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            Abstract
Accurate pathological diagnosis is crucial for optimal management of patients with cancer. For the approximately 100 known tumour types of the central nervous system, standardization of the diagnostic process has been shown to be particularly challenging—with substantial inter-observer variability in the histopathological diagnosis of many tumour types. Here we present a comprehensive approach for the DNA methylation-based classification of central nervous system tumours across all entities and age groups, and demonstrate its application in a routine diagnostic setting. We show that the availability of this method may have a substantial impact on diagnostic precision compared to standard methods, resulting in a change of diagnosis in up to 12% of prospective cases. For broader accessibility, we have designed a free online classifier tool, the use of which does not require any additional onsite data processing. Our results provide a blueprint for the generation of machine-learning-based tumour classifiers across other cancer entities, with the potential to fundamentally transform tumour pathology.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Establishing the DNA methylation-based CNS tumour reference cohort.


Figure 2: Development and cross-validation of the DNA methylation-based CNS tumour classifier.


Figure 3: Implementation of the classifier in diagnostic practice.


Figure 4: Reassessment of discrepant cases and establishment of new diagnosis.


Figure 5: DNA methylation-based identification of potential new CNS tumour entities.
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Extended data figures and tables

Extended Data Figure 1 Unsupervised clustering of the DNA methylation-based reference cohort.
a, Heat map showing the pairwise Pearson correlation (bottom left) of the 32,000 most variably methylated CpG probes of all 2,801 biologically independent samples of the reference cohort. A detailed view of closely related ependymal classes (top right) and the three subclasses identified in atypical teratoid rhabdoid tumours (ATRTs) (bottom right) indicates higher correlation within classes. The colour code and abbreviations are identical to Fig. 1a. b, Eigenvalue frequencies of a PCA using the 32,000 most variably methylated CpG probes of all 2,801 biologically independent samples as in a. The number of non-trivial components was determined by comparing eigenvalues to the maximum eigenvalue of a PCA using randomized beta values (shuffling of sample labels per probe). c, x and y coordinates of the first five of a total of 500 iterations of t-SNE dimensionality reduction generated by random down-sampling to 90% of the 2,801 biologically independent samples to assess clustering stability. Axis positions of individual cases are connected by a line coloured according to the colour code of Fig. 1a. The depiction illustrates the close proximity of cases of the same class across iterations, indicative of a high stability independent of the exact composition of the reference cohort. d, Pairwise correlation of x and y coordinates between 2,801 biologically independent samples over all iterations of the down-sampling analysis demonstrates a very high correlation within classes (average correlation 0.982), indicating a high stability of the t-SNE analysis.

                          Source data
                        


Extended Data Figure 2 Unsupervised clustering is not biased by a range of possible confounding factors.
a, t-SNE representations of the 2,801 biologically independent samples constituting the reference cohort as shown in Fig. 1b overlaid with potentially confounding factors (b–f). b, Distribution of patient sex among the classes illustrates equal or near equal distribution of many classes, but also an expected enrichment for one sex in some classes (for example, female in meningioma or CNS high-grade neuroepithelial tumours with MN1 alteration). c, Patient age illustrates the expected age distribution of many tumour classes. d–f, The slightly uneven distribution of type of material (for example, pilocytic astrocytoma or meningioma) (d), array preparation date (e) and tissue source (f) are related to the specifics of assembling the reference cohort and do not indicate an apparent confounding effect on the unsupervised clustering.

                          Source data
                        


Extended Data Figure 3 Estimation of tumour purity and relation to TCGA pan-glioma methylation classes.
a, A random forest model was trained to predict absolute tumour purity estimates50 using the TCGA pan-glioma dataset (795 biologically independent samples)18. The plot shows absolute purity estimates and out-of-bag random forest tumour purity predictions (that is, using only random forest trees for which the respective sample was not involved in the training). The estimated mean squared error is 0.015, indicating that this model is able to yield reasonable predictions of tumour purity from methylation data. b, The distribution of random forest predicted purity in the reference dataset (2,801 biologically independent samples). Purity estimates have been transformed into five categories indicated by different shades of blue. The exact case-by-case values are provided in Supplementary Table 2. The median estimated purity in the reference cohort is 66% (range 42% to 87%) and 78% of samples have an estimated purity of at least 60%. c, t-SNE representation of the reference cohort (2,801 biologically independent samples) overlaid with random forest predicted purity categories. Methylation classes are generally composed of mixed tumour purity categories. Tumour purity shows some association with the WHO grade (WHO I median tumour purity 60%, range 39–77%; WHO II median 66%, range 43–80%; WHO III median 68%, range 54–84%; WHO IV median 69%, range 49–87%). A further association of tumour purity with the composition of classes in the unsupervised t-SNE analysis was not evident. d, t-SNE representation of the reference cohort (2,801 biologically independent samples) overlaid with predicted TCGA pan-glioma DNA methylation classes according to the previously published dataset18. Pan-glioma methylation classes were predicted by training a random forest on the previously published dataset18, which included methylation data of 418 low-grade glioma and 377 glioblastoma samples that were acquired using the Illumina 450k and 27k platforms. The random forest algorithm was trained using the 1,300 CpG signature as described in ref. 18 and using the default settings of the random forest algorithm implemented in the R package randomForest. Pan-glioma class prediction was only performed for subsets of mostly adult astrocytomas, oligodendrogliomas and glioblastomas (magnified areas) included in the previously published dataset18. LGm1, LGm2 and LGm3 show a high overlap with the methylation classes A IDH HG, A IDH and O IDH, respectively. LGm4 shows the highest overlap with methylation class GBM RTK II. LGm5 shows the highest overlap with methylation classes GBM MES and GBM RTK I. LGm6 show the highest overlap with DMG K27, GBM MID and GBM MYCN.

                          Source data
                        


Extended Data Figure 4 Development of the random forest classifier.
a, The random forest training consists of four steps. First, basic filtering of probes that were not included on the EPIC array, probes located on the X and Y chromosomes, probes affected by single nucleotide polymorphisms, and probes not mapping uniquely to the genome was performed. In the second step, the probe-wise batch effects between samples from FFPE and frozen material were estimated and adjusted by a linear model approach. In the third step, feature selection was performed by training a random forest algorithm using all probes and selecting the 10,000 probes with highest variable importance measure. In the last step, the final random forest is trained using only the 10,000 selected probes. The validation of the random forest classifier involves a threefold nested cross-validation. In the outer loop of the cross-validation, the complete random forest training procedure consisting of four steps as described above are applied to the training data and the resulting random forest is used to predict the test data to generate random forest scores. In the inner loop of the cross-validation a threefold cross-validation is applied to training data of the outer loop in order to generate random forest scores independent of the test data in the outer loop. These scores are then used to fit a calibration model, that is, a L2-penalized, multinomial, logistic regression that takes the random forest scores of the test data in the outer cross-validation loop to estimate tumour class probabilities (P1, P2, P3). To fit a calibration model to estimate class probabilities of diagnostic samples using all data in the reference set, the random forest scores generated in the outer cross-validation loop were used. b, Schematic depiction of three example binary decision trees of the random forest classifier (left), and magnification on five example decisions nodes relevant for glioblastoma classification (right). For prediction, a diagnostic sample enters the root node of each of the 10,000 trees. At every decision node, the decision path is determined on the methylation level of a single CpG, until it reaches a terminal node that provides the class prediction. The joint class prediction of all trees represents the raw prediction score. The colour code and abbreviations are identical to Fig. 1a.


Extended Data Figure 5 Comparison of raw and calibrated classifier scores and threshold definition.
a, Density plots illustrating the distribution of raw and calibrated classifier scores for samples correctly classified during cross-validation (n = 2,701 independent biological samples for raw and n = 2,769 independent biological samples for calibrated), depicted for each methylation class or methylation class family. Score calibration results in a harmonization of score distribution and allows the establishment of a shared classification threshold. Three thresholds for maximizing specificity (0.958), maximizing the Youden index (0.836), and the cutoff used in this study (0.9) are indicated by red lines (see also d and e). b, Multivariate score calibration illustrated as a ternary plot showing scores of the three ATRT subclasses (MYC, SHH and TYR; together n = 112 independent biological samples). Arrows indicate transformation of the scores for individual samples by the calibration model, which increases the discrimination between the three subclasses. c, The accuracy of prediction of the random forest classifier constructed of n = 2,801 biologically independent samples (measured by misclassification error, AUC, Brier score, multiclass sensitivity and specificity) is improved by score calibration and by combining classes into MCF). d, To determine a common threshold for the calibrated MCF scores, we performed a ROC analysis of the maximum calibrated MCF scores of all n = 2,801 biologically independent samples calculated via cross-validation. For this ROC analysis, we defined a new binary class, that is, samples correctly classified during the cross-validation using the maximum calibrated MCF score for classification were considered as ‘classifiable’ (n = 2,769) and samples that got falsely classified using this score were considered ‘non-classifiable’ (n = 32). Three thresholds for different sensitivity and specificity are highlighted in the ROC curve: a threshold of 0.958 achieving a maximum specificity of 1 with a sensitivity of 0.827, a threshold of 0.836 obtaining a maximum Youden index with specificity 0.938 and sensitivity 0.934, and our recommended threshold of 0.9 that results in a specificity of 0.938 and a sensitivity of 0.9. Bootstrapped 95% confidence intervals for estimated sensitivity and specificity are indicated in grey. e, Sensitivity and specificity for all possible thresholds applied to cross-validated maximum MCF classifier scores of all n = 2,801 biologically independent samples. Three thresholds for maximizing specificity (0.958), maximizing the Youden index (0.836) and 0.9 are highlighted by red lines.

                          Source data
                        


Extended Data Figure 6 Diagnostic utility of the DNA methylation-based classifier, assessed at different centres.
a, Implementation of the DNA methylation classifier by five external centres. In total, 401 independent biological samples were analysed. 78% matched to an established class with a cut-off score of ≥0.9 (class colours as in Fig. 1a). A new diagnosis was established in 12% of cases. b, Depiction of individual centre results, illustrating the different composition of samples included in the analysis, variation in the rate of non-matching cases, and of cases for which a new diagnosis was established. Case-by-case details are provided in Supplementary Table 6.

                          Source data
                        


Extended Data Figure 7 Inter-centre and inter-platform reproducibility of the DNA methylation-based classification.
a, Calibrated scores of 53 independent biological samples representing diagnostic CNS tumour cases analysed at the University of Heidelberg and at the New York University pathology department. Both laboratories performed independent DNA extraction, array hybridization and data analysis. Cases falling into green areas were classified identically in both centres (96%); cases in the red area were non-classifiable in one centre (4%). None of the 53 samples was assigned to a different methylation class by the two centres. b, Copy-number profiles calculated from the array data generated at both centres were highly comparable and allowed identification of chromosomal gains, losses, amplifications and deletions. Calculations and interpretation were performed once at each centre. c, Plot of maximum raw classification scores of 16 different tumour samples generated using both 450k and EPIC arrays. All cases fall close to the bisecting line (red) indicating a high concordance of the scores. Further, the methylation class prediction was identical for all samples. d, The CNS tumour classifier also performs well with data generated by WGBS. The plot shows classifier scores calculated from WGBS and 450k arrays of 50 cases comprising 11 different brain tumour entities (bisecting line in red). Methylation beta values were calculated from high-coverage WGBS data (>10 fold average coverage) and run through the CNS tumour classifier and plotted against the same case analysed using 450k arrays. The highest class prediction score was identical in all cases.

                          Source data
                        


Extended Data Figure 8 Example of the PDF report of an IDH wild-type glioblastoma sample.

Extended Data Figure 9 Example work flow and timeline of diagnostic methylation profiling.
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