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Abstract
Purpose
The Ki67 expression is associated with the advanced clinicopathological features and poor prognosis in bladder cancer (BCa). We aimed to develop and validate magnetic resonance imaging (MRI)-based radiomics signatures to preoperatively predict the Ki67 expression status in BCa.

Methods and materials
We retrospectively collected 179 BCa patients with Ki67 expression and preoperative MRI. Radiomics features were extracted from T2-weighted (T2WI) and dynamic contrast-enhancement (DCE) images. The synthetic minority over-sampling technique (SMOTE) was used to balance the minority group (low Ki67 expression group) in the training set. Minimum redundancy maximum relevance was used to identify the best features associated with Ki67 expression. Support vector machine and Least Absolute Shrinkage and Selection Operator algorithms (LASSO) were used to construct radiomics signatures in training and SMOTE-training sets, and diagnostic performance was assessed by the area under the curve (AUC) and accuracy. The decision curve analyses (DCA) and calibration curve and were used to investigate the clinical usefulness and calibration of radiomics signatures, respectively. The Kaplan-Meier test was performed to investigate the prognostic value of radiomics-predicted Ki67 expression status.

Results
1218 radiomics features were extracted from T2WI and DCE images, respectively. The SMOTE-LASSO model based on nine features achieved the best predictive performance in the SMOTE-training (AUC, 0.859; accuracy, 80.3%) and validation sets (AUC, 0.819; accuracy, 81.5%) with a good calibration performance and clinical usefulness. Immunohistochemistry-based high Ki67 expression and radiomics-predicted high Ki67 expression based on the SMOTE-LASSO model were significantly associated with poor disease-free survival in training and validation sets (all P < 0.05).

Conclusions
The SMOTE-LASSO model could predict the Ki67 expression status and was associated with survival outcomes of the BCa patients, thereby may aid in clinical decision-making.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40644-021-00433-3.
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	AUC
	Area under the curve

	BCa
	Bladder cancer

	DCA
	Decision curve analyses

	DCE
	Dynamic contrast-enhancement
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	Disease-free survival

	DICOM
	Digital Imaging and Communications in Medicine images

	ICC
	The intra- and interclass correlation coefficients

	IHC
	Immunohistochemistry
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	Least Absolute Shrinkage and Selection Operator
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	MIBC
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	ROI
	Region of interest
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	Synthetic minority over-sampling technique

	SVM
	Support vector machine
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	Vesical Imaging-Reporting and Data System

	VOI
	Volumes of interest

	T2WI
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Introduction
Bladder cancer (BCa) is the 10th most prevalent cancer with high risk of malignant progression, metastasis and recurrence [1]. BCa can be classified into non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC) based on the muscle invasion status. At initial diagnosis, approximately 75% of BCa patients represent NMIBC (Ta, Tis, T1) while the remaining 25% accounts for MIBC (stage from T2 to T4) [2].
Ki67 nucleoprotein, an indicator of cell growth fraction and a marker associated with proliferative activity of cell, presents the G1 stage (prophase of DNA synthesis) to mitosis of the cell cycle [3]. Previous studies have demonstrated that high Ki67 expression is associated with higher T stage, higher tumor grade, lymph nodes invasion, lymphovascular invasion, and poorer prognosis in BCa [4–8]. More interestingly, a meta-analysis study has reported that high expression of Ki67 was a risk factor for progression-free survival in NMIBC patients treated with transurethral resection and Bacillus Calmette-Guérin intravesical immunotherapy [9]. Therefore, Ki67 expression is not only a useful indicator of tumor characteristics and prognosis, but also may be a reference tool for treatment decision making. In BCa, the Ki67 expression can only be postoperatively detected by immunohistochemistry (IHC) using samples from either radical cystectomy or cystoscopic biopsy. However, due to heterogeneity in the BCa samples and relatively small sample size, the examination of Ki67 expression using cystoscopic biopsy may not represent entire BCa, which limits its application. Therefore, a noninvasive and accurate tool is needed to preoperatively predict the Ki67 expression in BCa patients more comprehensively and accurately.
With the development of imaging techniques and postprocessing analysis, Magnetic resonance imaging (MRI) is becoming a routine and useful non-invasive tool for preoperative tumor diagnosis and clinical staging in BCa. One promising method to optimize radiological assessment for Ki67 expression prediction is the application of radiomics that has rapidly developed in the field of medical imaging analysis in recent years and has been widely utilized for the prediction of the biological behavior in various tumors [10–12]. Compared with imaging characteristics generated by subjective evaluation, radiomics is more objective and can extract high-dimensional imaging features that could not be detected by human eyes and might be correlated with the intratumor heterogeneity [13]. In addition, it is also a preoperative and non-invasive method for the evaluation of tumor heterogeneity. Previous studies have constructed CT/MRI based radiomics signature for biological behaviors prediction in BCa, including muscle-invasive status, lymph node metastasis, tumor stage, prognosis and therapeutic response [14–18], which suggests that radiomics features may potentially predict the expression of Ki67 in BCa for the sake of positive relationship between Ki67 expression and malignant progression [4–6, 9].
In BCa, T2-weighted (T2WI) is usually used to evaluate location, tumor size, morphology, growth pattern and the degree of interruption of the hypointense muscle, and dynamic contrast-enhancement (DCE) is usually used to evaluate the extension of the early enhancing lesion into the non-early enhancing muscle [19]. Previous studies have used the T2WI- and DCE-based radiomics features to preoperatively predict the muscle-invasive status and pathological grade in BCa [20, 21], suggesting that the T2WI- and DCE-based radiomics features can indicate the biological behavior and heterogeneity on the onset of tumor and may facilitate the application of T2WI- and DCE-based radiomics features for Ki67 expression prediction in BCa.
To the best of our knowledge, no radiomics signatures have been constructed for predicting the Ki67 expression in BCa. In this study, we adopted the radiomics to extract high-throughput features from T2WI and DCE images and used Support vector machine (SVM) and Least Absolute Shrinkage and Selection Operator (LASSO) algorithms to construct radiomics signatures to preoperatively predict the Ki67 expression status and investigate their prognostic value in BCa.
Materials and methods
Patients
In this retrospective cohort study, BCa patients who were diagnosed by pathology between August 2014 and April 2020 were retrospectively collected from our center. The inclusion criteria included the following: (1) BCa patients who underwent radical cystectomy or transurethral resection; (2) BCa was diagnosed with histopathology and IHC; (3) MRI examinations were performed < 20 days ahead of surgery; (4) No missing prognostic information and Ki67 expression. The exclusion criteria included the following: (1) Poor-quality MRI images; (2) Chemotherapy or radiotherapy were performed before multiparametric pelvic MRI; (3) Lesions for which it was difficult to define the boundaries. Before the surgical resection, the MRI-determined clinical factors, including hydronephrosis, tumor size, number of tumors, the Vesical Imaging-Reporting and Data System (VI-RADS) score and clinical T stage, were evaluated by two radiologists. VI-RADS is becoming an imaging protocol and reporting criterion for bladder MRI and provides five-point scores that predict the possibility of muscle invasiveness by BCa [22]. The protocols of MRI examination were available in our previous methods [23]. In this study, Digital Imaging and Communications in Medicine images (DICOM) were retrieved for the radiomics analysis. The disease-free survival (DFS) of patients was the time when a patient suffers from the first recurrence, or first progression, including metastasis or death after the initiation of surgery. Tumor recurrence or tumor progression was diagnosed based on patients’ symptoms and medical images. Follow-up was performed every 3–6 months after surgery via telephone call or hospital visit to obtain the DFS of patients.
Tumor segmentation and feature extraction
One radiologist (F Xu, with over 5-year experience in bladder MRI reading) segmented the region of interest (ROI). For each BCa patient, the boundaries of tumor were drew on each slice on the DCE images and T2WI images using ITK-SNAP software (version 3.6.0; http://​itk-snap.​org). The areas of vessels or necrosis were excluded. When multiple tumors existed for a patient, the maximal lesion was segmented for features extraction [24, 25] Volumes of interest (VOI) was constructed by stacking up the ROIs of each patient. After 30 days, the same radiologist and another radiologist (T Xu, with over 10-year experience in bladder MRI reading) repeatedly segmented the VOIs of 40 randomly selected BCa patients to evaluate the intra- and inter-observer agreement on feature extraction. In this process, two radiologists were blind to the prognostic information and Ki67 expression.
Before radiomics features extraction, all the DICOMs were subjected to image normalization and resampled to the same resolution (1 mm × 1 mm × 1 mm) to avoid data heterogeneity. Four classes of radiomics features (including shape and size, first-order features, textural features and wavelet features) were extracted from segmented tumors using the PyRadiomics platform (http://​www.​radiomics.​io/​pyradiomics.​html). Totally 2436 radiomics features were extracted from the axial T2WI and delay phase of DCE images. Radiomics features of all patients were standardized by using the Z-score [(x – μ)/σ]. In this formula, x is the radiomics feature value, μ is the mean of the feature values and σ is the corresponding standard deviation. μ and σ were calculated based on the training set.
Feature selection
The intra- and interclass correlation coefficients (ICCs) were used to evaluate the intra- and inter-observer agreement on feature extraction. Features with ICC > 0.75 were selected for the minimum redundancy maximum relevance (mRMR). mRMR is a supervised feature selection algorithm which calculates the mutual information (MI) between a target variable and features. It ranks features via maximizing MI with respect to the target variable and then minimizes the average MI for features with higher rankings [26].
Assessment of Ki67
After surgical resection, IHC was performed on BCa samples for assessment of the Ki67 within a week. Mouse anti-human monoclonal primary antibodies against Ki67 (Bio-Rad Cat# MCA289, RRID:AB_321740) was utilized to detect Ki67 expression according to the manufacturer’s protocol. Immunoreactivity for Ki67 was scored according to the Ki67 positive cells among randomly selected 1000 cells in each section by two independent pathologists who were blind to the prognostic information and clinical data. According to previous studies [4, 6, 7], BCa patients were divided into two groups: high Ki67 expression group (>15% cells stained) and low Ki67 expression group (≤15% cells stained) (Fig. 1).
[image: ../images/40644_2021_433_Fig1_HTML.png]
Fig. 1Representative immunostaining (original magnification, × 200) for Ki67 in bladder cancer. a Low Ki67 expression. b High Ki67 expression


Data balancing and radiomics signatures construction
BCa patients were randomly allocated into training set and validation set based on a 7:3 ratio. The ratio of low Ki67 expression patients to high Ki67 expression patients was 1:3.81 (26 low Ki67 expression patients and 99 high Ki67 expression patients) in the training set, revealing a sample imbalance. The synthetic minority over-sampling technique (SMOTE) algorithm was used to balance the minority class in the training set [27], so that the two classes of BCa patients were 1:1 (99 low Ki67 expression patients and 99 high Ki67 expression patients) in the SMOTE-training set. We developed four radiomics signatures, including SVM and LASSO models in the training set and SMOTE-SVM and SMOTE-LASSO models in the SMOTE-training set. These radiomics signatures were all validated in the validation set (15 low Ki67 expression patients and 39 high Ki67 expression patients).
The nonlinear SVM-based recursive feature elimination (SVM-RFE) algorithm was applied to select the optimal number of features and the most relevant features for SVM model development via 10-fold cross-validation [28]. The kernel parameters of SVM model were computed inside the folds with a standard grid search procedure and the prediction of Ki67 expression was automatically determined by the SVM model. The SVM model generated an internal score called decision value that was used as the radiomics score of SVM. The LASSO algorithm was conducted to omit features that minimally related to the target variable and obtain features with non-zero coefficients via 10-fold cross-validation [29]. The radiomics score of each patient was calculated by summing the selected radiomics features weighted by their coefficients. To classifying BCa patients into radiomics-predicted low and high Ki67 expression groups, the optimal cutoff value of radiomics score in LASSO model was calculated with the highest Youden index.
The performance of radiomics signatures was evaluated by accuracy, sensitivity, specificity, negative-predictive value (NPV), and positive-predictive value (PPV) based on the Youden index. The area under the receiver operator characteristic (ROC) curve (AUC) was also calculated for radiomics signatures. Decision curve analysis (DCA) and calibration curves were conducted to investigate the clinical usefulness and calibration of the radiomics signature, respectively.
Statistical analysis
Statistical analysis was conducted with SPSS 23.0 (SPSS, Armonk, NY, USA) and R statistical software (version 3.6.1 R, https://​www.​r-project.​org/​). The R packages used in this study were showed in Supplemental Table 1. The clinical characteristics between the training and validation sets were compared applying the Student’s t-test, the Chi-square test, or the Mann-Whitney U test, as appropriate. The Kaplan-Meier and log-rank tests were performed between two groups, defined by IHC-based Ki67 expression status and radiomics-predicted Ki67 expression status, respectively. All tests were 2-tailed, and P value< 0.05 was regarded as statistically significant.
Results
Patient population
A total of 179 BCa patients [147 male, 32 female; mean age = 67.8 years ±12.1 (standard deviation), range 20–93 years; 120 NMIBC, 59 MIBC] were collected after excluding 33 patients who did not meet the inclusion criteria. Of the 179 BCa patients, 41 were low Ki67 expression, and 138 were high Ki67 expression. The specific flow chart was presented in Fig. 2. There were 125 (high Ki67 expression: 99 patients; low Ki67 expression: 26 patients) and 54 (high Ki67 expression: 39 patients; low Ki67 expression: 15 patients) patients in training and validation sets, respectively. There were no significant differences in age, sex, MRI-determined clinical T stage, tumor number, tumor size, hydronephrosis and VI-RADS score between two data sets (Table 1).
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Fig. 2The study flow chart of the study. BCa: bladder cancer; MRI: magnetic resonance imaging; SMOTE: synthetic minority over-sampling technique

Table 1Clinicopathological characteristics of patients


	Characteristic
	Number of Patients (%)
	P value

	Training Set
(n = 125)
	Validation Set
(n = 54)

	Sex

	 Men
	106 (84.8)
	41 (75.9)
	0.155b

	 Women
	19 (15.2)
	13 (24.1)
	 
	Age (years)

	  < 65
	42 (33.6)
	24 (44.4)
	0.681b

	  ≥ 65
	83 (66.4)
	30 (55.6)
	 
	Hydronephrosisa

	 Yes
	20 (16.0)
	12 (22.2)
	0.319b

	 No
	105 (84.0)
	42 (77.8)
	 
	Tumor sizea (cm)

	  < 3
	82 (65.6)
	35 (64.8)
	0.919b

	  ≥ 3
	43 (34.4)
	19 (35.2)
	 
	Number of tumorsa

	 Single
	88 (70.4)
	36 (66.7)
	0.619b

	 Multiple
	37 (29.6)
	18 (33.3)
	 
	VI-RADS scorea

	 1
	15 (12.0)
	7 (13.0)
	0.824c

	 2
	35 (28.0)
	12 (22.2)
	 
	 3
	35 (28.0)
	17 (31.5)
	 
	 4
	16 (12.8)
	9 (16.7)
	 
	 5
	24 (19.2)
	9 (16.7)
	 
	Clinical T stagea

	  < T2
	85 (68.0)
	35 (64.8)
	0.677b

	  ≥ T2
	40 (32.0)
	19 (35.2)
	 

VI-RADS, Vesical Imaging-Reporting and Data System.
a MRI-determined information
b Statistical analysis performed using chi-square test.
c Statistical analysis performed using Mann-Whitney U test.



A total of 2436 radiomics features were extracted from axial DCE and T2WI sequences (1218 features per sequence). According to the standard of ICC > 0.75, 1136 features from DCE images and 1166 features from T2WI images were highly robust and chosen for subsequent analyses. The top 10 features were selected by mRMR for SMOTE-based data balancing and radiomics signatures construction. These processes were performed in the training set. After data balancing, the number of patients in SMOTE-training set were 198 (high Ki67 expression: 99 patients; low Ki67 expression: 99 patients).
Radiomics signatures development
Eight and nine features with non-zero coefficients were chosen by LASSO algorithm to construct LASSO and SMOTE-LASSO models with the least binominal deviance, respectively (Fig. 3). Through the SVM-RFE algorithm, the top two and nine features were used to develop SVM and SMOTE-SVM models with the highest accuracy, respectively (Fig. 4).
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Fig. 3Development of LASSO models. a Selecting the optimal number of features based on minimum criteria in the training set. b Based on the optimal λ value of 0.036 with log(λ) = − 3.315, eight features were selected. c Selecting the optimal number of features based on minimum criteria in the SMOTE-training set. d Based on the optimal λ value of 0.008 with log(λ) = − 4.785, nine features were selected. LASSO: least absolute shrinkage and selection operator; SMOTE: synthetic minority over-sampling technique

[image: ../images/40644_2021_433_Fig4_HTML.png]
Fig. 4Development of SVM models. a Selecting the optimal number of features (two features) using SVM-RFE in the training set. b Features were ranked according to the feature importance by SVM-RFE, and the top two features were selected for SVM model construction. c Selecting the optimal number of features (nine features) in the SMOTE-training set. d The top nine features were selected for SVM model construction. SVM: support vector machine; SVM-RFE: SVM-based recursive feature elimination; SMOTE: synthetic minority over-sampling technique


Performance of radiomics signatures
The AUCs of SMOTE-LASSO model were higher than LASSO model in both training and validation sets (Fig. 5 a, b). Due to the high proportion of high Ki67 expression patients, we observed high sensitivity but obviously low specificity of the LASSO model in training and validation sets (Fig. 5 c, d). In contrast, although the sensitivity of SMOTE-LASSO model in training and validation sets declined, the specificity improved greatly (Fig. 5 c, d). In addition, the accuracy of the SMOTE-LASSO model was improved in the validation set (Fig. 5d).
[image: ../images/40644_2021_433_Fig5_HTML.png]
Fig. 5Performance of LASSO models. a The ROC curves of LASSO and SMOTE-LASSO models in training and SMOTE-training sets, respectively. b The ROC curves of LASSO and SMOTE-LASSO models in validation set. c The performance of LASSO and SMOTE-LASSO models in training and SMOTE-training sets, respectively. d The performance of LASSO and SMOTE-LASSO models in validation set. ROC: receiver operating curve; AUC: area under the ROC curve; NPV: negative predictive value; PPV: positive predict value; LASSO: least absolute shrinkage and selection operator; SMOTE: synthetic minority over-sampling technique


As for SVM, the AUCs of SMOTE-SVM model were higher than SVM model in both training and validation sets (Fig. 6 a, b), and the specificities of SMOTE-SVM model were improved greatly in training and validation sets (Fig. 6 c, d). However, the accuracy of the SMOTE-SVM model was not improved in the validation set (Fig. 6d).Among these four radiomics signatures, the SMOTE-LASSO achieved the highest AUC in SMOTE-training and validation sets and the highest accuracy in the validation set. In this way, the radiomics signature based on the SMOTE-LASSO model was selected for further analysis. The coefficients of nine features in the SMOTE-LASSO model were showed in Fig. 7a. The nine features were not highly correlated with each other (Fig. 7b, mean absolute Spearman ρ = 0.08).
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Fig. 6Performance of SVM models. a The ROC curves of SVM and SMOTE-SVM models in training and SMOTE-training sets, respectively. b The ROC curves of SVM and SMOTE-SVM models in validation set. c The performance of SVM and SMOTE-SVM models in training and SMOTE-training sets, respectively. d The performance of SVM and SMOTE-SVM models in validation set. ROC: receiver operating curve; AUC: area under the ROC curve; NPV: negative predictive value; PPV: positive predict value; SVM: support vector machine; SMOTE: synthetic minority over-sampling technique

[image: ../images/40644_2021_433_Fig7_HTML.png]
Fig. 7Performance of the radiomics score generated by the SMOTE-LASSO model. a The coefficients of nine features in SMOTE-LASSO model. b Pairwise Spearman rank correlation among nine features in SMOTE-LASSO model. c The violin plot of the radiomics score based on the SMOTE-LASSO model in the SMOTE-training set. d The violin plot of the radiomics score based on the SMOTE-LASSO model in the validation set. SVM: support vector machine; SMOTE: synthetic minority over-sampling technique


High Ki67 expression patients had significantly higher radiomics scores based on the SMOTE-LASSO model than low Ki67 expression patients both in the SMOTE-training and validation sets (both P < 0.001, Fig. 7 c, d).
After omitting the synthetic samples in the SMOTE-training set, the AUC of the SMOTE-LASSO model was 0.854 (Fig. 8a, 95% confidence interval: 0.765–0.943). Calibration curves presented a novel agreement between prediction and observation in training and validation sets (Fig. 8b). DCA revealed that the SMOTE-LASSO model based radiomics signature achieved a good clinical net benefit in both data sets (Fig. 8 c, d).
[image: ../images/40644_2021_433_Fig8_HTML.png]
Fig. 8Performance of the radiomics signature based on the SMOTE-LASSO model after omitting the synthetic samples generated by the SMOTE in the SMOTE-training set. a The ROC curves of radiomics signature in the SMOTE-training set. b Calibration curve of the radiomics signature in SMOTE-training and validation sets. c-d DCA for radiomics signature in SMOTE-training (c) and validation sets (d). CI: confidence interval; DCA: decision curve analyses; ROC: receiver operating curve; AUC: area under the ROC curve; SMOTE: synthetic minority over-sampling technique


Relationship between Ki67 expression status and DFS
In this study, the range of follow-up time was 1–70 months, and 56 BCa patients (31.3%) experienced the event of tumor recurrence or tumor progression. BCa patients with IHC-based high Ki67 expression had significantly poor DFS than those with IHC-based low Ki67 expression in training and validation sets (Fig. 9a, b, P = 0.033 and 0.024, respectively). We further investigated the association between patients’ survival outcomes and the radiomics-predicted Ki67 expression based on the SMOTE-LASSO model. As a result, BCa patients with radiomics-predicted high Ki67 expression had significantly poor DFS than those with radiomics-predicted low Ki67 expression in training and validation sets (Fig. 9c, d, P = 0.022 and 0.019, respectively).
[image: ../images/40644_2021_433_Fig9_HTML.png]
Fig. 9Prognostic value of the IHC-based Ki67 expression status and radiomics-predicted Ki67 expression status based on the SMOTE-LASSO model. a, b Kaplan-Meier DFS curves for patients grouped by IHC-based Ki67 expression status in training and validation sets, respectively. c, d Kaplan-Meier DFS curves for patients grouped by radiomics-predicted Ki67 expression status in training and validation sets, respectively.. IHC: immunohistochemistry; DFS: disease-free survival


Discussion
In this retrospective study, we constructed and validated MRI-based radiomics signatures for the preoperative prediction of Ki67 expression status in BCa. Because of the relatively low proportion of low Ki67 expression patients, data were imbalanced between two classes. Without data balancing, the predictive performance of radiomics signatures was inadequate, with obviously low specificity. After data balancing by the SMOTE, the synthesized performance of radiomics signatures was further improved, indicating that data balancing contributes to construct more powerful prediction models. In this study, the SMOTE-LASSO had the optimal performance in the preoperative prediction of Ki67 expression status. Calibration curves presented a novel agreement between the SMOTE-LASSO model based prediction and observation, and DCA revealed that the SMOTE-LASSO model achieved good clinical net benefit. Thus, MRI-based radiomics might assist in preoperatively predicting the Ki67 expression in BCa.
Radiomics is an emerging imaging technique which can extract high-throughput imaging features from medical images and is frequently applied for the prediction of the biological behavior in various tumors [10–12].
The application of radiomics features for the prediction of Ki67 expression status has been reported in gastrointestinal stromal tumor [10], breast cancer [30], thyroid cancer [31], lung cancer [32], liver cancer [33] and glioma [34]. These studies present the value of radiomics in biological behaviors prediction, which may also be a potential method for the prediction of Ki67 expression in BCa on MRI. However, no study has focused on the radiomics features for the prediction of Ki67 expression in BCa. To the best of our knowledge, this study is the first to construct an MRI-based radiomics signature for preoperative Ki67 expression prediction in BCa.
Compared with CT, MRI provides various functional parameters, orientations and angles to comprehensively evaluate the tumor [35]. Most of previous studies also focused on MRI-based radiomics features to predict the Ki-67 expression status in various tumors, including liver cancer [33], thyroid cancer [31], glioma [34] and breast cancer [30, 36], which suggests that MRI-based radiomics features have the potential to predict the Ki67 expression status in BCa. Specifically, T2WI can better evaluate the tumor size and tumor morphology, and the T2WI-based radiomics features have been selected to predict the Ki67 expression in glioma [34] and thyroid cancer [31]. DCE has an advantage of reflecting the tumor microvessel permeability. It is reported that a slight submucosal linear enhancement is associated with nonmuscle invasiveness condition in BCa [37], and the DCE-based radiomics features have been successfully used for the prediction of Ki67 expression in liver cancer [33], breast cancer [30, 36] and thyroid cancer [31], which may facilitate the application of DCE-based features for Ki67 expression prediction in BCa. In this study, the numbers of T2WI-based and DCE-based radiomics features in the nine-feature-based SMOTE-LASSO model were four and five, respectively, revealing that the T2WI-based and DCE-based radiomics features are equally important in Ki67 expression prediction in BCa. In addition, five of nine radiomics features in the SMOTE-LASSO model were wavelet filtered features, revealing that the wavelet transform filter is able to show tumor biology on multiple scales [38]. Wavelet transform filter creates eight decompositions per level in each of the three dimensions and offers high-dimensional radiomics features that remain unnoticed by the human eye. Compared with subjective evaluation by radiologists features or low- dimensional radiomics, wavelet filtered features could provide more information related to biological behavior and heterogeneity in various tumors, including intrahepatic cholangiocarcinoma [39], renal cell carcinoma [40], prostate carcinoma [41] and BCa [21].
Consistent with previous reports [4–6], our results revealed that the IHC-based Ki67 expression status was associated with BCa patients’ prognoses. Furthermore, we tried to explore the relationship between patients’ survival outcomes and the radiomics-predicted Ki67 expression status based on the SMOTE-LASSO model. Interestingly, BCa patients with radiomics-predicted high Ki67 expression had obviously poor DFS, indicating that the SMOTE-LASSO model not only had good performance in the prediction of Ki67 expression, but also may be a useful prognostic factor in BCa patients. In this way, the constructed radiomics signature provided a noninvasive, preoperative tool to predict Ki67 expression, and the radiomics-predicted Ki67 expression status was associated with prognosis in BCa. Traditionally, some preoperative clinical variables such as age, sex, tumor size and number of tumors have been found to be prognostic factors in BCa patients [42]. The inclusion of radiomics signature would provide additionally preoperative information for a better prediction of the prognoses and potentially help the treatment decision making in clinical practice. In addition, this new tool will potentially help physicians in developing a follow up post-operative plan for BCa patients.
There are some limitations in this study. First, it was a retrospective study and thus bias could not be avoided. Prospective study is warranted to further validate the radiomics signature. Second, single-center study cannot assess the generalizability of the radiomics signature in other centers; thus, a multicenter study is necessary to generalize the radiomics signature of this study.
In conclusion, we constructed a useful MRI-based radiomics signature for preoperatively predicting Ki67 expression in BCa with satisfactory diagnostic performance, which may have potential value for clinical decision-making in BCa.
Acknowledgments
We thank the patients and their families and caregivers for participating in the study.

Authors’ contributions
Guarantor of integrity of the entire study: YXD, LSH; study concepts and design: YXD, LSH, ZZT; literature research: ZZT, GZR; data collection: ZZT, LSH, MN, GZR, XFJ, HYY; data analysis: ZZT, YY, XTY; manuscript preparation: ZZT, GZR; manuscript review: YXD, LSH. All authors read and approved the final manuscript.

Funding
This work was supported by the Outstanding Talent of Shanghai Tenth People’s Hospital (20215YPDRC048), the Natural Science Foundation of China (81472389), the Shanghai Science Committee Foundation (19411967700), and the Shanghai Youth Science and Technology Talents Sailing Program (20YF1437200).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
This retrospective study was approved by the Ethics Committee of our center (approval number approval number 2021KN108). Due to its retrospective nature, informed consent of patients was waived.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest to disclose.


References
	1.
Bray F, Ferlay J, Soerjomataram I, et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68:394–424.Crossref

	2.
Cumberbatch MGK, Jubber I, Black PC, et al. Epidemiology of bladder Cancer: a systematic review and contemporary update of risk factors in 2018. Eur Urol. 2018;74:784–95.Crossref

	3.
Yurakh AO, Ramos D, Calabuig-Fariñas S, et al. Molecular and immunohistochemical analysis of the prognostic value of cell-cycle regulators in urothelial neoplasms of the bladder. Eur Urol. 2006;50:506–15 discussion 15.Crossref

	4.
Geelvink M, Babmorad A, Maurer A, et al. Diagnostic and prognostic implications of FGFR3(high)/Ki67(high) papillary bladder cancers. Int J Mol Sci. 2018;19:2548.

	5.
Wang L, Zhou M, Feng C, et al. Prognostic value of Ki67 and p63 expressions in bladder cancer patients who underwent radical cystectomy. Int Urol Nephrol. 2016;48:495–501.Crossref

	6.
Burger M, Denzinger S, Hartmann A, et al. Mcm2 predicts recurrence hazard in stage ta/T1 bladder cancer more accurately than CK20, Ki67 and histological grade. Br J Cancer. 2007;96:1711–5.Crossref

	7.
March-Villalba JA, Ramos-Soler D, Soriano-Sarrió P, et al. Immunohistochemical expression of Ki-67, cyclin D1, p16INK4a, and Survivin as a predictive tool for recurrence and progression-free survival in papillary urothelial bladder cancer pTa / pT1 G2 (WHO 1973). Urol Oncol. 2019;37:158–65.Crossref

	8.
Margulis V, Shariat SF, Ashfaq R, et al. Ki-67 is an independent predictor of bladder cancer outcome in patients treated with radical cystectomy for organ-confined disease. Clin Cancer Res. 2006;12:7369–73.Crossref

	9.
He Y, Wang N, Zhou X, et al. Prognostic value of ki67 in BCG-treated non-muscle invasive bladder cancer: a meta-analysis and systematic review. BMJ Open. 2018;8:e019635.Crossref

	10.
Zhang QW, Gao YJ, Zhang RY, et al. Personalized CT-based radiomics nomogram preoperative predicting Ki-67 expression in gastrointestinal stromal tumors: a multicenter development and validation cohort. Clin Transl Med. 2020;9:12.Crossref

	11.
Sun R, Sundahl N, Hecht M, et al. Radiomics to predict outcomes and abscopal response of patients with cancer treated with immunotherapy combined with radiotherapy using a validated signature of CD8 cells. J Immunother Cancer. 2020;8.

	12.
Liu Z, Meng X, Zhang H, et al. Predicting distant metastasis and chemotherapy benefit in locally advanced rectal cancer. Nat Commun. 2020;11:4308.Crossref

	13.
Aerts HJ, Velazquez ER, Leijenaar RT, et al. Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach. Nat Commun. 2014;5:4006.Crossref

	14.
Xu S, Yao Q, Liu G, et al. Combining DWI radiomics features with transurethral resection promotes the differentiation between muscle-invasive bladder cancer and non-muscle-invasive bladder cancer. Eur Radiol. 2020;30:1804–12.Crossref

	15.
Park KJ, Lee JL, Yoon SK, et al. Radiomics-based prediction model for outcomes of PD-1/PD-L1 immunotherapy in metastatic urothelial carcinoma. Eur Radiol. 2020;30:5392–403.Crossref

	16.
Xu X, Wang H, Du P, et al. A predictive nomogram for individualized recurrence stratification of bladder cancer using multiparametric MRI and clinical risk factors. J Magn Reson Imaging. 2019;50:1893–904.Crossref

	17.
Wu S, Zheng J, Li Y, et al. Development and validation of an MRI-based Radiomics signature for the preoperative prediction of lymph node metastasis in bladder Cancer. EBioMedicine. 2018;34:76–84.Crossref

	18.
Wang H, Hu D, Yao H, et al. Radiomics analysis of multiparametric MRI for the preoperative evaluation of pathological grade in bladder cancer tumors. Eur Radiol. 2019;29:6182–90.Crossref

	19.
Wong VK, Ganeshan D, Jensen CT, et al. Imaging and Management of Bladder Cancer. Cancers (Basel). 2021;13:1396.

	20.
Zheng Z, Xu F, Gu Z, et al. Integrating multiparametric MRI radiomics features and the vesical imaging-reporting and data system (VI-RADS) for bladder cancer grading. Abdom Radiol (NY). 2021;46:4311–23.Crossref

	21.
Zheng Z, Xu F, Gu Z, et al. Combining multiparametric MRI Radiomics signature with the vesical imaging-reporting and data system (VI-RADS) score to preoperatively differentiate muscle invasion of bladder Cancer. Front Oncol. 2021;11:619893.Crossref

	22.
Del Giudice F, Barchetti G, De Berardinis E, et al. Prospective assessment of vesical imaging reporting and data system (VI-RADS) and its clinical impact on the Management of High-risk non-muscle-invasive Bladder Cancer Patients Candidate for repeated transurethral resection. Eur Urol. 2020;77:101–9.Crossref

	23.
Liu S, Xu F, Xu T, et al. Evaluation of vesical imaging-reporting and data system (VI-RADS) scoring system in predicting muscle invasion of bladder cancer. Transl Androl Urol. 2020;9:445–51.Crossref

	24.
Wang H, Xu X, Zhang X, et al. Elaboration of a multisequence MRI-based radiomics signature for the preoperative prediction of the muscle-invasive status of bladder cancer: a double-center study. Eur Radiol. 2020;30:4816–27.

	25.
Zheng J, Kong J, Wu S, et al. Development of a noninvasive tool to preoperatively evaluate the muscular invasiveness of bladder cancer using a radiomics approach. Cancer. 2019;125:4388–98.Crossref

	26.
Peng H, Long F, Ding C. Feature selection based on mutual information: criteria of max-dependency, max-relevance, and min-redundancy. IEEE Trans Pattern Anal Mach Intell. 2005;27:1226–38.Crossref

	27.
Chawla N, Bowyer K, Hall L, et al. SMOTE: synthetic minority over-sampling technique. J Artif Intell Res. 2002;6:321–57.Crossref

	28.
Guyon I, Weston J, Barnhill S, et al. Gene selection for Cancer classification using support vector machines. Mach Learn. 2002;46:389–422.Crossref

	29.
Tibshirani R. Regression shrinkage selection via the LASSO. J R Stat Soc B. 2011;73:273–82.Crossref

	30.
Fan M, Yuan W, Zhao W, et al. Joint prediction of breast Cancer histological grade and Ki-67 expression level based on DCE-MRI and DWI Radiomics. IEEE J Biomed Health Inform. 2020;24:1632–42.Crossref

	31.
Meyer HJ, Schob S, Höhn AK, et al. MRI texture analysis reflects histopathology parameters in thyroid Cancer - a first preliminary study. Transl Oncol. 2017;10:911–6.Crossref

	32.
Gu Q, Feng Z, Liang Q, et al. Machine learning-based radiomics strategy for prediction of cell proliferation in non-small cell lung cancer. Eur J Radiol. 2019;118:32–7.Crossref

	33.
Hu XX, Yang ZX, Liang HY, et al. Whole-tumor MRI histogram analyses of hepatocellular carcinoma: correlations with Ki-67 labeling index. J Magn Reson Imaging. 2017;46:383–92.Crossref

	34.
Li Y, Qian Z, Xu K, et al. Radiomic features predict Ki-67 expression level and survival in lower grade gliomas. J Neuro-Oncol. 2017;135:317–24.Crossref

	35.
Kijima S, Sasaki T, Nagata K, et al. Preoperative evaluation of colorectal cancer using CT colonography, MRI, and PET/CT. World J Gastroenterol. 2014;20:16964–75.Crossref

	36.
Ma W, Ji Y, Qi L, et al. Breast cancer Ki67 expression prediction by DCE-MRI radiomics features. Clin Radiol. 2018;73:909.e1–5.Crossref

	37.
Wang HJ, Pui MH, Guan J, et al. Comparison of early submucosal enhancement and tumor stalk in staging bladder urothelial carcinoma. AJR Am J Roentgenol. 2016;207:797–803.Crossref

	38.
van Griethuysen JJM, Fedorov A, Parmar C, et al. Computational Radiomics system to decode the radiographic phenotype. Cancer Res. 2017;77:e104–e7.Crossref

	39.
Zhou Y, Zhou G, Zhang J, et al. Radiomics signature on dynamic contrast-enhanced MR images: a potential imaging biomarker for prediction of microvascular invasion in mass-forming intrahepatic cholangiocarcinoma. Eur Radiol. 2021;31:6846–55.Crossref

	40.
Kim TY, Cho NH, Jeong GB, et al. 3D texture analysis in renal cell carcinoma tissue image grading. Comput Math Methods Med. 2014;2014:536217.PubMedPubMedCentral

	41.
Bhattacharjee S, Kim CH, Park HG, et al. Multi-features classification of prostate carcinoma observed in histological sections: analysis of wavelet-based texture and colour features. Cancers (Basel). 2019;11:1937.

	42.
Babjuk M, Burger M, Compérat EM, et al. European Association of Urology guidelines on non-muscle-invasive bladder Cancer (TaT1 and carcinoma in situ) - 2019 update. Eur Urol. 2019;76:639–57.Crossref



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Magnetic resonance imaging-based radiomics signature for preoperative prediction of Ki67 expression in bladder cancer


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40644_2021_433_Fig6_HTML.png
A = B (=
© o |
o o
© © |
2 ° > ©
2 =
2 < 2 <
o o
N N
s AUC (95% Cl) S ] AUC (95% Cl)
e SVM i raining set: 0.750 (0.633-0.868) SVM in validation set :0.756 (0.585-0.926)
s SMOTE-SVMin s SMOTE-SVM in
2 4 SMOTE-training set: 0.863 (0.811-0.914) 2 v validation set ;I 0.805 (0.646-0.965)
T T T T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
C Specificity D Specificity
Accurac
—— SVMin training set Aceunacy === SVM in validation set 4
= SMOTE-SVMin == SMOTE-SVM in
SMOTE-raining set P validation set

NPy Sensitivity. = NPV

Specificity PPV Specificity PPV

Model Accuracy Sensitivity Specificity PPV NPV Model Accuracy Sensitivity Specificity PPV NPV
SMOTE-SVM 78.8 85.9 AN 75.2 83.5 SMOTE-SVM 815 79.5 86.7 93.9 61.9
SVMm 82.4 99.0 19.2 824 83.3 SVM 77.8 97.4 26.7 77.6 80.0






OEBPS/images/40644_2021_433_Fig2_HTML.png
212 BCa patients confirmed by pathology from August 2014 to April 2020

1.MRI performed >20 days ahead of surgery: 5

Excluded cases| | 2.Poorimaging quality: 6
(n=33) > 3.Lesions for which it was diffcult to define the boundaries: 5
4. Chemotherapy or radiotherapy were performed before MRI: 4

5.Lack of Ki67 expression and prognostic information: 13

\i
179 BCa patients (low Ki67 expression: 41; high Ki67 expression: 138)

L '

Validation set

Training set
(low Ki67 expression: 26; high Ki67 expression: 99) (low Ki67 expression: 15; high Ki67 expression: 39)

' Validation

/
SMOTE-training set .
low Ki67 expression: 99; high Ki67 expression: 99) Construction of LASSO and SVM

A
Construction of SMOTE-LASSO and SMOTE-SVM =

\






OEBPS/images/40644_2021_433_Fig3_HTML.png
Binomial Deviance

Binomial Deviance

1.0

0.9

0.8

14

13

12

1.0

10 10 10 10 10 10 10 10 9 9 9 9 8 8 8 6 4 2 0

Imbalanced training set
i
s
s
00000l
toaa, ‘
0..‘... .o
0..... .o
Tte 1 I .."oo o.‘...
I T ] T T T
-7 -6 -5 -4 -3 -2

Log(n)

10 10 10 10 10 10 9 9 9 9 987 76 54 21

SMOTE-balanced training set 5

990000000
99000000
990000,
12¥

-8 -7 -6 -5 -4 -3 -2
Log(™)

Coefficients

Coefficients

1.0

0.5

0.0

-0.5

1.0

0.5

0.0

-0.5

10 10 10 9 8 1

Imbalanced training set |

-7 -6 -5 -4 -3 -2
Log(%)

10 10 10 9 9 7 3

SMOTE-balanced training set

-8 -7 -6 -5 -4 -3 -2

Log(A)





OEBPS/images/40644_2021_433_Fig5_HTML.png
A =7 B 2-
© | © |
o o
© | ©
> © > O
z 2
D« D
S 7 S 7
& AUC (95% ClI) 4 AUC (95% ClI)
e LASSO intraining set: - 0.826 (0.722-0.930) | s LASSO i validation set :0.793 (0.632-0.954)
SMOTE-LASSO SMOTELASSOin
S in SMOTE-training set: 0.859 (0.808-0.910) = validation set : 0.819 (0.658-0.980)
T T T T T T T T T T T T
1.0 0.8 0.6 04 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
C Specificity D Specificity
Accuracy Accuracy
. LASSO i fraining set === LASSO in validation set
e SMOTE-LASSO === SMOTE-LASSOin
in SMOTE-training set lidati
Sensitivit NPV Sensitivit NPV
Specificity T PPV Specificity T PPV
Model Accuracy Sensitivity  Specificity PPV NPV Model Accuracy Sensitivity  Specificity PPV NPV
SMOTE-LASSO 80.3 78.8 81.8 81.3 79.4 SMOTE-LASSO 815 795 86.7 93.9 61.9

LASSO 85.6 99.0 34.6 85.2 90.0 LASSO 778 97.4 26.7 776 80.0






OEBPS/images/40644_2021_433_Fig8_HTML.png
Sensitivity

0.4

=

0.8

0.6

0.2

0.0

Net benefit

AUC (95% Cl)
SMOTE-LASSO in training set: 0.854 (0.765-0.943)

Actual probabilty

0.4

0.8

0.6

0.2

= Training set
s \/@lidaion set

06

03

00

03

1.0 0.8 0.6 0.4 0.2 0.0
Specificity
~—
Training set
~———SMOTE-LASSO
All
—None
0.00 025 0.50 0.75 1.00
Risk threshold

Net benefit

06

03

00

03

T T

0.2 0.4 0.6 0.8 1.0
Radiomics predicted probability
Validation set
~———SMOTE-LASSO
Al
——None
0.00 0.25 0.50 0.75 1.00

Risk threshold






OEBPS/images/40644_2021_433_Fig7_HTML.png
A B .

Tic_log:sigma30.mm:3D_frstorder_Skewness >
T1c_wavelelLLH fisorder_ 90Peroentie (X1) ‘ I
T2_waveletHHL_glcm_Imc1
T2_log:sigma.2.0.mm.3D_frstorder_RootMeanSquared (x2) - 0.07 Q
T2_waveletLHL_glom_ClusterShade - 040
T2 logsigMa5.0mm 3D_gom_| iance (3) =0.02 0.12 ’ M
Tic_log:sigma5.0.mm.3D_glem_ClusterShade
|0.06 Tie_logsi 3D_glom_G 4 -0.01 -0.01 -0.01 . R
016 IT‘°—Wa'vf*‘e“-”HJ‘SZ'"—S‘zeZ“"‘ﬁN‘"‘U""°"""VN°'"‘€"'zed T2, wavetHHL_glom_imo1 (¢5) ~0.03 ~0.26 ~0.11 ~0.06 . 2
024 .T1c_wave|etLLH_ﬁlswder_SOPermle Tio_waveletLHH_glszm_SizeZoneNonUniformityNomaized (x6) =0.04 =0.07 -0.04 -0.04 -0.2 . >3
031 .1'2 ) log:sigma 2.0.mm.3D_firstorder_RootMeanSquared Tic_wavelet HHL_glem_ClusterProminence (<7)  0.13 | 0.01 1 0.04 0.01 -0.13 0.04 ‘ 2
T2_waveletLHL_giom_ClusterShade (x8)  0.02 —0.11 —0.04 0.09 0.05 0.08 -0.15. Q
034 Tic_waveletHHL_glom_ClusterProminence
Tic_logsigma.30.mm.3D_fistorder_Skewness(x9)  0.15  0.04 -0.03 0.33 014 0 0.06 0.29 .
071 -17_Iogsigma5.0.mm.30 )_glem_InverseVariance
05 00 05 -1 -08 -06 -04 -02 0 02 04 06 08 1
Coefficient
C SMOTE training set. P < 0.001 D Validation set: P < 0.001
5.0 I ! I 1
6
25
o
3
g o
@ 3
8 00 “
€ 8
S <
kel o 0
] e}
(14 ol
-25 14
-3
-5.0
=6

Low Ki67 expression  High Ki67 expression Low Ki67 expression  High Ki67 expression





OEBPS/images/40644_2021_433_Fig1_HTML.png





OEBPS/css/envelope.png





OEBPS/images/40644_2021_433_Fig9_HTML.png
1.00

0.75

Survival probability
@
o

0.25

0.00

1.004

0.751

Survival probability
o
o

0.251

0.00

Training set B Validation set
=+ IHC-based low Ki67 expression 1.00 ~+ IHC-based low Ki67 expression
=+ |HC-based high Ki67 expression =+ IHC-based high Ki67 expression
P=0.033 P =0.024
0.75
Z
3
[
Q
[<]
5050
2
I
=}
@
0.25
0.00
20 40 60 80 20 40 60 80
DFS (month) DFS (month)
Training set D Validation set
~+ Radiomics-predicted low Ki67 expression 1.00- ~+Radiomics-predicted low Ki67 expression
=+ Radiomics-predicted high Ki67 expression ~+Radiomics-predicted high Ki67 expression
P=0.022 P=0.019
0.75-
=
3
©
Q
[]
5050
2
c
>
%)
0.257
0.00

20 40 60 80
DFS (month)

20 40 60 80
DFS (month)






OEBPS/css/sidebar.gif





OEBPS/images/40644_2021_433_Fig4_HTML.png
>

Accuracy (Cross-Validation)

Accuracy (Cross-Validation)

0.83

1 1

Imbalanced training set

T1c_log.sigma.3.0.mm.3D_firstorder_:

T2_log.sigma.2.0.mm.3D_gldm_D

Variables

T2_wavelet. HHL_glcm_Imc1

T2_log.sigma.2.0.mm.3D_firstorder_|

T1c_log.sigma.5.0.mm.3D_glcm_ClusterShade

T2_log.sigma.5.0.mm.3D_glcm_InverseVariance

T2_wavelet.LHL_glcm_ClusterShade

T1c_wavelet.LLH_firstorder_90Percentile

T1c_wavelet.LHH_glszm_SizeZoneNonUniformityNormalized

T1c_wavelet. HHL_glcm_ClusterProminence

e

T
0.55

T T
0.60 0.65

Importance

SMOTE-balanced training set

T1c_log.sigma.3.0.mm.3D_firstorder_S

T2_wavelet HHL_glem_imc1

T2_log.sigma.2.0.mm.3D_gldm_DependenceNonUniformityNormalized

T1c_log.sigma.5.0.mm.3D_glem_ClusterShade

T2_wavelet.LHL_glcm_ClusterShade

T2_log.sigma.2.0.mm.3D_firstorder_|

T2_log.sigma.5.0.mm.3D_glem_InverseVariance

T1c_wavelet. HHL_glcm_ClusterProminence

T1c_wavelet.LLH_firstorder_90Percentile

e

Variables

T1c_wavelet.LHH_glszm_SizeZoneNonUniformityNormalized

e

T
0.55

T T
0.60 0.65

Importance

070






