, indicating that the choice of the 
modeling algorithm was not of substantial importance 
(P = 0.250).

Validation result

Table 6 shows the detailed results of the validation 
(testing set). ANN had higher accuracy than SVM 
(accuracy of ANN: 0.917; accuracy of SVM: 0.667), which 
was consistent with internal validation (training set).

DISCUSSION

Medical imaging is not only used for diagnosis and 
follow-up, but also image-based clinical parameters (e.g., 
TNM stage and 18F-FDG uptake) are used as predictors of 
treatment response. However, these widely used clinical 
indicators do not comprehensively capture the tumor 
phenotypic information. Radiomics method is able to 
quantify tumor phenotypical differences from medical 
images by analyzing a large number of imaging features 
that can be linked to clinical outcomes of the tumors. With 
this method, the quantified phenotypic information can 
be used as imaging biomarkers in response assessment of 
cancers.

Recently, large numbers of valuable imaging 
biomarkers of prognosis for patients with EC have been 
reported. For example, a previous study demonstrated 
the PET-based textures could be predictors of treatment 

Table 2: Features show statistical difference between responders and nonresponders

Feature P-value Standard Error 95%CI AUC Cut-off

Histogram2D_skewness 0.007 0.0743 0.581-0.845 0.727 >0.025

Histogram2D_kurtosis 0.035 0.0762 0.531-0.806 0.680 ≤4.261

GLSZM2D_LZE 0.039 0.0777 0.537-0.811 0.686 >0.266

Gabor2D_MSA-54 0.041 0.0796 0.537-0.811 0.686 ≤3066.039

Gabor2D_MSE-54 0.046 0.0865 0.547-0.818 0.695 ≤1.200

AUC, area under the curve; CI, confidence interval; Responders, patients with CR and PR; Nonresponders, patients with SD.

Table 1: ICC of features resulting from two radiologists contouring

Feature Type ICC<0.8

Shape-based 0/4

Histogram-based 1/6

Texture-based 1/91

Transform-based 3/98

ICC, intra-class correlation coefficient.

Table 3: Features that classify different treatment responses

Feature type Responders (CR, PR) Versus 
Nonresponders (SD)

SD Versus PR SD Versus CR

Shape-based None None None

Histogram-based Histogram2D_skewness
Histogram2D_kurtosis

Histogram2D_skewness
Histogram2D_kurtosis

Histogram2D_skewness

Texture-based GLSZM2D_LZE None None

Transform-based Gabor2D_MSA-54
Gabor2D_MSE-54

None None

CR, complete response; PR, partial response; SD, stable disease.
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response [20]. ROC curve analysis showed that tumor 
texture (i.e., homogeneity, entropy, and size zone 
variability) achieved higher AUCs (0.82 - 0.89) than 
any SUV measurement (AUCs from 0.59 to 0.70) in 
differentiating responders from nonresponders. Similarly, 
in their second study, several features (i.e., metabolic 
tumor volume [MTV], entropy, intensity variability, and 
zone percentage) were achieved good discriminatory 
power (AUCs from 0.80 to 0.90) for predicting 

nonresponders [23]. Based on baseline and post-treatment 
18F-FDG PET scans, Tan et al. reported that changes 
in features over treatment appeared better predictive 
performance than pre or post-treatment assessment alone 
[24]. However, PET is expensive and time-consuming. 
In the long-term follow-up of cancer patients, CT is still 
the main imaging method which is performed in routine 
clinical practice. Ganeshan et al. [19] reported that CT-
based textural heterogeneity has the potential to provide 

Figure 1: Box plots of the amplitudes of features, successfully differentiating nonresponders (stable disease [SD]) 
from responders (complete response [CR], partial response [PR]). (A) Histogram2D_skewness (P=0.0078). (B) Histogram2D_
kurtosis (P=0.0355). (C) GLSZM2D_LZE (P=0.0396). (D) Gabor2D_MSA-54 (P=0.0418). (E) Gabor2D_MSE-54(P=0.0465). (F) ROC 
curve for Histogram2D_skewness, Histogram2D_kurtosis, GLSZM2D_LZE, Gabor2D_MSA-54 and Gabor2D_MSE-54 for classification 
responders from nonresponders.
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a prognostic indicator for survival. In their study, coarse 
uniformity (OR = 4.45; P = 0.039) showed the predictive 
power by Cox regression analysis. Yip et al. [25] explored 
the value of contrast-enhanced CT image features before 
and after neoadjuvant CRT and corresponding changes 
for the prediction of therapeutic response. The study 
suggested that two features (pre and post treatment SD) 
were found to be associated with treatment response. 
However, the aforementioned studies only used histogram-
based and less texture-based features, which could not 
comprehensively assess the phenotype of the tumor. And 
no multi-parameter prediction model was established 
to dig out the predictive value of the multiple feature 
combination.

In present work, Shape-based and histogram-
based metrics are global features that characterizing the 
geometric properties of the tumor and the overall statistical 
characteristics of the pixel gray values in tumor lesion, 
respectively. With these methods, Histogram2D_skewness 
and Histogram2D_kurtosis can be applied to distinguish 
nonresponders (SDs) from responders (CRs and PRs). 

Histogram2D_skewness and Histogram2D_kurtosis also 
have the same ability to discriminate PRs from SDs and 
Histogram2D_skewness can be used to discriminate CRs 
from SDs. The texture-based features depicted the spatial 
arrangement of the voxels and the change of local intensity 
in tumor region [26]. In the other words, the distribution 
of pixels in heterogeneous tumors showed more irregular 
than that in homogeneous tumors [22]. GLSZM2D_LZE, 
corresponding to the variability in the size and intensity 
of 2D ROIs, can be used to classify responders and 
nonresponders. Our radiomic model contained more 
features than the model constructed by Vallières et.al 
[27] by adding Gabor transform and LoG filter approach. 
Gabor transform is a form of short time Fourier transform 
that computing features via time-frequency analysis 
with different frequencies and orientations [28], and 
LoG filter is a differential operator applied to highlight 
the texture of different coarseness within an image first 
smoothened by the Gaussian filter according to the sigma 
value [29]. We showed the power of Gabor2D_MSA-54 
and Gabor2D_MSE-54 to differentiate the nonresponders 

Table 4: Optimal feature set obtained from wrapper-based feature selection

Feature type SVM ANN

Shape-based
Histogram-based

None
Histogram2D_skewness

None
Histogram2D_skewness

Texture-based GLCM3D_Correlation GLCM3D_Entropy
GLSZD3D_LZE

GLSZD3D_SZHGE

Transform-based Gabor_MSA-11, -22, -32, -37, -42, -44,-55 Gabor_MSA-42, -55
Gabor_MSE-26

SVM, support vector machine; ANN, artificial neural network.

Table 5: Summary of classification results obtained from training set using 10-Fold CV

Algorithm TP
rate

FP
rate

Precision Accuracy F-Measure MCC AUC

ANN 0.973 0.064 0.974 0.972 0.973 0.936 0.927

SVM 0.892 0.256 0.906 0.891 0.884 0.743 0.818

SVM, support vector machine; ANN, artificial neural network; FP, false-positive; TP, true-positive; MCC, Matthews 
correlation coefficient.

Table 6: Classification results obtained from testing set

Algorithm TP
rate

FP
rate

Precision Accuracy F-Measure MCC AUC

ANN 0.917 0.117 0.927 0.917 0.915 0.837 0.800

SVM 0.667 0.467 0.778 0.667 0.593 0.357 0.600

SVM, support vector machine; ANN, artificial neural network, FP, false-positive; TP, true-positive; MCC, Matthews 
correlation coefficient.
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Table 7: Baseline characteristics of patients in training set

Characteristic Responders (n=26) Nonresponders (n=11) P value

Age

 Median (range) 64(52-82) 66(56-81) 0.670*

Sex

 Male/ Female 15/11 7/4 >0.999**

TNM staging

 T1/T2/T3/T4 2/7/13/4 0/5/5/1 0.666**

 N0/N1/N2 5/14/7 0/8/3 0.445**

 M0/M1 25/1 10/1 0.512**

AJCC stage

 I/II/III/IV 1/12/12/1 0/4/6/1 0.737**

*Independent-samples t-test.
**chi-square test.

Table 8: Baseline characteristics of patients in testing set

Characteristic Responders (n=7) Nonresponders (n=5) P value

Age

 Median (range) 56(50-61) 66(56-73) 0.198*

Sex

 Male/ Female 4/3 3/2 >0.999**

TNM staging

 T1/T2/T3/T4 0/3/3/1 0/3/1/1 0.773**

 N0/N1/N2 0/4/3 0/3/2 >0.999**

 M0/M1 7/0 4/1 0.417**

AJCC stage

 I/II/III/IV 0/3/4/0 0/1/3/1 0.735**

*Independent-samples t-test.
**chi-square test.

Figure 2: Region of interest (ROI) was contoured by two radiologists, and corresponding 2D/3D ROI (A for ROI-1 and B for ROI-2). 
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from responders. The results demonstrate the possibility of 
radiomic features extracted from pre-treatment CT images 
to differentiate different treatment response.

To our knowledge, multiple features combination 
can provide a comprehensive view to depict entire tumor, 
furthermore, achieve a full evaluation of their prognostic 
power. Zhang et al. [30] showed that features combined 
SVM model achieved a higher accuracy in predicting 
treatment response of ECs to CRT, whereas, there was 
no independent validation set (testing set) was used to 
evaluate the real performance of the model. In our study, 
SVM and ANN classifiers were performed on the training 
set (n = 37) and then validated on a testing set (n = 12). 
To minimize the risk of modeling over-fitting and bias, we 
used a robust processing approach: feature reproducibility 
assessment, wrapper-based feature selection, and model 
construction with 10-fold cross-validation. With these 
processes, the ANN model showed better performance 
than the SVM model, although the difference was not 
statistically significant. These predictive models may be 
of future interest as a clinical adjunct tool in response 
prediction. Overall, this demonstrates that radiomic 
models have the potential for predicting treatment 
response in patients with EC, however, this need to be 
further confirmed in larger prospective cohorts.

Literature and clinical experiences show pathology 
difference in esophageal carcinoma between Asian and 
Western populations [1]. Asian patients with esophageal 
carcinoma are mostly squamous cell carcinoma, and for 
the Western patients are mostly adenocarcinoma. By 
extrapolation of this different pathology of Esophageal 
carcinoma, treatment response [31] and radiation-induced 
complication [32] may be different between these two 
populations. Thus, the results from squamous EC in 
our study are inappropriate to the adenocarcinoma EC 
from the other population. In addition, our results may 
be moderated by several limitations in our study: small 
sample size and the retrospective nature of this study. 
These limitations may have an impact on the reliability of 
our result, keeping nevertheless the fact that our radiomic 
models predict significantly in treatment response.

In conclusion, combined with supervised machine-
learning techniques, radiomic features derived from 
pretreatment contrast-enhanced CT scans could serve as 
an effective tool for the prediction of treatment response 
to CRT in EC patients, with the advantage of low cost, 
using existing CT image sets, without subjecting patients 
to further radiation exposure or imaging.

MATERIALS AND METHODS

Patient database

The retrospective database contained pretreatment 
contrast-enhanced CT scans from 49 patients who were 
histologically diagnosed as esophageal squamous cell 

carcinoma at Nanjing Drum Tower Hospital Cancer 
Center since March 2015 to December 2016. The patient 
characteristics were summarized in Table 7 and Table 8. 
All the patients were considered to be inoperable and not 
received chemotherapy or radiotherapy before CT scan. The 
other enrolled criteria included: normal cardiac, pulmonary, 
and hematologic function.

Chemoradiotherapy

During the whole course of radiotherapy, patients 
underwent 2-3 cycles of synchronous chemotherapy 
(nedaplatin + docetaxel/paclitaxel). All patients’ primary 
tumors were irradiated with 2Gy per fraction in 30 
fractions for intensity modulated radiation therapy 
(IMRT), and two patients received an additional dose 
(2Gy per fraction in 3 fractions) to the lymph node area 
in order to improve regional control. For all patients, the 
dose prescriptions were designed to cover at least 96% of 
planning target volume (PTV).

Treatment evaluation

The treatment response was assessed one month 
after the treatment by CT image with contrast. Response 
Evaluation Criteria in Solid Tumors (RECIST) [33] was 
referred for evaluating the treatment responses. Complete 
response (CR), partial response (PR), stable disease (SD) 
and progressive disease (PD) were evaluated. Patients with 
CR or PR were considered responders, while patients with 
SD or PD were classified as nonresponders.

CT image acquisition and tumor segmentation

All planning CT scans were obtained from the same 
CT scanner (Philips Brilliance 6; Philips Healthcare, Best, 
the Netherlands) according to a standard clinical acquisition 
protocol (tube voltage, 120 kVp; tube current, 200 – 250 
mAs; rotation time, 0.75 s ; pitch, 0.9; matrix, 512x512; 
field of view, 350 mmx350 mm; convolution kernel, 
standard), following intravenous injection of 300 mg/mL 
iodinated contrast agent at a rate of 3mL/s. In our database, 
the imaging slice thickness was 2.5mm or 3mm and the 
in-plane resolution was 0.97mm by 0.97mm. The primary 
3D region of interests (ROIs) were manually delineated 
slice-by-slice in mediastinal window on Pinnacle software 
(Philips Medical Systems, Andover, MA) by two expert 
radiologist (Ren W. for ROI-1 and Li S. for ROI-2) and 
then reviewed by an experienced radiologist (Yan J.). For 
each ROI, the contours were drawn around the gross tumor 
volume (GTV) avoiding air, fat, and bone (Figure 2).

Image preprocessing

Although patients underwent CT examination using 
the same scanner under a standard clinical acquisition 
protocol, changes of parameter settings may result in 
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variation of intensity ranges. To minimize the effect of 
variations in image acquisition parameters and enhance 
the feature characteristics in quantitative image analysis, 
voxel values within the contoured ROIs were normalized 
with a finite gray-level range as follows:
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−
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Where 2k represent the number of discrete values (16-
128), I is the intensity of the raw image, and Ω is the set of 
pixels in the contoured ROI. This discretization process 
improves sensitivity relative to the raw data and weakens the 
image noise across all patient cohorts. Tixier et al. [20] showed 
that no statistically significant differences in the radiomic 
features derived using different resampling values (16, 32, 64, 
or 128). All subsequent reported results were obtained using 
16 discrete values in the gray-level normalization process. 
All ROIs with voxel size of 0.97x0.97x2.5/3 mm3 were 
isotropically resampled to a voxel size of 1x1x1 mm3 using 
cubic interpolation algorithm to unify the voxel size across the 
cohort.

Radiomic feature extraction

A feature computation module was developed for 
this study using MATLAB 2015a (Mathworks, Natick, 
MA, USA). DICOMs files (CT images + ROI structures) 
were first exported from Pinnacle software and then 
imported into above module to calculate radiomic features. 
In this study, 60 three-dimensional (3D) and 154 two-
dimensional (2D) features were extracted. Specifically, 
three-dimensional texture features obtained from 3D 
ROIs base on density histogram, gray-level co-occurrence 
matrix (GLCM), gray-level run-length matrix (GLRLM), 
gray-level size zone matrix (GLSZM), and neighborhood 
gray-tone difference matrix (NGTDM) [27]. Two-
dimensional texture features obtained from largest cross-
sectional area of the tumor outline contained more metrics 
than 3D feature extractive method by adding gray-level 
gradient co-occurrence matrix (GLGCM), Laplacian 
of Gaussian (LoG) band-pass filters with different 
filter values (1.0 for highlighting fine texture, 2.0 for 
highlighting medium texture, 2.5 for highlighting coarse 
texture) and Gabor transform (5 scales, 8 orientation) [29, 
34]. Conventional imaging features (shape-based) for 
lesion characteristics were also considered in this study. 
These shape-based metrics contained tumor volume, size 
(taken as the longest diameter of the 3D tumor lesion 
segmented from CT scans), solidity, and eccentricity [27].

In all, 214 radiomic features were extracted from 
four principal methods: shape-based (conventional 
metrics), histogram-based, texture-based (GLCM_2D/3D, 
GLRLM_2D/3D, GLSZM_2D/3D, NGTDM_2D/3D, 
GLGCM_2D, and LoG filter), and transform-based 

(Gabor transformation). For more detailed contents are 
summarized in the Supplementary Table 1.

Statistical analysis

All statistical analyses were performed using R 
software version 3.3.2. Kruskal-Wallis test was used to 
compare the capability of each feature to differentiate 
patients (n = 49) with respect to treatment response 
after CRT. P < 0.05 was considered to be significantly 
different. Receiver operating characteristic (ROC) 
curve analysis was used to assess the performance of 
each studied features in distinguishing among various 
treatment responses (specificity, sensitivity, and 95% 
confidence intervals [CIs] were also calculated). Area 
under the curve (AUC) with a value of 1 indicates 
an ideal result, while values lower than 0.5 means 
insignificant. Delong’s test was performed to evaluate the 
statistical significance between AUCs of the influential 
features [35]. In addition, intra-class correlation 
coefficient (ICC) (“irr” package version 0.84 in R [36]) 
was used to quantify the feature reproducibility in repeat 
delineation. Radiomic features with ICC greater than 0.8 
were considered as reproducible.

Feature selection and model construction

Support vector machine (SVM) and artificial neural 
network (ANN) algorithms were performed to build 
models for the prediction of treatment response. The 
patients were separated into two groups: 37 patients (26 
responders, 11 nonresponders) for training and 12 patients 
(7 responders, 5 nonresponders) for testing. The clinical 
information was summarized in Table 7 and Table 8. To 
avoid model overfitting and reduce the training time, the 
number of features should be reduced firstly. Based on the 
training group, wrapper-based feature selection method 
[37] was used to obtain an optimal feature subset for 
the specific model (SVM or ANN). It ranks all features 
by recursively removing features and then evaluating 
the predictive ability of the remaining features without 
missing any critical ones.

To evaluate classification performance, K-fold 
cross-validation (CV) method was served as the internal 
validation in the training set. The 10-fold CV was used, 
as the predictive performance had a good likelihood 
of closely reflecting the real performance with high 
efficiency [30]. True positives (TP), false positives 
(FP), true negatives (TN), and false negatives (FN) 
were obtained to calculate the sensitivity, specificity, 
and accuracy of the predictions. In addition, Matthews 
correlation coefficient (MCC) was used to measure 
prediction ability of the classifier. The MCC ranged from 
-1 to +1, values close to +1 represented ideal prediction, 
0 indicated the equivalent of a random guess, and -1 
implied the inverse prediction.
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Statistical comparison between ANN and SVM 
classifiers

McNemar’s test was performed to determine 
whether the predictive performance of different classifiers 
was significantly different [38]. The test was conducted on 
the outcomes achieved from the 10-fold CV.

Validation

Patients (n = 12) who were not involved in classifier 
establishment were then served as a separate validation 
set. The confusion matrix containing prediction result 
was obtained from the established models to calculate the 
specificity and accuracy.

ACKNOWLEDGMENTS

The authors would like to thank the reviewers for 
their insightful suggestions, which helped improve the 
manuscript.

CONFLICTS OF INTEREST

The authors do not have any possible conflicts of 
interest.

FUNDING

Not applicable.

REFERENCES

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, 
Rebelo M, Parkin DM, Forman D, Bray F. Cancer incidence 
and mortality worldwide: sources, methods and major 
patterns in GLOBOCAN 2012. Int J Cancer. 2015; 136: 
E359-E86. https://doi.org/10.1002/ijc.29210.

2. Palser T, Cromwell D, Van der Meulen J, Hardwick R, Riley 
S, Greenaway K, Dean S. The National Oesophago-Gastric 
Cancer Audit. An audit of the care received by people with 
Oesophago-gastric Cancer in England and Wales. First 
Annual Report 2008. 2008.

3. Cunningham D, Allum WH, Stenning SP, Thompson JN, 
Van de Velde CJ, Nicolson M, Scarffe JH, Lofts FJ, Falk 
SJ, Iveson TJ. Perioperative chemotherapy versus surgery 
alone for resectable gastroesophageal cancer. N Engl J Med. 
2006; 355: 11-20. https://doi.org/10.1056/NEJMoa055531.

4. Sjoquist KM, Burmeister BH, Smithers BM, Zalcberg JR, 
Simes RJ, Barbour A, Gebski V, Group AG-IT. Survival 
after neoadjuvant chemotherapy or chemoradiotherapy 
for resectable oesophageal carcinoma: an updated meta-
analysis. Lancet Oncol. 2011; 12: 681-92. https://doi.
org/10.1016/S1470-2045(11)70142-5.

5. van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg 
EW, van Berge Henegouwen MI, Wijnhoven BP, Richel 
DJ, Nieuwenhuijzen GA, Hospers GA, Bonenkamp 
JJ, Cuesta MA, Blaisse RJ, Busch OR, et al, CROSS 
Group. Preoperative chemoradiotherapy for esophageal 
or junctional cancer. N Engl J Med. 2012; 366: 2074-84. 
https://doi.org/10.1056/NEJMoa1112088.

6. Borghesi S, Hawkins M, Tait D. Oesophagectomy after 
definitive chemoradiation in patients with locally advanced 
oesophageal cancer. Clin Oncol. 2008; 20: 221-6. https://
doi.org/10.1016/j.clon.2007.12.001.

7. D’Journo XB, Michelet P, Dahan L, Doddoli C, Seitz 
JF, Giudicelli R, Fuentes PA, Thomas PA. Indications 
and outcome of salvage surgery for oesophageal cancer. 
Eur J Cardiothorac Surg. 2008; 33: 1117-23. https://doi.
org/10.1016/j.ejcts.2008.01.056.

8. Semenza GL. HIF-1 and tumor progression: 
pathophysiology and therapeutics. Trends Mol Med. 2002; 
8: S62. https://doi.org/10.1016/S1471-4914(02)02317-1.

9. Liu ZJ, Semenza GL, Zhang HF. Hypoxia-inducible factor 1 
and breast cancer metastasis. Journal of Zhejiang University 
Science B. 2015; 16: 32-43. https://doi.org/10.1111/
jcmm.12004.

10. Kumar V, Gu Y, Basu S, Berglund A, Eschrich SA, Schabath 
MB, Forster K, Aerts HJ, Dekker A, Fenstermacher D. 
Radiomics: the process and the challenges. Magn Reson 
Imaging. 2012; 30: 1234-48. https://doi.org/10.1016/j.
mri.2012.06.010.

11. Lambin P, Rios-Velazquez E, Leijenaar R, Carvalho S, van 
Stiphout RG, Granton P, Zegers CM, Gillies R, Boellard 
R, Dekker A. Radiomics: extracting more information 
from medical images using advanced feature analysis. 
Eur J Cancer. 2012; 48: 441-6. https://doi.org/10.1016/j.
ejca.2011.11.036.

12. Limkin E, Sun R, Dercle L, Zacharaki E, Robert C, Reuzé 
S, Schernberg A, Paragios N, Deutsch E, Ferté C. Promises 
and challenges for the implementation of computational 
medical imaging (radiomics) in oncology. Ann Oncol. 2017; 
28: 1191-206. https://doi.org/10.1093/annonc/mdx034.

13. Leijenaar RT, Carvalho S, Velazquez ER, Van Elmpt WJ, 
Parmar C, Hoekstra OS, Hoekstra CJ, Boellaard R, Dekker 
AL, Gillies RJ. Stability of FDG-PET Radiomics features: 
an integrated analysis of test-retest and inter-observer 
variability. Acta Oncol. 2013; 52: 1391-7. https://doi.org/1
0.3109/0284186X.2013.812798.

14. Parmar C, Velazquez ER, Leijenaar R, Jermoumi M, 
Carvalho S, Mak RH, Mitra S, Shankar BU, Kikinis R, 
Haibe-Kains B. Robust radiomics feature quantification 
using semiautomatic volumetric segmentation. PLoS 
One. 2014; 9: e102107. https://doi.org/10.1371/journal.
pone.0102107.

15. Velazquez ER, Aerts HJ, Gu Y, Goldgof DB, De 
Ruysscher D, Dekker A, Korn R, Gillies RJ, Lambin P. A 
semiautomatic CT-based ensemble segmentation of lung 
tumors: Comparison with oncologists’ delineations and with 

https://doi.org/10.1002/ijc.29210
https://doi.org/10.1056/NEJMoa055531
https://doi.org/10.1016/S1470-2045(11)70142-5
https://doi.org/10.1016/S1470-2045(11)70142-5
https://doi.org/10.1056/NEJMoa1112088
https://doi.org/10.1016/j.clon.2007.12.001
https://doi.org/10.1016/j.clon.2007.12.001
https://doi.org/10.1016/j.ejcts.2008.01.056
https://doi.org/10.1016/j.ejcts.2008.01.056
https://doi.org/10.1016/S1471-4914(02)02317-1
https://doi.org/10.1111/jcmm.12004
https://doi.org/10.1111/jcmm.12004
https://doi.org/10.1016/j.mri.2012.06.010
https://doi.org/10.1016/j.mri.2012.06.010
https://doi.org/10.1016/j.ejca.2011.11.036
https://doi.org/10.1016/j.ejca.2011.11.036
https://doi.org/10.1093/annonc/mdx034
https://doi.org/10.3109/0284186X.2013.812798
https://doi.org/10.3109/0284186X.2013.812798
https://doi.org/10.1371/journal.pone.0102107
https://doi.org/10.1371/journal.pone.0102107


Oncotarget104453www.impactjournals.com/oncotarget

the surgical specimen. Radiother Oncol. 2012; 105: 167-73. 
https://doi.org/10.1016/j.radonc.2012.09.023.

16. Coroller TP, Grossmann P, Hou Y, Velazquez ER, Leijenaar 
RT, Hermann G, Lambin P, Haibe-Kains B, Mak RH, Aerts 
HJ. CT-based radiomic signature predicts distant metastasis 
in lung adenocarcinoma. Radiother Oncol. 2015; 114: 345-
50. https://doi.org/10.1016/j.radonc.2015.02.015.

17. Aerts HJ, Velazquez ER, Leijenaar RTH, Parmar C, 
Grossmann P, Cavalho S, Bussink J, Monshouwer R, 
Haibekains B, Rietveld D. Decoding tumour phenotype 
by noninvasive imaging using a quantitative radiomics 
approach. Nat Commun. 2014; 5: 4006. https://doi.
org/10.1038/ncomms5006.

18. Emaminejad N, Wang Y, Qian W, Zheng B. Applying a 
radiomics approach to predict prognosis of lung cancer 
patients. Medical Imaging 2016: Computer-Aided 
Diagnosis, pp. 97851E. https://doi.org/10.1117/12.2214672.

19. Ganeshan B, Skogen K, Pressney I, Coutroubis D, Miles 
K. Tumour heterogeneity in oesophageal cancer assessed 
by CT texture analysis: preliminary evidence of an 
association with tumour metabolism, stage, and survival. 
Clin Radiol. 2012; 67: 157-64. https://doi.org/10.1016/j.
crad.2011.08.012.

20. Tixier F, Le Rest CC, Hatt M, Albarghach N, Pradier O, 
Metges JP, Corcos L, Visvikis D. Intratumor heterogeneity 
characterized by textural features on baseline 18F-FDG PET 
images predicts response to concomitant radiochemotherapy 
in esophageal cancer. J Nucl Med. 2011; 52: 369-78. https://
doi.org/10.2967/jnumed.110.082404.

21. Cunliffe A, Armato SG, Castillo R, Pham N, Guerrero T, 
Al-Hallaq HA. Lung texture in serial thoracic computed 
tomography scans: correlation of radiomics-based features 
with radiation therapy dose and radiation pneumonitis 
development. Int J Radiat Oncol Biol Phys. 2015; 91: 1048-
56. https://doi.org/10.1016/j.ijrobp.2014.11.030.

22. Cunliffe AR, Armato SG 3rd, Straus C, Malik R, Al-Hallaq 
HA. Lung texture in serial thoracic CT scans: correlation 
with radiologist-defined severity of acute changes following 
radiation therapy. Phys Med Biol. 2014; 59: 5387. https://
doi.org/10.1088/0031-9155/59/18/5387.

23. Hatt M, Tixier F, Le Rest CC, Pradier O, Visvikis D. 
Robustness of intratumour 18F-FDG PET uptake heterogeneity 
quantification for therapy response prediction in oesophageal 
carcinoma. Eur J Nucl Med Mol Imaging. 2013; 40: 1662-71. 
https://doi.org/10.1007/s00259-013-2486-8.

24. Tan S, Kligerman S, Chen W, Lu M, Kim G, Feigenberg S, 
D’Souza WD, Suntharalingam M, Lu W. Spatial-temporal 
[18 F] FDG-PET features for predicting pathologic response 
of esophageal cancer to neoadjuvant chemoradiation 
therapy. Int J Radiat Oncol Biol Phys. 2013; 85: 1375-82. 
https://doi.org/10.1016/j.ijrobp.2012.10.017.

25. Yip C, Davnall F, Kozarski R, Landau D, Cook G, Ross 
P, Mason R, Goh V. Assessment of changes in tumor 
heterogeneity following neoadjuvant chemotherapy in 

primary esophageal cancer. Dis Esophagus. 2015; 28: 172-
9. https://doi.org/10.1111/dote.12170.

26. Castellano G, Bonilha L, Li L, Cendes F. Texture analysis 
of medical images. Clin Radiol. 2004; 59: 1061-9. https://
doi.org/10.1016/j.crad.2004.07.008.

27. Vallières M, Freeman CR, Skamene SR, El Naqa 
I. A radiomics model from joint FDG-PET and 
MRI texture features for the prediction of lung 
metastases in soft-tissue sarcomas of the extremities. 
Phys Med Biol. 2015; 60: 5471. https://doi.
org/10.1088/0031-9155/60/14/5471.

28. Daugman JG. Complete discrete 2-D Gabor transforms 
by neural networks for image analysis and compression. 
IEEE Trans Acoust. 1988; 36: 1169-79. https://doi.
org/10.1109/29.1644.

29. Ganeshan B, Miles KA, Young RC, Chatwin CR. Texture 
analysis in non-contrast enhanced CT: impact of malignancy 
on texture in apparently disease-free areas of the liver. 
Eur J Radiol. 2009; 70: 101-10. https://doi.org/10.1016/j.
ejrad.2007.12.005.

30. Zhang H, Tan S, Chen W, Kligerman S, Kim G, D’Souza 
WD, Suntharalingam M, Lu W. Modeling pathologic 
response of esophageal cancer to chemoradiation therapy 
using spatial-temporal 18 F-FDG PET features, clinical 
parameters, and demographics. Int J Radiat Oncol Biol 
Phys. 2014; 88: 195-203. https://doi.org/10.1016/j.
ijrobp.2013.09.037.

31. Li M, Zhang X, Zhao F, Luo Y, Kong L, Yu J. Involved-
field radiotherapy for esophageal squamous cell carcinoma: 
theory and practice. Radiation Oncology. 2016; 11: 18. 
https://doi.org/10.1186/s13014-016-0589-7.

32. Zhu J, Zhang ZC, Li BS, Liu M, Yin Y, Yu JM, Luo LM, 
Shu HZ, De Crevoisier R. Analysis of acute radiation-
induced esophagitis in non-small-cell lung cancer patients 
using the Lyman NTCP model. Radiother Oncol. 2010; 
97: 449-54. https://doi.org/10.1016/j.radonc.2010.09.025.

33. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, 
Kaplan RS, Rubinstein L, Verweij J, Van Glabbeke M, van 
Oosterom AT, Christian MC, Gwyther SG. New guidelines 
to evaluate the response to treatment in solid tumors. 
European Organization for Research and Treatment of 
Cancer, National Cancer Institute of the United States, 
National Cancer Institute of Canada. J Natl Cancer Inst. 
2000; 92: 205-16.

34. Li Z, Mao Y, Li H, Yu G, Wan H, Li B. Differentiating brain 
metastases from different pathological types of lung cancers 
using texture analysis of T1 postcontrast MR. Magn Reson 
Med. 2015. https://doi.org/10.1002/mrm.26029.

35. DeLong ER, DeLong DM, Clarke-Pearson DL. 
Comparing the areas under two or more correlated 
receiver operating characteristic curves: a nonparametric 
approach. Biometrics. 1988: 837-45. https://doi.
org/10.2307/2531595.

https://doi.org/10.1016/j.radonc.2012.09.023
https://doi.org/10.1016/j.radonc.2015.02.015
https://doi.org/10.1038/ncomms5006
https://doi.org/10.1038/ncomms5006
https://doi.org/10.1117/12.2214672
https://doi.org/10.1016/j.crad.2011.08.012
https://doi.org/10.1016/j.crad.2011.08.012
https://doi.org/10.2967/jnumed.110.082404
https://doi.org/10.2967/jnumed.110.082404
https://doi.org/10.1016/j.ijrobp.2014.11.030
https://doi.org/10.1088/0031-9155/59/18/5387
https://doi.org/10.1088/0031-9155/59/18/5387
https://doi.org/10.1007/s00259-013-2486-8
https://doi.org/10.1016/j.ijrobp.2012.10.017
https://doi.org/10.1111/dote.12170
https://doi.org/10.1016/j.crad.2004.07.008
https://doi.org/10.1016/j.crad.2004.07.008
https://doi.org/10.1088/0031-9155/60/14/5471
https://doi.org/10.1088/0031-9155/60/14/5471
https://doi.org/10.1109/29.1644
https://doi.org/10.1109/29.1644
https://doi.org/10.1016/j.ejrad.2007.12.005
https://doi.org/10.1016/j.ejrad.2007.12.005
https://doi.org/10.1016/j.ijrobp.2013.09.037
https://doi.org/10.1016/j.ijrobp.2013.09.037
https://doi.org/10.1186/s13014-016-0589-7
https://doi.org/10.1016/j.radonc.2010.09.025
https://doi.org/10.1002/mrm.26029
https://doi.org/10.2307/2531595
https://doi.org/10.2307/2531595


Oncotarget104454www.impactjournals.com/oncotarget

36. Gamer M, Lemon J, Fellows I, Singh P. irr: Various 
coefficients of interrater reliability and agreement. R 
package version 084. 2012; 137.

37. Kohavi R, John GH. Wrappers for feature subset selection. 
Artificial intelligence. 1997; 97: 273-324.

38. Salzberg SL. On comparing classifiers: Pitfalls to avoid 
and a recommended approach. Data mining and knowledge 
discovery. 1997; 1: 317-28. https://doi.org/10.102
3/A:1009752403260.

https://doi.org/10.1023/A:1009752403260
https://doi.org/10.1023/A:1009752403260

