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Abstract

:

The purpose of this study was to determine the predictive power for treatment outcome of a machine-learning algorithm combining magnetic resonance imaging (MRI)-derived data in patients with sinonasal squamous cell carcinomas (SCCs). Thirty-six primary lesions in 36 patients were evaluated. Quantitative morphological parameters and intratumoral characteristics from T2-weighted images, tumor perfusion parameters from arterial spin labeling (ASL) and tumor diffusion parameters of five diffusion models from multi-b-value diffusion-weighted imaging (DWI) were obtained. Machine learning by a non-linear support vector machine (SVM) was used to construct the best diagnostic algorithm for the prediction of local control and failure. The diagnostic accuracy was evaluated using a 9-fold cross-validation scheme, dividing patients into training and validation sets. Classification criteria for the division of local control and failure in nine training sets could be constructed with a mean sensitivity of 0.98, specificity of 0.91, positive predictive value (PPV) of 0.94, negative predictive value (NPV) of 0.97, and accuracy of 0.96. The nine validation data sets showed a mean sensitivity of 1.0, specificity of 0.82, PPV of 0.86, NPV of 1.0, and accuracy of 0.92. In conclusion, a machine-learning algorithm using various MR imaging-derived data can be helpful for the prediction of treatment outcomes in patients with sinonasal SCCs.
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1. Introduction


Multimodal treatment such as a combination of surgery, chemotherapy and radiotherapy is the standard treatment methods for head and neck squamous cell carcinomas (SCCs), including nasal cavity or paranasal sinus SCCs [1]. Superselective arterial infusion of cisplatin with concomitant radiotherapy has been widely recognized as a preferred treatment method for maxillary SCCs because of its high local control rate and good prognosis, especially in patients with advanced diseases [2]. In performing such nonsurgical therapy, the ability to predict treatment outcome, for instance whether local control will be achieved, is very important. High-accuracy data-based predictions based on individualized risk categories could help optimize management such as the selection of chemotherapy (e.g., decisions about whether to perform induction chemotherapy) and the best post-treatment follow-up strategy. In this way, truly personalized precision medicine may result from image-based data.



To assess and predict treatment outcomes, information about tumor, node, metastasis (TNM) staging and tumor size have been conventionally used. However, several studies have reported that such tumor conventional morphological information is not necessarily promising for predicting treatment outcomes [3,4]. In contrast, a wide variety of information can be obtained for any tumor from imaging such as quantitative tumor shape data [5], intratumoral textural parameters [6] and tumor functional information such as tumor tissue perfusion information from perfusion-weighted imaging [4,7] and tumor microstructural characteristics from diffusion-weighted imaging (DWI) [8,9,10]. Especially, several studies identified associations between diffusion parameters derived from DWI and various histopathological features, e.g. expression of Ki-67, p53, degree of tumor cellularity, etc. [11,12]. Tumor perfusion parameters derived from dynamic contrast enhanced (DCE) technique were also reported its correlation to tumor histopathological features such as p16 status and vascular endothelial growth factor (VEGF) expression [13]. Another report demonstrated even conventional magnetic resonance (MR) T1 weighted image (T1WI) and T2 weighted image (T2WI) showed the correlation to several histopathological features with the use of histogram image analysis [14]. In contrast, as another approach by different imaging modality, positron-emission tomography (PET) with 18F-fluorodeoxyglucose (FDG) depicts a tumor’s rate of glucose metabolism. Several reports indicated FDG-PET imaging parameters provided significant correlations to many histopathological features [15,16,17,18,19]. However, FDG-PET scanning was a little invasive because of its radiation exposure. In using MR imaging, most abovementioned tumor characteristics can be obtained completely non-invasively without the use of contrast agent and radiation exposure. Several of these MR derived parameters have been reported as independent predictors for treatment outcomes [4,8,20,21,22,23]. If we can efficiently integrate these data, prediction of the treatment outcome with high diagnostic accuracy may be obtained.



Conventional multiparametric analysis is an important diagnostic method and will continue to provide clinically useful cut-off values for parameters. However, a more advanced analysis technique is needed to handle the variety of tumor characteristics that are now available. Recently, machine-learning algorithms have been reported to select various parameters effectively in medical imaging analysis including the assessment of head and neck SCC as a kind of artificial intelligence-based diagnostic technique [24,25], however, the number of reports is very limited and they have focused exclusively on intratumoral texture analysis parameters only; the utility of tumor functional information such as tumor perfusion and diffusion is still uncertain. The utilization of advanced parameters by machine learning may achieve ever-better predictive results by integrating data on numerous tumor characteristics.



The aim of this study was to determine the power of a machine-learning algorithm integrating multiple quantitative MR imaging data including shape parameters, intratumoral texture, perfusion and diffusion to predict treatment outcomes in patients with sinonasal SCCs.




2. Results


Fourteen patients were revealed to have local failure. Of these 14 patients, local failure was proven in 11 by surgical biopsy with histological demonstration of residual SCC. In three patients, a large new mass lesion was observed during the follow-up period. The remaining 22 patients were determined to have local control by clinical observation throughout follow-up (mean 57 mos; range 34–86 mos). Imaging analyses of the primary sites were successfully performed in all patients. Details of obtained tumor morphological and intratumoral characteristics, perfusion and diffusion parameters are summarized in Table 1.



In the support vector machine (SVM) analysis, classification criteria for the discernment of local control versus failure in the training set data could be constructed with a sensitivity of 0.98, specificity of 0.91, positive predictive value of 0.94, negative predictive value of 0.97 and accuracy of 0.96, as a mean value obtained from the nine test set data. In the parameter selection process, the five top-ranked features in all nine training data sets included the perfusion parameter of relative tumor blood flow (TBF), morphological parameter of tumor sphericity, and texture parameter of contrast. In addition, the morphological parameter of tumor volume was selected six times, the diffusion parameter of intermediate diffusion coefficient (D2) in tri-exponential model DWI five times, the diffusion parameter of perfusion fraction f in the intravoxel incoherent motion (IVIM) DWI model three times, the texture parameter of energy twice, and both diffusion parameters of apparent diffusion coefficient (ADC) and patient characteristics of T-stage once. Details of results for training group data are presented in Table 2.



The classification algorithm for the discernment of local control versus failure obtained by training set data was further used for the classification in the validation set data. Group assignment in the validation data set was achieved with a sensitivity of 1.0, specificity of 0.82, positive predictive value of 0.86, negative predictive value of 1.0 and accuracy of 0.92; these values were the means of total 36 validation data (4 × 9 validation sets).




3. Discussion


Our findings revealed that a machine-learning-derived diagnostic algorithm by pre-treatment MR imaging-derived tumor data can highly predict the treatment outcome of local control versus failure in patients with sinonasal SCCs. To the best of our knowledge, the current study is the first report to indicate the utility of a machine learning-based diagnosis derived from quantitative morphological, intratumoral, perfusion and diffusion data. This diagnostic ability can be useful as a kind of artificial intelligence-based technique. Being able to predict the local outcome of the primary tumor would have a significant impact on treatment decision. If a poor outcome after chemoradiation therapy is strongly indicated, additional or alternate treatment plan such as induction chemotherapy, earlier salvage surgery after the chemoradiotherapy, or surgical resection prior to chemoradiation therapy may be offered. Follow-up strategy after the treatment such as the frequency and duration of the imaging follow-up may be also optimized individually, depending on the pre-treatment risks.



Quantitative morphological shape characteristics of tumors (i.e., sphericity) were recently reported to be useful for the prediction of treatment outcomes in head and neck SCC as an advanced morphological parameter compared to TNM stage and tumor size [5,23]. Intratumoral heterogeneity was also indicated as a prognostic factor in head and neck SCC patients [26,27]; in these reports, tumors with high degree of intratumoral heterogeneity demonstrated a tendency for poor prognoses. In contrast, tumor perfusion and diffusion are considered to be major tumor functional parameters that indirectly reflect biological processes; thus, these may be related to individual treatment sensitivity. In previous reports, tumor perfusion was described as an important predictor of the treatment outcome [4]. Lower tumor perfusion was related to poor treatment outcome in these reports, probably because of the relation between tumor hypoxia and lower tumor perfusion [28,29]. Tumor diffusion was also significantly related to treatment outcome in head and neck SCC patients; in numerous ADC studies [30], low ADC was related to a good treatment outcome. Additionally, non-Gaussian diffusion parameters beyond ADC values have been recently shown to be useful for treatment outcome prediction [8].



The various characteristics of tumor shape, intratumoral characteristics, and tumor perfusion and diffusion are expected to reflect different types of biological conditions. Multiparametric use of these data were suggested to allow each parameter’s diagnostic power to be expressed. A previous study used multiparametric analysis employing both ADC values and tumor perfusion information, and concluded that the combination of diffusion and perfusion data was helpful for diagnosis [31]. However, diagnostic performance was not still complete, probably because simple cut-offs are insufficient to fully reflect tumor biology. In the current study, the machine-learning algorithm seemed to emphasize all effective parameters sufficiently. The high diagnostic accuracy of treatment outcome prediction obtained by the present study is probably due to the effective use of numerous tumor characteristics with an ideal determination strategy. The various characteristics differ from patient to patient; non-invasive acquisition of numerous tumor characteristics using advanced MR imaging sequence and post-processing techniques and determination of the diagnostic strategy using this machine-learning algorithm should contribute greatly to individualized precision medicine for sinonasal SCC patients.



The current study has several limitations. First, the number of patients was quite small. However, sinonasal SCC are not very common, and it would be a challenge to investigate a larger number of sinonasal SCC patients who received advanced MR imaging protocol and long-term follow-up. The results of the present study should be regarded as preliminary. Second, analysis of intratumoral characteristics was performed only in T2WI. Arterial spin labeling (ASL) and DWI were acquired with the use of large pixel size to obtain sufficient signal-to-noise ratios; therefore, especially complex intratumoral analysis such as second-order texture was somewhat difficult. Additionally, post-contrast-enhanced T1WI is somewhat invasive, and differences in readout schemes such as 2D or 3D acquisition affect intratumoral texture data. Third, although a few studies which performed radiomics approach to predict treatment outcome in patients with head and neck cancer were recently reported [32,33,34,35], whether diagnostic power obtained in the current study will be superior or not compared to previous reports is still unclear. It was because patient characteristics, treatment method, follow-up strategy, imaging technique and diagnostic model construction algorism were quite different among these studies. Further analysis to address these limitations will be needed.




4. Materials and Methods


4.1. Subjects


This retrospective study was approved by the institutional review board of Hokkaido University Hospital (ID: 017-0322, date of approval: 28th February 2018), and the requirement to obtain written informed consent was waived. From September 2010 to October 2015, 36 consecutive patients with histopathologically proven sinonasal SCCs who were referred to our hospital to undergo superselective arterial infusion of cisplatin with concomitant radiotherapy were enrolled in this study. Patient characteristics are summarized in Table 3.



The treatment regimen was a superselective arterial infusion of cisplatin with concomitant radiotherapy for all patients. Superselective transarterial infusion therapy with cisplatin (100–120 mg/m2 per week for 4 weeks) via the dominant feeding arteries to the primary tumor was performed using a microcatheter, with concurrent radiotherapy of a total of 70 Gy in 35 fractions with curative intent.




4.2. MR Imaging Protocol


All MR imaging was performed using a 3.0-Tesla unit (Achieva TX; Philips Healthcare, Best, The Netherlands) with a 16-channel neurovascular coil. MR imaging including conventional anatomical imaging of spin-echo (SE) T1WIs, turbo spin-echo (TSE) fat-suppressed (Fs) T2WIs, ASL and multiple b-value DWI was performed before treatment in all patients. The patients were instructed not to swallow, move their tongues, open their mouths, or make any other voluntary motion during the MR scan. All axial slices were placed in parallel with the anterior commissure-posterior commissure line.



4.2.1. Conventional MR Imaging Acquisition


Conventional MR imaging sequences were obtained to evaluate the primary tumor including axial SE T1WIs (TR, 450 ms; TE, 10 ms; field of view (FOV), 240 × 240 mm; 512 × 512 matrix; slice thickness, 5 mm; inter-slice gap, 30%; scanning time, 2 min 12 s), and axial TSE Fs-T2WIs (TR, 4500 ms; TE, 70 ms; TSE factor, 9; FOV, 240 × 240 mm; 512 × 512 matrix; slice thickness, 5 mm; inter-slice gap, 30%; scanning time, 2 min 06 s). Coronal TSE T2WIs (TR, 4,500 ms; TE, 70 ms; TSE factor, 9; FOV, 240 × 240 mm; matrix, 512 × 512; slice thickness, 4 mm; inter-slice gap, 30%; scanning time, 2 min 06 s) were also obtained as a supporting tool for ASL acquisition (see below).




4.2.2. ASL Acquisition


For the ASL imaging, a pseudo-continuous ASL (pCASL) technique was used. The acquisition of pCASL was performed using multi-shot spin-echo echo-planar imaging to obtain control and labeled images. The labeling slab was placed just under the bifurcation of the internal and external carotid arteries using coronal T2WIs as a reference for the placement of the labeling plane by carefully detecting the vessel flow void. Control images were obtained without the labeling of arterial water, using the same imaging scheme as the labeled images. The acquisition parameters of the pCASL were as follows: labeling duration, 1650 ms; post-label delay, 1280 ms; TR, 3619 ms; TE, 18 ms; flip angle, 90°; number of shots, two; FOV, 230 × 230 mm; matrix, 80 × 80; slice thickness, 5 mm; number of slices, 15; acceleration factor for parallel imaging, two; scanning time, 5 min 11 s. ASL-based perfusion-weighted images were obtained by subtracting values of the control from the labeled images.




4.2.3. DWI Acquisition


The DWI acquisition used single-shot spin-echo echo-planar imaging (EPI) with three orthogonal motion-probing gradients. Twelve b-values (0, 10, 20, 30, 50, 80, 100, 200, 400, 800, 1,000, and 2000 s/mm2) were used. Other imaging parameters were: TR, 4500 ms; TE, 64 ms; DELTA (large delta; gradient time interval), 30.1 ms; delta (small delta; gradient duration), 24.3 ms; flip angle, 90°; FOV, 230 × 230 mm; 64 × 64 matrix; slice thickness, 5 mm × 20 slices; voxel size 3.59 × 3.59 × 5.00 mm; parallel imaging acceleration factor, 2; numbers of signal averages, b-value of 0–100 s/mm2 (one average), 200–800 s/mm2 (two averages) and 1000–2000 s/mm2 (three averages); scanning time, 4 min 37 s.





4.3. Data Analysis


4.3.1. ROI Delineation


A board-certified neuroradiologist with ten years’ experience in head and neck imaging delineated each tumor with a polygonal region-of-interest (ROI) on Fs-T2WIs, ASL subtraction images and DWI b0 images. The ROI of the axial Fs-T2WI was placed first; then almost the same ROI was delineated with reference to the Fs-T2WI ROI so that the same region was delineated for all sequences. For the DWI analysis, the tumor ROI on the b0 image was copied on the echo planar imaging (EPI) of the respective b-values. Any area suspected of being a necrotic or a cystic lesion was excluded from the ROI. If the tumor extended into two or more slices, all slices were delineated respectively. In addition, the medial pterygoid muscle of the healthy side was also delineated with a polygonal ROI on Fs-T2WI and ASL images for the relative T2WI signal intensity and perfusion parameter calculation with reference to the axial Fs-T2WI.




4.3.2. Analysis of Fs-T2WI for Morphological and Intratumoral Data


For the analysis of morphological characteristics, we calculated the tumor volume and tumor surface area from the morphological shape of all selected tumor voxels with the delineated tumor ROI on Fs-T2WI. The sphericity of each tumor was calculated by a previously reported method [23]. For the intra-tumoral characteristics analysis, we calculated the relative Fs-T2WI mean signal intensity (=mean signal on tumor ROI/ the medial pterygoid muscle ROI), the coefficient of variance (CV) in the tumor ROI and the textural parameters within the ROI. Textural features included the contrast, correlation, energy, and homogeneity, based on gray-level co-occurrence matrix (GLCM) features, namely, spatially detailed signal intensity data within the tumor ROI; GLCM were previously described the most common and sensitive texture descriptor to calculate lesion heterogeneity in greater detail from the texture data [36]. Texture parameters were calculated based on a previously reported method [37].




4.3.3. ASL and DWI Analysis


We calculated the TBF of the pCASL from the signal data in ASL subtraction images using the previously described equation [7]. Both absolute and relative TBF values were calculated, with absolute TBF being the mean TBF value in the delineated tumor ROI, and relative TBF being that value divided by the medial pterygoid muscle blood flow, i.e., the mean value in the muscle ROI [7]. From the diffusion signal data, we calculated each parameter of mono-exponential function (i.e., ADC), bi-exponential function so-called IVIM (the perfusion fraction f, the pseudo-diffusion coefficient D*, and the true diffusion coefficient D), the tri-exponential function (the perfusion-related diffusion fraction f1 and coefficient D1, the intermediate diffusion fraction f2 and coefficient D2, and the slow diffusion fraction f3 and coefficient D3), the stretched exponential model (SEM) (diffusion heterogeneity α and distributed diffusion coefficient DDC) and the diffusion kurtosis imaging (DKI) (kurtosis value K and kurtosis-corrected diffusion coefficient Dk). Using the signal intensities of all 12 b-values, we calculated the bi-exponential and tri-exponential function parameters. Assessments of the ADC, SEM and DKI usually target tissue diffusion (except for the perfusion-related signal), and we therefore used the signal intensity of six b-values (0, 200, 400, 800, 1000 and 2000 s/mm2) for the parameter calculations of ADC, DKI and SEM. To perform these parameter calculations, we used the previously reported calculation method [38]. In-house developed program by MATLAB ver. 2015a (MathWorks, Natick, MA, USA) was used for the above-described calculations.





4.4. Determination of the Clinical Outcome


In all patients, clinical and radiological follow-up was performed for ≥ 2 years after treatment to determine the final diagnosis of local control/failure at the primary site. During follow-up period, if residual/recurrent tumor was suspected by visual inspection or radiological assessment (e.g., development of mass like lesion in post-treatment granulation tissue), surgical resection was performed to confirm the presence of histological residual/recurrent tumor. If patient’s consent for the surgical resection was not obtained, careful observation was continued. Local failure was defined by the histopathological confirmation of SCC in biopsied or surgically resected tissue, or the observation of clearly development/enlargement of a mass lesion arisen from post-treatment granulation. Local control was defined by histopathological confirmation of the absence of SCC by surgical resection and no enlargement of soft tissue in post-treatment granulation throughout the follow-up period.




4.5. Statistical Analysis Based on Machine Learning Algorithm


A machine-learning algorithm by non-linear SVM with radial basis function was used to obtain the best diagnostic algorithm for the differentiation of local control versus failure groups. The kernel size (γ) and regularization parameter (C) with the best performance to predict the local control versus failure group was determined by the grid-search technique within ranges of 2−20 to 210 for γ and from 2−10 to 210 for C. In the feature-selection process, we performed backward sequential selection to determine the ranking in all features as well as the best diagnostic algorithm. This method is based on an iterative technique in which the starting condition includes all features. With each iteration, the feature with the least impact on improving the diagnostic performance for the differentiation of local control versus failure is eliminated. Features are removed one by one, and the rank of each feature is determined by the number of the iteration in which it was eliminated. Higher ranked features are explained that remained through the longest number of iterations. Ultimately, several highly ranked features that showed the highest diagnostic accuracy for predicting local control versus failure groups were included in the final established diagnostic model [39]. To avoid the possibility of overfitting with the use of leave-one-out cross-validation technique, the accuracy of the prediction was evaluated through a 9-fold cross-validation scheme. The data were randomly divided into 9 equal-size subsets (i.e. four patients each), of which eight subsets of the 32 (4 × 8) patients were used for training and the remaining one of four (4 × 1) patients for validating. The mean diagnostic accuracy over 9 repetitions was calculated for all possible combinations of features to find the combination of features with the highest predictive power. The overall analytic process is summarized in Figure 1. All of the analysis was performed using MATLAB ver. 2015a.



Morphological and intratumoral data from Fs-T2WI, perfusion data from ASL and diffusion data from DWI were respectively obtained by post-processing image analysis. The diagnostic algorithm was constructed by the machine-learning technique from all the obtained parameters in the training set patient group; then, the diagnostic accuracy of the constructed algorithm was calculated from the data in the validation set. This process was repetitively performed 9 times in each set of training and validation groups in a total cross-validation analysis.





5. Conclusions


The integration of quantitative tumor morphological, intratumoral textural, perfusion and diffusion data with the machine-learning-based analysis might be highly accurate at predicting treatment outcomes in patients with sinonasal SCC. This information could help in making decisions regarding treatment options such as details of treatment planning, additional treatment, and follow-up strategies, and thus to improved patient prognoses.







Author Contributions


Conceptualization, N.F.; Methodology, N.F.; Software, Y.S.; Validation, Y.S. and D.Y.; Formal Analysis, N.F., Y.S., D.Y. and K.K.; Investigation, S.K., T.M. and A.H.; Resources, K.Y. and R.O.; Data Curation, N.F., Y.S. and K.K.; Writing—Original Draft Preparation, N.F. and O.S.; Writing—Review & Editing, Y.S., S.K., T.M., A.H., K.Y., R.O., K.K. and H.S.; Visualization, Y.S., D.Y. and O.S.; Supervision, H.S.; Project Administration, N.F. and K.K.; Funding Acquisition, N.F.




Funding


This study has received funding by grant support from Ministry of Education, Culture, Sports, Science and Technology-Japan (ID; 18K07661).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wong, S.J.; Harari, P.M.; Garden, A.S.; Schwartz, M.; Bellm, L.; Chen, A.; Curran, W.J.; Murphy, B.A.; Ang, K.K. Longitudinal Oncology Registry of Head and Neck Carcinoma (LORHAN): Analysis of chemoradiation treatment approaches in the United States. Cancer 2011, 117, 1679–1686. [Google Scholar] [CrossRef] [PubMed]

	



Homma, A.; Sakashita, T.; Yoshida, D.; Onimaru, R.; Tsuchiya, K.; Suzuki, F.; Yasuda, K.; Hatakeyama, H.; Furusawa, J.; Mizumachi, T.; et al. Superselective intra-arterial cisplatin infusion and concomitant radiotherapy for maxillary sinus cancer. Br. J. Cancer 2013, 109, 2980–2986. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Popovtzer, A.; Li, D.; Chepeha, D.B.; Moyer, J.S.; Prince, M.E.; Worden, F.; Teknos, T.; Bradford, C.; Mukherji, S.K.; et al. Early prediction of outcome in advanced head-and-neck cancer based on tumor blood volume alterations during therapy: A prospective study. Int. J. Radiat. Oncol. Biol. Phys. 2008, 72, 1287–1290. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Yoshida, D.; Sakashita, T.; Homma, A.; Tsukahara, A.; Tha, K.K.; Kudo, K.; Shirato, H. Usefulness of Pseudocontinuous Arterial Spin-Labeling for the Assessment of Patients with Head and Neck Squamous Cell Carcinoma by Measuring Tumor Blood Flow in the Pretreatment and Early Treatment Period. Am. J. Neuroradiol. 2016, 37, 342–348. [Google Scholar] [CrossRef] [PubMed]

	



Apostolova, I.; Steffen, I.G.; Wedel, F.; Lougovski, A.; Marnitz, S.; Derlin, T.; Amthauer, H.; Buchert, R.; Hofheinz, F.; Brenner, W. Asphericity of pretherapeutic tumour FDG uptake provides independent prognostic value in head-and-neck cancer. Eur. Radiol. 2014, 24, 2077–2087. [Google Scholar] [CrossRef] [PubMed]

	



Buch, K.; Fujita, A.; Li, B.; Kawashima, Y.; Qureshi, M.M.; Sakai, O. Using Texture Analysis to Determine Human Papillomavirus Status of Oropharyngeal Squamous Cell Carcinomas on CT. Am. J. Neuroradiol. 2015, 36, 1343–1348. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Kudo, K.; Tsukahara, A.; Yoshida, D.; Sakashita, T.; Homma, A.; Tha, K.K.; Shirato, H. Measurement of tumor blood flow in head and neck squamous cell carcinoma by pseudo-continuous arterial spin labeling: Comparison with dynamic contrast-enhanced MRI. J. Magn. Reson. Imaging 2015, 41, 983–991. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Yoshida, D.; Sakashita, T.; Homma, A.; Tsukahara, A.; Shimizu, Y.; Tha, K.K.; Kudo, K.; Shirato, H. Prediction of the treatment outcome using intravoxel incoherent motion and diffusional kurtosis imaging in nasal or sinonasal squamous cell carcinoma patients. Eur. Radiol. 2017, 27, 956–965. [Google Scholar] [CrossRef]

	



Surov, A.; Stumpp, P.; Meyer, H.J.; Gawlitza, M.; Hohn, A.K.; Boehm, A.; Sabri, O.; Kahn, T.; Purz, S. Simultaneous (18)F-FDG-PET/MRI: Associations between diffusion, glucose metabolism and histopathological parameters in patients with head and neck squamous cell carcinoma. Oral Oncol. 2016, 58, 14–20. [Google Scholar] [CrossRef]

	



Swartz, J.E.; Driessen, J.P.; van Kempen, P.M.W.; de Bree, R.; Janssen, L.M.; Pameijer, F.A.; Terhaard, C.H.J.; Philippens, M.E.P.; Willems, S. Influence of tumor and microenvironment characteristics on diffusion-weighted imaging in oropharyngeal carcinoma: A pilot study. Oral Oncol. 2018, 77, 9–15. [Google Scholar] [CrossRef]

	



Meyer, H.J.; Leifels, L.; Hamerla, G.; Höhn, A.K.; Surov, A. ADC-histogram analysis in head and neck squamous cell carcinoma. Associations with different histopathological features including expression of EGFR, VEGF, HIF-1α, Her 2 and p53. A preliminary study. Magn. Reson. Imaging 2018, 54, 214–217. [Google Scholar] [CrossRef] [PubMed]

	



Surov, A.; Meyer, H.J.; Winter, K.; Richter, C.; Hoehn, A.K. Histogram analysis parameters of apparent diffusion coefficient reflect tumor cellularity and proliferation activity in head and neck squamous cell carcinoma. Oncotarget 2018, 9, 23599–23607. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, H.J.; Leifels, L.; Hamerla, G.; Höhn, A.K.; Surov, A. Associations between Histogram Analysis Parameters Derived from DCE-MRI and Histopathological Features including Expression of EGFR, p16, VEGF, Hif1-alpha, and p53 in HNSCC. Contrast Media Mol. Imaging 2019, 2019, 5081909. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, H.J.; Leifels, L.; Hamerla, G.; Höhn, A.K.; Surov, A. Histogram Analysis Parameters Derived from Conventional T1- and T2-Weighted Images Can Predict Different Histopathological Features Including Expression of Ki67, EGFR, VEGF, HIF-1α, and p53 and Cell Count in Head and Neck Squamous Cell Carcinoma. Mol. Imaging Biol. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Grönroos, T.J.; Lehtiö, K.; Söderström, K.O.; Kronqvist, P.; Laine, J.; Eskola, O.; Viljanen, T.; Grénman, R.; Solin, O.; Minn, H. Hypoxia, blood flow and metabolism in squamous-cell carcinoma of the head and neck: Correlations between multiple immunohistochemical parameters and PET. BMC Cancer 2014, 14, 876. [Google Scholar] [CrossRef] [PubMed]

	



Rasmussen, G.B.; Vogelius, I.R.; Rasmussen, J.H.; Schumaker, L.; Ioffe, O.; Cullen, K.; Fischer, B.M.; Therkildsen, M.H.; Specht, L.; Bentzen, S.M. Immunohistochemical biomarkers and FDG uptake on PET/CT in head and neck squamous cell carcinoma. Acta Oncol. 2015, 54, 1408–1415. [Google Scholar] [CrossRef]

	



Surov, A.; Meyer, H.J.; Wienke, A. Can Imaging Parameters Provide Information Regarding Histopathology in Head and Neck Squamous Cell Carcinoma? A Meta-Analysis. Transl. Oncol. 2018, 11, 498–503. [Google Scholar] [CrossRef]

	



Surov, A.; Meyer, H.J.; Höhn, A.K.; Winter, K.; Sabri, O.; Purz, S. Associations between 18F-FDG-PET and complex histopathological parameters including tumor cell count and expression of KI 67, EGFR, VEGF, HIF-1α and p53 in head and neck squamous cell carcinoma. Mol. Imaging Biol. 2019, 21, 368–374. [Google Scholar] [CrossRef]

	



Zhao, K.; Yang, S.Y.; Zhou, S.H.; Dong, M.J.; Bao, Y.Y.; Yao, H.T. Fluorodeoxyglucose uptake in laryngeal carcinoma is associated with the expression of glucose transporter-1 and hypoxia-inducible-factor-1α and the phosphoinositide 3-kinase/protein kinase B pathway. Oncol. Lett. 2014, 7, 984–990. [Google Scholar] [CrossRef]

	



Chen, Y.; Ren, W.; Zheng, D.; Zhong, J.; Liu, X.; Yue, Q.; Liu, M.; Xiao, Y.; Chen, W.; Chan, Q.; et al. Diffusion kurtosis imaging predicts neoadjuvant chemotherapy responses within 4 days in advanced nasopharyngeal carcinoma patients. J. Magn. Reson. Imaging 2015, 42, 1354–1361. [Google Scholar] [CrossRef]

	



Paudyal, R.; Oh, J.H.; Riaz, N.; Venigalla, P.; Li, J.; Hatzoglou, V.; Leeman, J.; Nunez, D.A.; Lu, Y.; Deasy, J.O.; et al. Intravoxel incoherent motion diffusion-weighted MRI during chemoradiation therapy to characterize and monitor treatment response in human papillomavirus head and neck squamous cell carcinoma. J. Magn. Reson. Imaging 2017, 45, 1013–1023. [Google Scholar] [CrossRef] [PubMed]

	



Noij, D.P.; Martens, R.M.; Marcus, J.T.; de Bree, R.; Leemans, C.R.; Castelijns, J.A.; de Jong, M.C.; de Graaf, P. Intravoxel incoherent motion magnetic resonance imaging in head and neck cancer: A systematic review of the diagnostic and prognostic value. Oral Oncol. 2017, 68, 81–91. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Hirata, K.; Shiga, T.; Yasuda, K.; Onimaru, R.; Tsuchiya, K.; Kano, S.; Mizumachi, T.; Homma, A.; Kudo, K.; et al. Semi-quantitative analysis of pre-treatment morphological and intratumoral characteristics using (18)F-fluorodeoxyglucose positron-emission tomography as predictors of treatment outcome in nasal and paranasal squamous cell carcinoma. Quant. Imaging Med. Surg. 2018, 8, 788–795. [Google Scholar] [CrossRef] [PubMed]

	



Parmar, C.; Grossmann, P.; Rietveld, D.; Rietbergen, M.M.; Lambin, P.; Aerts, H.J. Radiomic Machine-Learning Classifiers for Prognostic Biomarkers of Head and Neck Cancer. Front. Oncol. 2015, 5, 272. [Google Scholar] [CrossRef] [PubMed]

	



Leger, S.; Zwanenburg, A.; Pilz, K.; Lohaus, F.; Linge, A.; Zophel, K.; Kotzerke, J.; Schreiber, A.; Tinhofer, I.; Budach, V.; et al. A comparative study of machine learning methods for time-to-event survival data for radiomics risk modelling. Sci. Rep. 2017, 7, 13206. [Google Scholar] [CrossRef]

	



Kuno, H.; Qureshi, M.M.; Chapman, M.N.; Li, B.; Andreu-Arasa, V.C.; Onoue, K.; Truong, M.T.; Sakai, O. CT Texture Analysis Potentially Predicts Local Failure in Head and Neck Squamous Cell Carcinoma Treated with Chemoradiotherapy. Am. J. Neuroradiol. 2017, 38, 2334–2340. [Google Scholar] [CrossRef]

	



Cheng, N.M.; Fang, Y.H.; Chang, J.T.; Huang, C.G.; Tsan, D.L.; Ng, S.H.; Wang, H.M.; Lin, C.Y.; Liao, C.T.; Yen, T.C. Textural features of pretreatment 18F-FDG PET/CT images: Prognostic significance in patients with advanced T-stage oropharyngeal squamous cell carcinoma. Eur. J. Nucl. Med. Mol. Imaging 2013, 54, 1703–1709. [Google Scholar] [CrossRef]

	



Newbold, K.; Castellano, I.; Charles-Edwards, E.; Mears, D.; Sohaib, A.; Leach, M.; Rhys-Evans, P.; Clarke, P.; Fisher, C.; Harrington, K.; et al. An exploratory study into the role of dynamic contrast-enhanced magnetic resonance imaging or perfusion computed tomography for detection of intratumoral hypoxia in head-and-neck cancer. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 29–37. [Google Scholar] [CrossRef]

	



Donaldson, S.B.; Betts, G.; Bonington, S.C.; Homer, J.J.; Slevin, N.J.; Kershaw, L.E.; Valentine, H.; West, C.M.; Buckley, D.L. Perfusion estimated with rapid dynamic contrast-enhanced magnetic resonance imaging correlates inversely with vascular endothelial growth factor expression and pimonidazole staining in head-and-neck cancer: A pilot study. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 1176–1183. [Google Scholar] [CrossRef]

	



King, A.D.; Thoeny, H.C. Functional MRI for the prediction of treatment response in head and neck squamous cell carcinoma: Potential and limitations. Cancer Imaging 2016, 16, 23. [Google Scholar] [CrossRef]

	



Chawla, S.; Kim, S.; Dougherty, L.; Wang, S.; Loevner, L.A.; Quon, H.; Poptani, H. Pretreatment diffusion-weighted and dynamic contrast-enhanced MRI for prediction of local treatment response in squamous cell carcinomas of the head and neck. Am. J. Roentgenol. 2013, 200, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



Jethanandani, A.; Lin, T.A.; Volpe, S.; Elhalawani, H.; Mohamed, A.S.R.; Yang, P.; Fuller, C.D. Exploring Applications of Radiomics in Magnetic Resonance Imaging of Head and Neck Cancer: A Systematic Review. Front. Oncol. 2018, 8, 131. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; He, L.; Yuan, C.; Huang, Y.; Liu, Z.; Liang, C. Pretreatment MR imaging radiomics signatures for response prediction to induction chemotherapy in patients with nasopharyngeal carcinoma. Eur. J. Radiol. 2018, 98, 100–106. [Google Scholar] [CrossRef]

	



Zhang, B.; He, X.; Ouyang, F.; Gu, D.; Dong, Y.; Zhang, L.; Mo, X.; Huang, W.; Tian, J.; Zhang, S. Radiomic machine-learning classifiers for prognostic biomarkers of advanced nasopharyngeal carcinoma. Cancer Lett. 2017, 403, 21–27. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Tian, J.; Dong, D.; Gu, D.; Dong, Y.; Zhang, L.; Lian, Z.; Liu, J.; Luo, X.; Pei, S.; et al. Radiomics Features of Multiparametric MRI as Novel Prognostic Factors in Advanced Nasopharyngeal Carcinoma. Clin. Cancer Res. 2017, 23, 4259–4269. [Google Scholar] [CrossRef] [PubMed]

	



Vujasinovic, T.; Pribic, J.; Kanjer, K.; Milosevic, N.T.; Tomasevic, Z.; Milovanovic, Z.; Nikolic-Vukosavljevic, D.; Radulovic, M. Gray-Level Co-Occurrence Matrix Texture Analysis of Breast Tumor Images in Prognosis of Distant Metastasis Risk. Microsc. Microanal. 2015, 21, 646–654. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Homma, A.; Harada, T.; Shimizu, Y.; Tha, K.K.; Kano, S.; Mizumachi, T.; Li, R.; Kudo, K.; Shirato, H. The utility of MRI histogram and texture analysis for the prediction of histological diagnosis in head and neck malignancies. Cancer Imaging 2019, 19, 5. [Google Scholar] [CrossRef] [PubMed]

	



Fujima, N.; Sakashita, T.; Homma, A.; Shimizu, Y.; Yoshida, A.; Harada, T.; Tha, K.K.; Kudo, K.; Shirato, H. Advanced diffusion models in head and neck squamous cell carcinoma patients: Goodness of fit, relationships among diffusion parameters and comparison with dynamic contrast-enhanced perfusion. Magn. Reson. Imaging 2017, 36, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Zhang, X.; Tian, Q.; Wang, H.; Cui, L.B.; Li, S.; Tang, X.; Li, B.; Dolz, J.; Ayed, I.B.; et al. Quantitative Identification of Nonmuscle-Invasive and Muscle-Invasive Bladder Carcinomas: A Multiparametric MRI Radiomics Analysis. J. Magn. Reson. Imaging 2018. [Google Scholar] [CrossRef]








[image: Cancers 11 00800 g001 550]





