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[bookmark: _Toc27211][bookmark: _Toc131025285]1. Screening and Enrollment of Patients
[bookmark: OLE_LINK38][bookmark: _Toc131025286][bookmark: _Toc14814]All patients and samples used in this study were approved by the institutional review boards of Huashan Hospital of Fudan University, General Hospital of Ningxia Medical University, and the First Affiliated Hospital of Fujian Medical University. The patients included in the study either had a confirmed diagnosis of adult-type diffuse glioma or were highly suspected to have the condition. The samples were utilized for three main objectives: 1) derivation of a layered diagnostic scheme for adult-type diffuse glioma; 2) development of a rapid detection test for IDH and TERT promoter (TERTp) mutations; and 3) evaluation of the feasibility and performance of the rapid test and the layered diagnostic scheme intraoperatively and postoperatively. To achieve these objectives, two cohorts were examined in this study: a retrospective cohort and a prospective cohort (as depicted in Figure 1). Detailed descriptions of these two cohorts are presented below.
Retrospective Cohort (n = 746)
[bookmark: OLE_LINK114][bookmark: _Toc9087][bookmark: _Toc131025287]Clinical information, including gender, age, and date of surgery, was collected and is summarized in Extended Data Table 1. Molecular profiling of these patients was performed using diagnostic markers recommended by the 2021 WHO Classification of Tumors of the Central Nervous System 5th edition (WHO CNS5), including IDH, TERTp, BRAF, H3F3A, HIST1H3B, EGFRamp, CDKN2A/B homozygous deletion, 1p/19q codeletion, and combined whole chromosome 7 gain and whole chromosome 10 loss (+7/-10). Targeted NGS panel and qPCR tests were used to detect hotspot mutations of IDH, TERTp, BRAF, H3F3A, and HIST1H3B. Inconsistent results between qPCR and targeted sequencing were further validated using droplet digital PCR (ddPCR). Shallow whole-genome sequencing (sWGS) was used to determine copy number variation (CNV) and arm-level alterations, including EGFRamp, CDKN2A/B homozygous deletion, 1p/19q codeletion, and +7/-10. Whole-genome sequencing (WGS) and fluorescence in situ hybridization (FISH) were performed to validate the status of 1p/19q for samples with discordant results between IDH, TERTp mutations, and 1p/19q codeletion. The final diagnoses of all patients were determined by two senior neuropathologists according to the WHO CNS5 criteria based on histology and molecular alterations 1.
[bookmark: _Toc131025288][bookmark: _Toc5760]Prospective Cohort (n = 294)
[bookmark: OLE_LINK115][bookmark: OLE_LINK33]A total of 296 patients, admitted to four clinical centers (129 patients from the Central Campus of Huashan Hospital of Fudan University, 132 patients from the West Campus of Huashan Hospital of Fudan University, 15 patients from General Hospital of Ningxia Medical University, and 20 patients from The First Affiliated Hospital of Fujian Medical University) between May 2021 and January 2022, were included in the study. Individual clinical information, such as gender, age, date of surgery, preoperative tumor images, frozen section, and permanent section diagnosis, was collected from each center and documented in Extended Data Table 1.
[bookmark: _Toc17153][bookmark: _Toc131025289]2. DNA Extraction
The frozen tissues, peripheral blood samples, and formalin-fixed paraffin-embedded (FFPE) samples for the discovery cohort were obtained from Huashan Glioma Biobank. The QIAamp DNA Mini Kit (250) (Cat. # 51306, QIAGEN, Germany), and QIAamp DNA FFPE Tissue Kit (Cat. #56404, QIAGEN, Germany) were used to extract DNA from the tissues, whole blood, and FFPE samples. The Quant-iT dsDNA High-Sensitivity Assay Kit with the Qubit Fluorometer (Invitrogen, USA) was then used to quantify the extracted DNA.
For the validation and prospective cohorts, a fast DNA extraction method was developed by modifying the QIAamp DNA Mini Kit (Cat. #51306, QIAGEN, Germany) procedure. Fresh tissue was obtained from resected or biopsy samples at room temperature to extract DNA. Approximately 20 mg of fresh tissue was placed in a 1.5-ml tube filled with glass grinding beads and 500 μL of lysis buffer. The tube was vortexed for 30 seconds and centrifuged for 60 seconds at 14,000 rpm/minute. Next, 400 μL of supernatant was transferred to a column with a filter membrane. The column was washed using 400 μL of washing buffer 1 and 400 μL of buffer 2 (QIAamp DNA Mini Kit) and then centrifuged for 15 seconds at 14,000 rpm/minute. The filter membrane was transferred into a new 1.5-ml tube, and DNA was obtained by adding 150 μL of elution buffer to the column and centrifuging for 30 seconds at 14,000 rpm/minute.
[bookmark: _Toc131025291][bookmark: _Toc23894]3. Detection of IDH and TERTp Mutations Using Sanger Sequencing 
The segments containing the active-site arginine residues R132 of IDH1 and R172 of IDH2, as well as the C228T and C250T mutations in TERTp, were PCR amplified using the primers listed in Extended Data Table 4. The KAPA2G Robust HotStart ReadyMix PCR Kit (KAPA Biosystems, USA) was used to amplify the targeted regions of IDH1 and IDH2 and the promoter regions of TERTp. After purification, the library was sequenced. Chromas (Version 2.6.6, Technelysium, Australia) was used to analyze the results.
[bookmark: _Toc131025292][bookmark: _Toc1072]4. Detection of IDH1, IDH2, TERTp, H3F3A and HIST1H3B Mutations by Targeted Sequencing
[bookmark: _Toc8085][bookmark: _Toc131025293]A targeted sequencing panel was designed to profile the coding regions of IDH1, IDH2, BRAF, H3F3A and HIST1H3B and the promoter region of TERT simultaneously.
Library Preparation and Sequencing
[bookmark: _Toc131025294][bookmark: _Toc16640]The extracted DNA was quantified using the Quant-iT dsDNA High-Sensitivity Assay Kit with the Qubit Fluorometer (Invitrogen, USA), and 40 ng of each sample was prepared for sequencing. The KAPA2G Fast HotStart ReadyMix PCR Kit (KAPA Biosystems, USA) was used to amplify the targeted regions of IDH1, IDH2, BRAF, H3F3A, and HIST1H3B, as well as TERTp. The amplification products were verified using the TapeStation 2200 (Agilent Technologies, Santa Clara, CA, USA) and further purified with Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). The purified DNA was quantified using the Qubit dsDNA BR Assay kit (Thermo Fisher Scientific, USA). Sample dilution and library preparation were performed using halved reactions following the manufacturer’s instructions for the KAPA DNA Library Preparation Kit for Ion Torrent sequencing. The libraries were prepared using the IC 200 kit for Ion Chef (Thermo Fisher Scientific, USA) and sequenced on the Ion Torrent S5 510 chip (Thermo Fisher Scientific, USA).
Mutation Analysis
After successful sequencing with a mean depth of ~5000X of the libraries, read trimming, base calling, and mapping were completed using the default settings for the AmpliSeq assay in the Ion Torrent Suite (v. 5.2.2; Thermo Fisher Scientific, USA). The BaseCaller module was used to remove low-quality reads, adapters, and low-quality bases. Bases with an average quality score of less than 16 (on the Phred scale) in the 5′ end were trimmed. Clean reads were then mapped onto the hg19 reference genome using the TMAP module with the recommended settings. Using Pysam (https://github.com/pysam-developers/pysam) 2-4, reads mapped to the targeted regions with a mapping quality greater than 20 were extracted, and an in-house script was used to calculate the variant depth. The variant allele frequency (VAF) of each mutation was determined as the ratio of the mutant allele depth to the total read depth. For TERTp, the mutation was considered positive if the variant depth and VAF were greater than 10 and 5%, respectively. Mutations in IDH1, IDH2, BRAF, H3F3A, and HIST1H3B were considered positive if the variant depth and VAF were greater than 10 and 3%, respectively.
[bookmark: _Toc22433][bookmark: _Toc131025295]5. Quantifying the VAFs of IDH and TERTp Mutations Using Droplet Digital PCR
Droplet digital PCR (ddPCR) was performed using the QuantStudio 3D Digital PCR system (Applied Biosystems, USA) following the manufacturer’s recommendations. The reaction mixture was loaded into a QuantStudio 3D Digital PCR Chip Loader with QuantStudio Immersion Fluid and amplified on the ProFlex PCR system (Applied Biosystems, USA). The reactions were partitioned, and the following cycling conditions were used for amplification: 96°C for 10 min, 39 cycles of 98°C for 30 s and 57°C for 2 min, followed by a hold at 57°C for 2 min and 4°C hold. After amplification, the chip was imaged using a QuantStudio 3D Reader (Applied Biosystems, USA) to capture the ROX, FAM, and VIC fluorescence of each well on the chip, with ROX serving as a passive dye to ensure proper sample loading. The imaged data were analyzed using QuantStudioTM 3D AnalysisSuite™ Software (Applied Biosystems, USA).
[bookmark: _Toc131025296][bookmark: _Toc25091][bookmark: _Toc131025297][bookmark: _Toc23354][bookmark: _Toc131025298]6. sWGS and CNV Detection
Library Preparation and Sequencing
[bookmark: _Toc23796][bookmark: _Toc131025299]Each sample's library was prepared using the Hieff NGS OnePotTM II DNA Library Prep Kit for Illumina (Cat. #12204ES96, Yeasen, China). Initially, genomic DNA was fragmented into 300-400 bp fragments through a restriction enzyme-mediated method using Hieff NGS Fast-PaceTM DNA Fragmentation Reagent (Cat. #12609ES50, Yeasen, China). The fragmented DNA was then subjected to end-repair, adapter ligation, amplification, and purification following the manufacturer's protocol of the Hieff NGS OnePotTM II DNA Library Prep Kit for Illumina. Paired-end sequencing (2 × 150 bp) was performed on the purified libraries using an Illumina Novaseq 6000 sequencer at Genetron Health, China.
Sequence Alignment
[bookmark: _Toc11351][bookmark: _Toc131025300]Trimmomatic (v. 0.33) was utilized to filter out low-quality reads and adapters.5 The remaining clean reads were mapped to the human reference genome hg19 (UCSC) using bwa-mem (0.7.12-r1039) 6. Duplicate reads were marked and removed using Picard (https://broadinstitute.github.io/picard/). Indel-based realignment and base quality recalibration were performed using the Genome Analysis Toolkit (GATK, v. 3.8) 7. The mapping rates, coverage and duplicate rates were calculated with Qualimap (v. 2.2.1) 8.
Copy Number Variations
We developed a customized bioinformatics pipeline to identify the statuses of EGFR amplification (EGFRamp), CDKN2A/B homozygous deletion, 1p/19q codeletion, and +7/-10. First, we generated a wig file with read counts in 500-kb windows across the genome using HMMcopy 9. Copy number variations (CNVs) and tumor fraction (TF) were detected using ichorCNA 10 with default parameters. The raw log2 ratio calculated by ichorCNA was normalized within the sample by reference bins with a standard deviation of the log2 ratio less than 0.15 in all samples from the discovery cohort. The normalized log2 ratio thresholds for gain and loss were set at 0.1 and -0.1, respectively 11. For EGFRamp, we used a threshold of corrected copy numbers larger than 8 to define focal amplification 10,12,13. For chromosomal amplification or deletion, we used 70% of the chromosomal representation on each arm as the threshold 11,14. To detect CDKN2A/B homozygous deletion, we identified bins in which CDKN2A/B was located with a smaller normalized log2 ratio (<log2 (1-TF)). Positive bins were classified as outliers if the normalized log2 ratio was within 1.5 standard deviations of the mean on the corresponding segments. CDKN2A/B homozygous deletion was defined by the lengths of segments with positive bins smaller than 20 Mb or larger than 20 Mb with outliers 14.
[bookmark: _Toc131025301][bookmark: _Toc10856]7. Whole-genome Sequencing (WGS)
The DNA libraries of both tumor and matched peripheral blood samples were prepared using the same protocol as described in eMethods 6 for sWGS. Sequencing was performed on a Novaseq 6000 (Illumina, USA). Quality control and alignment of the sequencing data followed the same procedure as with sWGS. Picard was used to sort and merge Bam files from the same patient. Read deduplication, indel-based realignment and base quality recalibration were carried out using GATK (v. 3.8)7. 
Variants were called using GATK (v. 3.8) 7. Variants listed in the dbSNPs (version 138) were excluded. SNVs were annotated using VEP 15. CNV detection was conducted using Sclust16 with the default parameters. Segments were considered gained if their copy number was greater than 2 and lost if their copy number was less than 2. EGFRamp status was categorized as focal amplification with copy number thresholds greater than 8 10,12,13. For chromosomal amplification or deletion, we used a threshold of 70% of the chromosomal representation on each arm being gained or lost 11,14. 
[bookmark: _Toc11376][bookmark: _Toc131025306]8. Fluorescence in Situ Hybridization (FISH) Analysis of Chromosomal 1p and19q Loss 
FISH analysis was carried out on dewaxed paraffin-embedded sections using locus-specific probes for 1p36 and 19q13 17. The dewaxed slides were retrieved using 1 M sodium thiocyanate at 80°C for 10 minutes, followed by digestion in 0.04% pepsin at 37°C for 3 to 5 minutes. Denaturation of the target DNA and probes was performed at 80°C for 10 minutes, followed by overnight incubation at 37°C. The sections were washed in 2X saline sodium citrate containing 0.3% NP-40 for 3 minutes and dried at room temperature. Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (Vector Laboratories) was used to stain the sections, which were then visualized under a fluorescent microscope (Carl Zeiss Microscopy LLC, NY, USA). Signals were counted in at least 100 non-overlapping nuclei, and a nucleus was considered to harbor a deletion if the target signal was 0 or 1 compared to normal or excess control signals. For FISH analysis, a deletion of 1p was defined as a red (1p36) to green (1q21) fluorescent signal ratio smaller than 0.75, and a deletion of 19q was defined as a red (19q13) to green (19p13) fluorescent signal ratio smaller than 0.75.
[bookmark: _Toc131025307][bookmark: _Toc1013]9. Review of Frozen Sections and Permanent Sections
A neuropathologist prepared frozen sections within 30 minutes Intraoperatively, based on hematoxylin and eosin (HE) staining of fresh lesions. Permanent sections were then prepared by two neuropathologists within seven days postoperatively, based on HE staining and immunohistochemistry of the paraffin-embedded lesions. Any cases that did not exhibit typical histologic features of diffuse glioma based on both frozen and permanent sections were diagnosed as non-glioma, including conditions such as gliosis, lymphoma, metastatic tumors, among others 1,18.
[bookmark: _Toc28085][bookmark: _Toc131025302][bookmark: _Toc131025309][bookmark: _Toc24182]10. A Rapid Detection Test for Hotspot Mutations of IDH and TERTp
[bookmark: _Toc9407][bookmark: _Toc131025303][bookmark: _Hlk117001496]Development of the Rapid Test
[bookmark: _Toc131025304][bookmark: _Toc4223][bookmark: _Hlk117001476]We developed a rapid test to detect hotspot mutations in IDH and TERTp using the amplification refractory mutation system (ARMS) 19 and locked nucleic acid (LNA) strategies 20. The test targets mutations including IDH1 (R132H, R132C, R132G, R132S, R132L), IDH2 (R172K, R172G, R172M, R172W, R172S), and TERTp mutations (C228T and C250T). The forward primer was modified with an LNA base at the 3' end to improve mutant allele detection. Two mismatches were introduced in the ARMS to enhance the specificity and accuracy of mutation amplification. The primers used are listed in Extended Data Table 4. Quantitative PCR (qPCR) was performed using KAPA2G Robust HotStart ReadyMix (Cat. #KK5702, KAPA Biosystems, USA), MgCl2 (Cat. #R0971, Life Technologies, USA), primers (Sangon, China) and a DNA template. For clinical samples, 2 uL of the DNA extracted from tissue (as described in eMethods 2) was used directly without quantification. The qPCR reaction was performed on a QuantStudioTM 3 Real-Time PCR Instrument (Applied Biosystems, USA) with the following cycling conditions: 95°C for 1 min, 12 cycles (95°C for 1 s, 65°C for 15 s), and 23 cycles (95°C for 1 s, 61°C for 15 s). A delta Ct ≥ 8 was considered positive for the presence of the mutant allele, while a negative result was indicated by a lower delta Ct value.
Sensitivity of the Rapid Test
First, reference call sets for all hotspot mutations of IDH1, IDH2, and TERTp were generated using plasmid and gDNA extracted from cell lines. The mutation status of the discovery cohort's tumor samples was then validated using Sanger or targeted sequencing.
To assess the sensitivity of the test, we performed tests on a series of DNA samples with different variant allele frequencies (VAFs), which were generated by diluting the reference mutant DNA with wild-type DNA. The VAFs for mutations in IDH1 and IDH2 were 40%, 10%, 5%, 1%, 0.5%, and 0%, while for TERTp C228T (C250T), the VAFs were 50% (40%), 10%, 5%, 1%, 0.2%, and 0% (Figure S6).
Next, we evaluated the specificity of the test for each mutation by testing it on a range of input amounts of DNA since extracted DNA is not quantified during surgery. We only tested the most common mutations, namely IDH1 R132H, IDH2 R172K, TERTp C228T, and TERTp C250T. For each mutation, we performed the test on samples with different amounts of DNA (10 ng, 100 ng, 200 ng) and with varying VAFs of the mutations. The VAFs of IDH1 R132H, IDH2 R172K, and TERTp C250T were 40%, 0.5%, and 0%, respectively (negative control), and those of TERTp C228T were 50%, 0.2%, and 0% (negative control) (Figure S6).
[bookmark: _Toc8087][bookmark: _Toc131025305]Intraoperative Detection of IDH and TERTp Mutations
The protocol for rapid DNA extraction was described in eMethods 2. Subsequently, a 2-μL DNA sample was added to the PCR reaction mix to detect mutations in IDH and TERTp, which could be completed within 25 minutes. Overall, the rapid test had an intraoperative turnaround time of approximately 35 minutes and high accuracy of IDH and TERTp mutation detection (Figure S7A and Figure S7B).
11. Statistical Analysis
[bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK196][bookmark: OLE_LINK195]The agreement between 1p/19q and TERTp status was evaluated using the kappa coefficient in IDH-mutated gliomas. The accuracy of detection results for IDH and TERTp mutations among different methods was evaluated by sensitivity, specificity, accuracy, and area under the receiver-operating characteristic curve (AUC) with 95% confidence intervals (CIs).
[bookmark: OLE_LINK53][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK190][bookmark: OLE_LINK189][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK141][bookmark: OLE_LINK142]The primary outcome was the diagnostic accuracy of the layered diagnostic scheme. The accuracy of the layered diagnostic scheme was evaluated via its sensitivity, specificity, and area under receiver-operating characteristic curve (AUC) with a 95% CIs. The results of the patients who received a definitive integrated diagnosis during or after surgery were used to calculate the diagnostic accuracy through comparisons with the standard WHO CNS5 criteria. All the statistical analyses were performed using R (version 4.0.2) (https://cran.r-project.org/). Intraoperative integrated diagnoses were achieved for the glioma patients with IDH or TERTp mutations and the non-glioma patients with apparent histologic features. Postoperatively, glioblastomas without IDH or TERTp mutations could be diagnosed based on their typical histologic features. According to the results of the retrospective study, the diagnostic specificity of the layered diagnostic scheme was about 99.0% for each subtype of adult-type diffuse glioma. We therefore used this value to set the expected specificity for the control and case arms. The type 1 error was set to 5.0% and the marginal error to 10.0%. About 85% of the preoperative patients with radiologically suspected glioma were confirmed as having adult-type diffuse glioma postoperatively. A sample size of 25 patients was thus established for each subtype of adult-type diffuse glioma.
The overall survival (OS) was calculated as the time in months from the initial diagnosis until death, and living patients or those lost to follow-up were censored at the last follow-up. Survival curves were estimated using the Kaplan-Meier method, and the statistical significance for different groups was assessed using the log-rank test (excluding recurrent gliomas). Moreover, these recurrent patients without molecular alteration status of the primary lesion were excluded during survival analysis.
[bookmark: _Toc131025290][bookmark: _Toc11615]12. Preoperative Imaging Diagnosis
The preoperative Imaging diagnosis of glioma relies primarily on magnetic resonance imaging (MRI), which typically includes T1-weighted sequences before (T1) and after intravenous contrast administration (T1 C+) and T2 fluid-attenuated inversion recovery (T2 Flair) sequences. An imaging diagnosis of glioma is often suggested for patients with hypo-iso-signal T1 and hypersignal T2 Flair lesions. Those with inhomogeneous enhancement lesions on T1 C+ sequences are typically diagnosed with high-grade glioma, while those without such lesions are considered to have low-grade glioma 18.
[bookmark: _Toc15848][bookmark: _Toc131025308]13. Intraoperative and Postoperative Integrated Diagnosis of Adult-type Diffuse Glioma Using the Layered Diagnostic Scheme
The histologic reviews of the frozen or permanent sections combined with the analysis of IDH and TERTp mutations via the layered diagnostic scheme (Figure 4A) was used to obtain an integrated diagnosis intraoperatively and postoperatively. Intraoperative diagnoses were made for cases with positive results of either IDH or TERTp mutations, except for non-glioma cases distinguished by frozen sections. Patients were diagnosed with 1) oligodendroglioma, IDH and TERTp double-mutant, 2) astrocytoma, IDH mutant only, or 3) glioblastoma, TERTp mutant only. After surgery, each case underwent a permanent section histologic diagnosis to identify non-gliomas and glioblastomas without IDH and TERTp mutations based on typical histologic features. Additional molecule markers such as EGFRamp, +7/-10, H3F3A, and HIST1H3B were examined for the remaining double wild-type cases that could not be diagnosed following the layered diagnostic scheme. In cases with contradictory histology or molecular alterations, the status of IDH, TERTp, and 1p/19q were rechecked using tissues with high tumor cellularity by Sanger sequencing and FISH to avoid the effect of low tumor purity or the presence of rare mutations.
14. Methylation Array Analysis




The Illumina HumanMethylation450 BeadChip was used to obtain DNA methylation profiles for tumor samples. Additional datasets of gliomas were downloaded from the NCBI Gene Expression Omnibus (GEO) under accession number GSE109381 21. The output data (IDAT files) were processed using the minfi package (version 1.36.0) in R (version 4.0.5) and combined into a matrix. To perform unsupervised non-linear dimension reduction, the t-distributed stochastic neighbor embedding (t-SNE) plot was made using Rtsne package (version 0.15) according to previously report 22.
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