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[bookmark: Abstract]Abstract
[bookmark: Untitled_Section]The application of routine genomic profiling in tumour diagnosis poses significant challenges. There is marked variation in the implementation of genomic data, while optimal integration with conventional diagnostic technology remains uncertain despite several studies reporting improved diagnostic accuracy and selection for targeted treatments and stratification for trials. Many earlier findings are based on research cohorts or specific tumour groups, often measuring the impact of treatment only with respect to experimental therapies. There is a need for the evaluation of the added value in routine clinical practice and impact on conventional, as well as experimental, treatments. To address these questions, we have assessed the routine implementation of genomic profiling (by a DNA methylation-based approach) in childhood brain tumours using two large national cohorts. The first includes routinely diagnosed childhood brain tumours in the UK (n=306). Molecular profiling added a unique contribution to diagnosis in 34% of cases in routine diagnostic practice, and we estimated that it could change conventional treatment in 3.5% of patients. In the second cohort we enriched for cases that historically had been diagnostically difficult (n=203). In these cases 49.7% could be diagnosed using standard methods, with the addition of methylation profiling solving a further 17.2% of cases. The remaining 30.1% cases remained unresolved despite specialist pathology and genomic profiling. Together these data provide estimates of impact that could be expected from routine implementation of genomic profiling into clinical practice, and also indicates limitations where additional techniques will be required. 



INTRODUCTION
The incorporation of complex molecular pathology into routine clinical practice offers enormous potential to improve diagnostic accuracy and tailor treatment stratification, but it also poses significant challenges [1, 2]. Not only are there practical limiting factors such as cost, access and accreditation, but it is also unclear whether we can extrapolate the impact from carefully curated research cohorts to routine clinical practice. In particular, genome-wide profiling studies have primarily taken place within research environments or as part of clinical trials [3, 4]. Their implementation in routine clinical practice is at best variable and at worst, controversial.

The accessibility of genomic data is of particular importance for the diagnosis of paediatric brain tumours for two main reasons. The first is that a significant proportion of tumours of the central nervous system (CNS) have been re-classified into distinct tumour subgroups based on their distinct molecular profiles [5-8]. Secondly, due to diagnostic challenges in many of the tumours, genomic data has a significant impact on the therapies offered to children; many of whom are at a high-risk of death or long-standing disability depending at least in part on the treatment regime. 

A recent description of a methylation classifier for CNS tumours holds promise as an adjunct to conventional diagnostic practices[9, 10]. The methylome is thought to reflect the cell of origin and is maintained during tumour evolution, suggesting that tumours of the same molecular subgroup have consistent methylation profiles [11]. Using methylation array data, the authors developed a model that predicts a tumour’s molecular subtype based on a large reference cohort of adult and paediatric CNS tumours [9]. Internal validation suggested good predictive power, with a reported diagnostic concordance of up to 88% of cases.

To reflect the differences between adult and paediatric CNS tumours, the classifier model was developed using a large reference cohort containing over 40% of samples from patients under the age of 19 years[9]. Indeed, many of the methylation classifier’s predicted classes and subclasses are associated with specific age-groups, particularly in children. However, the number of paediatric cases within the author’s internal and external validation cohorts under-represented.

Since 2016, Great Ormond Street Hospital (GOSH) has undertaken DNA methylation arrays alongside histopathology assessment and routine molecular testing. As a large paediatric specialist tertiary centre, we receive many complex referral cases from across the UK. We aimed to assess the impact of routine molecular profiling in clinical practice and estimate the added value on diagnosis in the context of modern standard-of-care pathology. Importantly, we set out to determine how often refinement of diagnosis would change treatment, considering both conventional and experimental trial-based regimes. To this effect, we have assessed the impact of DNA methylation profiling on the routine diagnosis of childhood brain tumours in a real-time clinical context.

Our experience is an exemplar of how genomic approaches can be effectively integrated into clinical practice, and how analysis usually confined to research can be reliably reported and translated into clinically meaningful data.
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[bookmark: Methods][bookmark: Sample_inclusion_criteria]Methods
Sample inclusion criteria
Our data includes two national UK cohorts: a diagnostic cohort of 306 samples to measure the impact on routine diagnosis and a second archival cohort encompassing 203 diagnostically unresolved cases.

Diagnostic Cohort: We included cases spanning a 24-month period (Sept 2016- Sept 2018), limited to children and young adults under the age of 19 years, where a DNA methylation array was performed at GOSH in real-time for clinical purposes. The decision to perform an array was at the discretion of the neuropathologist; typically most primary high grade tumours would be profiled (see results section). Local and referred cases were included, with a small number (n=19) received from centres from outside of the UK. Cases undertaken for research purposes were excluded.

Archival cohort: We searched for UK-based cases of high-grade CNS paediatric tumours (grades III and IV) reported between 1990 and 2018, that either failed to achieve a confident diagnosis at the time of initial diagnosis or fell into groups now recognized to represent a mixture of novel molecularly-defined tumour groups (e.g. CNS PNETs/supratentorial PNETs). We excluded cases with a well-defined and definitive initial diagnosis including: medulloblastoma, glioblastoma, ependymoma, AT/RT, Ewing’s sarcoma, teratoma and sarcoma.
[bookmark: DNA_preparation_and_bisulphite]DNA preparation and bisulphite conversion 
DNA was extracted from a total of 50 µm formalin-fixed paraffin-embedded (FFPE) tissue taken either as 5x10 µm rolls or macro-dissected sections to enrich for tumour cell content. In cases where multiple blocks were present, regions with the most representative histology, overall tumour cell content and tissue viability were selected. DNA was extracted using the Promega Maxwell 16 FFPE Tissue LEV DNA Purification Kit and quantified using a Nanodrop, before bisulphite conversion of up to 500 ng DNA, using the Zymo EZ DNA Methylation-Gold kit. Bisulphite converted FFPE DNA was then treated with the Illumina Infinium FFPE DNA Restore kit.
[bookmark: 850K_arrays]850K arrays
Bisulphite converted and restored DNA was assayed using Illumina Infinium MethylationEPIC BeadChip arrays, according to the Infinium HD FFPE Methylation Assay automated protocol (Illumina).
[bookmark: Methylation_classification]Methylation classification
Methylation data was imported into R v3.5.3 using minfi[12] (version 1.22.1) and normalised with the included function preprocessIllumina. Missing CpG beta values were imputed using the impute.knn function implemented in the impute package[13]. A DNA methylation classification model (MNP v11b2, current at the time of implementation) was used to assess the methylation profile of each tumour. This tool was developed for research and is freely available online (www.molecularneuropathology.org/mnp) [9]. Sample methylation data were compared to a reference cohort of 2,801 CNS tumours across 91 tumour types, resulting in an output indicating the best match of tumour diagnosis and a corresponding calibrated score[9]. Scores range from 0-1, and scores of ≥0.9 were used for robust classification during the period of the study. After classification, the predicted tumour class with the highest score was recorded alongside the calibrated score.
[bookmark: Reporting_of_methylation_outpu]Reporting of methylation outputs
When the classifier’s predicted output gave a calibrated score ≥0.9 the predicted methylation class was used in the clinical report. When scores were <0.9, the classifier was deemed to have failed and the prediction was not included in the clinical report[10]. All outputs were considered alongside our standard neuropathology workup[14, 15] and when relevant, further diagnostic testing was performed to confirm the result. Retrospectively, the impact of each prediction and calibrated score was compared to the final reported diagnosis.
[bookmark: Copy_number_plots_]Copy number plots 
Copy number (CN) plots were generated from methylation data using the R package conumee[16]. These plots were attached to the clinical reports, however during the timeframe of this study the interpretation of CN plots was not routinely reported. For the purposes of this study, CN plots were reviewed independently of the clinical reports and used to identify diagnostically relevant CN changes in specific tumour types. Gains and losses were called when probe intensity was ±0.15 on log2 scale and amplifications were called when signals were >0.6[17, 18].
[bookmark: Assessment_of_diagnostic_impac]Assessment of diagnostic impact
The rationale for undertaking methylation analysis in clinical cases was categorised as: (i) tumours that were difficult to diagnose, (ii) rare tumour types requiring further confirmation, (iii) cases where the purpose of the array was to determine the subtype of a tumour (e.g. ependymoma, medulloblastoma) and (iv) cases with limited available diagnostic material.

The impact on the final diagnosis in clinical cases of the predicted methylation class was divided into 5 categories: (i) classification that confirmed the final diagnosis but did not add additional information, (ii) classification that confirmed and refined the final diagnosis by providing additional molecular subtyping not available by histopathological evaluation alone, (iii) classification that amended the initial diagnosis, leading to a change in final diagnosis, (iv) classifications of uncertain significance and (v) classifications considered potentially misleading in the context of other diagnostic findings.
[bookmark: Assessment_of_clinical_impact]Assessment of clinical impact
Methylation data from the clinical cohort which refined or altered the final diagnosis were retrospectively assessed by a senior paediatric neuro-oncologist (DH) to determine if the amended or refined diagnosis would indicate a change in therapeutic strategy according to relevant national guidance for childhood tumours in the UK at the time of diagnosis. We considered methylation data to have had a clinical impact when the patient’s treatment would have differed if the data had not been available. We also identified cases where the methylation data could in the future help to triage patients that might be eligible for forthcoming trials; such as targeted therapies or improved risk stratification that would influence trial eligibility (e.g. in medulloblastoma). We analysed the latter data separately as it represents a more speculative component.

Pathology review of archival samples
A panel of immunohistochemistry regularly assayed as part of our current diagnostic workup for embryonal tumours was performed on a total of 203 tumour cases from the archival cohort. This included: GFAP, synaptophysin, Ki-67, NeuN, OLIG2, INI-1, SMARCA4, LIN28A, mutant H3K27M, H3K27 trimethylation, CD56, CD99, EMA, p65/RELA and L1-CAM [19]. FFPE sections were cut at 3 µm and staining was carried out on a LEICA BondMax automated stained. The histopathology was then reviewed by an experienced paediatric neuropathologist (TSJ) to determine if a confident diagnosis could be offered on the basis of the neuropathological features. DNA methylation arrays and the classifier algorithm were performed as described above using MNP v2 and v4. Where appropriate, cytogenetic testing (fluorescence in-situ hybridisation, FISH) and confirmation of suspected mutations (sequencing, RT-PCR) was performed to complete the final reviewed diagnosis.

Mapping archival samples against reference cohorts
Sample methylation data were read into R using Minfi and preprocessed using the included preprocessIllumina function. Beta values were extracted and matched against those in the MNP reference cohort dataset (v4)[9]. These combined data were used to generate t-SNE plots containing both reference and GOSH cohorts for manual inspection of clustering in cases where GOSH samples could not be robustly classified by the MNP algorithm. Research samples whose co-ordinates were within or directly adjacent to methylation reference subgroups were considered to belong to the respective tumour subgroup.
Ethical approval
Approval of review of the clinical cohort was given by Great Ormond Street NHS Foundation Trust as service evaluation (Registration No. 2301). The archival cohort was analysed under ethical approval granted by BRAIN UK tissue bank (REC: 14/SC/0098, Reference 16/007) 
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[bookmark: Results]Results
[bookmark: Implementation_in_routine_clin]Implementation of methylation profiling in routine clinical practice
To determine the impact of molecular testing on diagnostic yield we reviewed the GOSH experience of methylation profiling in childhood CNS tumours over a 2-year period. Specifically, we diagnosed 484 brain tumours in patients under 19 years of age, compared to an estimated brain tumour incidence in this age group of 633 cases per year[20]. This cohort therefore approximately represents 40% of the UK’s CNS childhood tumours (total national population of 66 million [21]). We undertook DNA methylation arrays for diagnostic purposes in 306 cases or 63.2% of our total cases reported; the annual equivalent of almost one quarter (24.2%) of the population’s childhood brain tumours (Figure 1).

The cases included in this cohort were those that were spontaneously referred by local neuropathologists for DNA methylation profiling for diagnostic reasons, and the majority of high-grade tumours were profiled (Figure 1D). To determine the effect on diagnosis and treatment of children’s brain tumours, we categorised cases according to the primary indication for undertaking an array (Supplementary figure 1): 162 cases were requested specifically to establish a tumour subtype (52.9% of cases) e.g. in medulloblastoma or ependymoma; 115 cases were undertaken as they were diagnostically difficult cases (37.6%); 19 were undertaken where the diagnosis was certain but the tumour type was considered unusual in the age group (6.2%); and 10 were undertaken to improve diagnostic uncertainty when the biopsy was small (3.3%). 
[bookmark: Diagnostic_yield]Diagnostic yield of clinical methylation profiling
We analysed three aspects of the molecular data from methylation arrays. The principal outcome was classification using an algorithm from the DKFZ [9]. In keeping with previous publications[9, 10], we regarded a calibrated score greater than 0.9 as successful. From the entire diagnostic cohort (irrespective of DNA quality), 149 cases (48.7%) gave a calibrated score of 0.9 or greater. Diagnostic impact was assessed by reviewing the reports to determine what effect the array had on the real-time diagnostic process (see methods, Figure 2) [9, 22].

Cases where the array matched and therefore confirmed the final diagnosis accounted for 26.2 % of classifying cases (12.7% of all cases, 39 cases). Diagnoses in this group mostly belonged to CNS tumours with molecular subgroups that were identifiable by existing and well-established diagnostic tests. These included WNT-activated medulloblastoma, diagnosable by nuclear beta-catenin immunopositivity and sequencing of the CTNNB1 gene; diagnosis of ependymoma-RELA altered, identifiable by nuclear p65/RELA and/or L1-CAM immunopositivity; and diagnosis of diffuse midline glioma with a histone mutation, identifiable by nuclear H3 K27M immunopositivity and sequencing of the most commonly altered histone genes (H3F3A, HIST1H3B and HIST1H3C).

Array predictions that both confirmed and refined the final diagnosis by providing additional molecular subtyping data, not otherwise available by existing histopathological or molecular evaluation, accounted for 64.4 % of the classifying cases (32.4% of all cases, 99 cases). Many of these tumours were those where an array was used as the primary method of subtyping e.g. many of the molecular subtypes of medulloblastoma, ependymoma (posterior fossa subtype A, PFA) and some classes of high-grade glioma (e.g. MYCN and RTKIII subtypes).

There were 5 array predictions which led to an amended final diagnosis (Supplementary table 1A). Three of these belonged to two newly recognized molecular groups, high grade neuroepithelial tumour (HGNET) with MN1 alteration and HGNET with BCOR alteration [23]. 

In no cases was the array entirely misleading if taken in the context of other radiological and pathological data. We only considered 3 array predictions to be potentially misleading if interpreted in isolation (Supplementary table 1B). In these instances the clinical management was not likely to have changed. The first case was an embryonal tumour that classified as a pineoblastoma however, on review there was no radiological involvement of the pineal gland. It is of course possible that this is a result of the limitation of the radiology rather than the array, or it may represent an ectopic origin for a pineoblastoma[10]. In two cases, the classifier result reported control brain tissue but on review, these cases had relatively low tumour content.

In a further 3 cases, the array made a prediction that was considered potentially significant, but it was not possible to confirm this finding in a clinical or histological context, and we regarded these results as of uncertain significance (Supplementary table 1C).
[bookmark: Factors_affecting_diagnostic_y]Factors that affected diagnostic yield
To explore the factors that affected the score, we reviewed potential confounding factors including technical factors (hybridisation success, DNA source), clinical indication for the array, patient age and diagnosis.

All cases were processed on the array irrespective of the DNA quality. Therefore, to analyse the impact of technical factors (such as DNA quality) on the diagnostic yield, we analysed the percentage of probes that failed and compared this to the calibrated score from the classifier. We found that there was correlation between probe failure rate and the success of the classifier. None of the 20 (6.5%) cases with a probe failure rate of more than 5% gave a calibrated score of more than 0.9. There were 12 (3.9%) cases with a probe failure rate of 2-5% and most of these cases (10) did not classify. There were 22 (7.2%) cases with a probe failure rate of 1-2% and most of these (19) classified. Therefore, high probe failure rates do predict a poor classification score, with the majority of cases failing to classify where the probe failure rate was over 2% (Figure 3). Overall, 1.3% and 19.1% of the all the cases that did and did not classify respectively, had probe failure rates above 2%. This gives an approximate estimate of the impact of technical failures on the diagnostic utility of the arrays.

Next, we hypothesised that the classifier results may vary depending on the different clinical contexts. To address this, we analysed the diagnostic yield based on the patient’s age, site of preparation, final diagnosis and the clinical indication for the array. We found no correlation between age and diagnostic yield suggesting that the classifier worked equally well across all ages of children and young adults (Supplementary figure 2). However, the rate of diagnostic yield depended on the clinical indication to undertake an array (Figure 3). The highest yields were from cases undertaken specifically for sub-typing or confirmation of secure diagnoses. There was intermediate yield when the arrays were undertaken to solve diagnostically challenging cases and the lowest diagnostic yield occurred from cases with small biopsies. Our findings suggest that the expected success of methylation analysis depends on the clinical question being addressed by the array. 

To determine if the performance of the classifier differed in different tumour types, we considered how the calibrated scores varied according to the final diagnosis (Figure 2C). The tumour type with the highest success rate was medulloblastoma in which 59 of the 79 cases profiled (74.7%) produced a confident subtype. Ependymoma had more modest results, where 15 of the 29 cases (51.7%) classified. Although notably most RELA-altered ependymomas (7 out of 9 cases) successfully classified by array.

Fifty-nine patients were diagnosed with a high-grade astrocytoma (grades III and IV) and of these, 40.7% (n=24) were classifiable (Figure 2C). However, the rate was higher in specific subtypes. For example, diffuse midline gliomas with a histone H3K27 mutation achieved a confident score in 7 out of 10 cases. Glioblastomas carrying a histone G34 mutation gave a confident calibrated score in all 4 cases. An increase in grade was observed in 10 high-grade astrocytoma cases to glioblastoma by the addition of methylation data.

Of the 85 patients with a final diagnosis of a low-grade glioma or glioneuronal tumour, a confident calibrated score ≥0.9 was assigned in only 32.9% of cases (n=28), compared to our cohort’s average of 49% (Figure 2C). This suggests that this tumour group remains particularly challenging to classify by this technique.
[bookmark: Copy_number_data]Copy number data
Inferred copy number (CN) data generated from methylation arrays were not included in the clinical reports because they were not accredited during the time of this study. Therefore to assess the potential of CN data in our clinical setting, we retrospectively compared the CN results to existing diagnostic molecular data (i.e. FISH) in medulloblastoma and embryonal tumours with multi-layered rosettes (ETMR). 

MYC and MYCN amplification are poor prognostic factors in medulloblastoma[24]. Both FISH and CN plots were available for 62 out of 79 reported medulloblastomas, with a total of 12 patients reported to have amplifications in either MYC (n=6) or MYCN (n=7) identified by FISH (one patient had the unusual combination of both) (Figure 4). The CN plots had a specificity of 100% for both MYC and MYCN amplification when compared to FISH. However, the sensitivity of the array was much lower at 67% for MYC and 57% for MYCN when compared to FISH. It is likely that the lower sensitivity is due to the difficulty in detecting focal amplifications by bulk DNA techniques such as the array.

Next, we considered the detection of amplification of the microRNA cluster on chromosome 19 (C19MC) that defines C19MC-altered ETMRs. In all four ETMRs in the series, C19MC amplification was detected by both FISH and by array CN plot analysis (data not shown).
[bookmark: MGMT_assessment]MGMT promoter methylation assessment in paediatric cases
MGMT promoter methylation is considered of prognostic relevance in adult gliomas and associated with temozolomide sensitivity [25]. However, there are few studies addressing it’s utility in childhood cancers[26, 27] and its prognostic utility in paediatric glioma remains unconfirmed[28, 29]. Inferred methylation status from our array data predicted that 94% of our paediatric cohort had unmethylated MGMT promoters. Only 9 patients (2.9%) were predicted to have a methylated MGMT promoter (with a high confidence interval and low probe rate failure): 8 cases were high grade tumours (grade III and IV) and 4 of these were glioblastoma (grade IV). A fully integrated diagnosis could be achieved in 6 of the 9 cases, which were 2 ependymoma RELA-altered (2 out of 9 diagnosis of ependymoma RELA-altered), 2 ETMR C19MC-altered (2/4) and 2 Glioblastoma G34-mutant (2/4). As previously described no MGMT promoter methylation was observed in diffuse midline gliomas with mutant H3K27 [30]. Our data suggest that MGMT promoter methylation is rare in children and possibly restricted to small subsets of tumour types.

[bookmark: Impact_on_therapy]Impact on therapy
We reviewed all cases where the methylation array changed the diagnosis in any way to determine if the additional molecular data would have implications for treatment according to standard treatment protocols used in the UK. We found that in 11 cases, the diagnostic modification would have mandated a change in treatment based on the diagnosis using current protocols (Figure 5). Examples included a change in diagnosis from CNS PNET to RELA-altered ependymoma, ependymoma to high grade glioma (K27M), poorly differentiated tumour to HGNET with MN1 alteration or refinement in medulloblastoma subtypes. To estimate the potential clinical impact of these changes in clinical practice, we expressed this as a percentage of all arrays performed (irrespective of technical failures), indicating that 3.6% of cases tested would have an impact on standard treatment.

We also made an estimate of which diagnoses would predict treatment changes that could be offered in the next few years based on current trial protocols and forthcoming trials. This included identifying new brain tumour subtypes that may harbour targetable aberrations such as infantile hemispheric gliomas which have been recently characterised to harbour gene fusions such as ALK or TRK, with potential specific inhibitors. In addition, methylation subtyping identified subgroups such as glioblastoma RTK III which in the future could be used to enrich future tyrosine kinase targeting therapeutic trials (Figure 5). When considering these patients, a further expected future change in therapy is suggested for 5.9% of all cases (n=18); approximately bringing the total estimated upper limit on future therapeutic impact to 9.5% of cases tested. 

[bookmark: Impact_of_suboptimal_classific]Impact of suboptimal classification scores
A calibrated score ≥0.9 is considered to be a robust indicator of CNS tumour classification. At the time of the diagnosis, only scores ≥0.9 were reported in our clinical practice. However lower scores have been suggested to be useful when used with caution[10] and are regularly reported at other centres[22]. As these outputs were not used for real-time diagnosis, we categorised them according to how the classifier’s prediction related to the final diagnosis (Figure 6A). Of the 157 cases with scores below 0.9, there were 18 outputs that matched the final reported diagnosis (11.5%) and 84 outputs with plausible but otherwise unconfirmed molecular subtypes (53.5%). A total of 55 outputs were considered misleading (35.0%), the most common of these being the methylation class meningioma, or paediatric choroid plexus tumour subtype B. Considering all suboptimal scoring cases, 1 in 3 predictions will be misleading. However, if considering suboptimal scores between 0.7 and 0.9, 1 in every 14 predictions was misleading; compared to scores above 0.9 where potentially 1 in every 50 predictions were misleading (Fig. 6B). The lower the calibrated score, the greater the risk of a potentially misleading result (Fig. 6C). We conclude that cases with low calibrated scores should be considered with caution, and always interpreted alongside supporting data from diagnostic workup (IHC, sequencing etc.).
[bookmark: The_impact_of_molecular_profil]The impact of molecular profiling in diagnostically challenging cases
The data in the first cohort give an estimate of the impact of methylation profiling in routine clinical practice of childhood CNS tumours. The data suggested that the techniques was most successful in well-defined tumour entities but showed more variable results where the diagnosis was uncertain. To address this directly, we determined the impact on tumours that have traditionally defied diagnosis. We hypothesised that a proportion of such tumours might be diagnosable by taking advantage of current histological criteria without molecular technology, while others may be solved by the use of methylation profiling and finally, some may remain unresolved despite contemporary histology and molecular analysis.

To estimate the proportion of these cases, we collated a national cohort of archival high-grade brain tumours that either failed to achieve a confident diagnosis at the time of the initial pathological diagnosis or fell into groups that are now recognised to represent a mixed group of molecularly defined entities (e.g. CNS PNETs/supratentorial PNETs). Retrospective cases with sufficient tissue (n=203) were subjected to a standardised immunohistochemistry panel and the histological features were reviewed by a reference neuropathologist (TSJ). In addition, most cases underwent methylation profiling.

Based on the histological features, we were able to offer a specific diagnosis with confidence (i.e. cases where the immunohistochemistry gave an unambiguous results such as INI1 loss in AT/RT) in 67 cases (39.4% of the cohort), suggesting that a high proportion of cases can be resolved without resorting to further molecular testing (Figure 7A and B). In a further 40 cases (23.5%), we were able to achieve a confident diagnosis using methylation profiling in combination with the histology (Figure 7A and C). The remaining 63 cases (37.1%) could not be confidently resolved using the array or histopathology. On further review, we could explain the failure to diagnose 15 of these cases for technical reasons (12 cases had high probe rate failures and poor array quality and 3 cases had low tumour content). One single case was resolved by performing the latest version of the methylation classifier (mnp.v4) and was reclassified as an infant glioma (IHG). The remaining 45 unsolvable cases are likely to be a combination of cases that are novel entities and cases where the technology is not optimal for their identification (Figure 7A).

To further address the unsolvable cases, we plotted these samples against the original DKFZ reference cohort (Figure 7D). From the t-SNE plot we assessed the proximity of unsolvable cases to known methylation classes. We estimate that a further 35% are examples of known entities already part of the existing methylation classifier (e.g. samples that clustered with CNS NB FOXR2). We noted a handful of unsolved cases that clustered together and separately from DFKZ reference groups which warrant further investigation and molecular profiling (Figure 7D). These cases are likely to be rare variants of known CNS tumours described in the literature, for example ETMR-like tumours with DICER1 mutations[31] or potentially novel, undescribed CNS tumour entities.
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[bookmark: Discusions]Discussion
Using two national cohorts of paediatric CNS tumours, we have evaluated the impact and diagnostic limitations of incorporating DNA methylation arrays into routine diagnostic practice. We found that in clinical practice, methylation profiling was likely to alter the diagnosis in 34% of cases and could affect treatment in 11 patients (3.6% of cases). 

In assessing the clinical impact of routine use of DNA methylation arrays, we have tried to be conservative by measuring the added value of these techniques beyond standard-of-care testing. Specifically, we have required that an array was necessary for the diagnosis (i.e. the diagnosis had not been achieved by an alternative technique) and that any change in diagnosis would have directed a change in treatment using current UK national protocols (change in regime, escalation or reduction of treatment). Furthermore, in assessing the impact of the array, we have included all arrays irrespective of whether or not they gave an interpretable result. We suggest that these are acceptable approaches for measuring the realistic clinical impact of molecular profiling on clinical practice, avoiding unbiased expectations from clinical teams following implementation of new techniques. 

Despite a conservative approach the data supports the routine use of methylation profiling for childhood brain tumours. Taking into account the debilitating long term clinical impact of cancer treatment on the developing brain and the poor prognosis of many childhood brain tumours, we argue that changing treatment protocol in as few as 3-4% of children is likely to be of high significance. Based on this result, and contrary to adult practice[22], our current paediatric practice is to now methylation profile all cases where possible.

The existing literature suggests that there is a variable range of successful classification rates in CNS tumours, and we expected that this depends on the clinical cohort to which the methylation classifier is applied. In our uniquely paediatric cohort we observed a significant proportion of unclassified cases (51%), explained by the high number of complex diagnostic cases and reflecting in part the nature of childhood CNS pathology. The DKFZ validation cohorts report variable rates of classification across 5 external centres (no tumour match in 5-42% of cases, average 22%)[9]. One adult study reported 44% of tested CNS tumours were unclassifiable using a calibrated threshold of 0.84 (Youlden index)[22].

We therefore explored the variability of the data within our paediatric cohort. Our data suggest that as well as technical factors (e.g. poor DNA hybridisation and small biopsies), clinical factors such as the clinical question and the tumour type are important predictors in confident classification. This is important as the a priori likelihood of getting a clinically meaningful answer depends on the question that is being asked. For example, if the purpose of the array is to subtype a medulloblastoma, we would expect a high success rate. If in contrast, an array is used to solve a difficult case that has defied conventional diagnostic approaches, it is much less likely to succeed. Low classification rates may also be attributed to poor sample quality and low tumour purity, the latter is likely to be of particular relevance in low-grade infiltrating tumours. In the second cohort we identified a mixed group of cases that all had historically defied diagnosis or they had diagnoses that were historical (e.g. supratentorial PNET). In this group, we were able to offer a confident diagnosis in nearly 40% of cases using histological techniques alone without an array. In part, this reflects an increased recognition of specific entities (e.g. diffuse midline glioma, H3K27 mutant) and the availability of more specific diagnostic markers (e.g. antibodies against mutant H3K27). However, it emphasises that new diagnostic techniques should not be directly compared to historical diagnoses. 

The second cohort also identified a group of tumours for which we were unable to offer a confident diagnosis based on the immunohistochemical profile or the methylation profile. It is not possible to fully determine the factors that account for these ‘un-diagnosable’ cases but they are likely to be a mixture of novel tumour entities, and recognised tumour types but where the technology did not diagnose them. The latter may be due to technical factors (such as low tumour content) or intrinsic limitations of the diagnostic methods available for that tumour type. However, based on the clustering of the cases (Figure 7) we estimate that approximately 35% of these ‘un-diagnosable’ cases are actually recognised entities. This permits an upper limit to the number of cases in this group which could potentially be novel (65%, 29 cases) and thus warrant further investigation, especially in unsolved cases which clustered together. A key step for future studies will be the clinical, pathological and molecular characterisation of these cases. 

We have used the implementation of methylation profiling in childhood brain tumours to develop an approach to estimate the diagnostic and therapeutic impact of genomic technology in clinical practice. We would suggest that this is a general approach that would allow new genomic technology to be assessed in pathology. Furthermore, it would be reasonable to review established techniques in the context of these criteria, in particular, it would be reasonable to ask if much of the established immunohistochemistry would show similar clinical impact if tested in the same way.

Acknowledgements
We are grateful to the referring centres and pathologists (see supplementary table 1). Archival tissue samples were obtained from the NHS Trusts as part of the UK Brain Archive Information Network (BRAIN UK) which is funded by the Medical Research Council. We are grateful for funding from the Brain Tumour Charity, Children with Cancer UK, Great Ormond Street Hospital Children’s Charity (INSTINCT), Olivia Hodson Cancer Fund, Cancer Research UK and the National Institute of Health Research. All research at Great Ormond Street Hospital NHS Foundation Trust and UCL Great Ormond Street Institute of Child Health is made possible by the NIHR Great Ormond Street Hospital Biomedical Research Centre. The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health. We thank Prof. Neil Sebire for his comments on the manuscript.
Figure Legends
Figure 1. Routine implementation of DNA methylation arrays into a specialist paediatric neuropathology centre. (A) Schematic representation of the origin of UK cases referred to our practice over a two-year period and included in this study. (B) The proportion of total local cases and referrals for a second opinion. (C) Annual proportion of UK’s cases reported with and without a DNA methylation array (EPIC, 850K) at our neuropathology centre, total numbers shown based on CRUK data[20]. (D) Proportions of arrays performed in all cases reported during two years with a final diagnosis of medulloblastoma, ependymoma, low- and high-grade gliomas. 

Supplementary Figure S1. Indication for requesting a DNA methylation array. (A) Breakdown of arrays performed by broad diagnosis. (B) Breakdown of arrays performed by indication.

Figure 2. Diagnostic yield of DNA methylation arrays is highest in well characterised CNS tumours. (A) Cases broken down by percentage of probes that failed to hybridise, (B) indication for array and (C) by broad diagnosis. Red dotted lines represent the 0.9 calibrated threshold, values equal and above this value were accepted for diagnostic reporting.

Supplementary Figure S2. Other factors considered in relation to diagnostic yield of DNA methylation arrays. (A) No significant difference was observed for calibrated scores between local and referred cases. (B) No difference was observed for rates between difference age groups.

Figure 3. DNA methylation classification has an additive diagnostic value in 35% of CNS paediatric cases (n=107). Graphical representation of overall impact of arrays on routine diagnostic practice for paediatric CNS tumours. Diagnostic refinement in terms of additive molecular data not otherwise available was the biggest impact (99 cases), followed by amended diagnoses for 5 patients. In practice, all arrays are additive as we can infer a CN plot.

Table 1. Breakdown of cases by impact on diagnosis. (A) Outputs leading to an amended diagnosis. (B) Outputs considered potentially misleading. (C) Outputs that were of uncertain significance.

Figure 4. Inferring copy number plots and amplification data from DNA methylation array data. (A) Example CN plot of a non-WNT/non-SHH Medulloblastoma, molecularly defined as Group 4 by methylation array and with multiple chromosome gains and losses visible and MYCN amplification. (B) CN plot for chromosome 2 only with visible MYCN amplification, (C) false negative MYCN status inferred by DNA methylation array, the corresponding cytogenetic data identified focal MYCN amplification. (D) Representative FISH image for MYCN testing using MYCN(2p24) in red and AFF3(2q11) in green. (E) Sensitivity and specificity calculations for MYCN and (F) MYC amplification inferred by CN plots and compared to reported cytogenetic data, for 62 Medulloblastoma patients.

Figure 5. DNA methylation profiling is estimated to have impacted therapy for 11 patients. Graphical representation of the clinical impact of array implementation, considering cases where the data offered additive diagnostic information (n=107). 

Figure 6. Impact of suboptimal scoring predictions on the final reported diagnosis. (A) One in every 3 suboptimal scoring predictions (range 0 to <0.9) will be misleading. (B) Proportion of misleading predictions by calibrated score range. (C) Median calibrated score by diagnostic impact.

Figure 7. Modern pathology in combination with DNA methylation profiling can assign a final diagnosis to 74.9% of difficult to diagnose cases. (A) Review of 203 archival cases using current neuropathology practices and how the diagnosis was reached. Insert represents 61 undiagnosable cases which were further analysed. (B) Breakdown of cases diagnosed by local standard pathology methods without requiring array data (n=100) and (C) cases reviewed that required pathology and array data for a molecular diagnosis (n=35). (D) T-SNE plot of 45 remaining unsolvable cases passing QC which failed to classify (black) overlaid on the DKFZ reference cohort of known CNS tumour subgroups (coloured points). Samples that clustered within or adjacent to known groups were considered to match to the corresponding molecular subgroup.
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