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�
 ABSTRACT 

Purpose: Primary central nervous system (CNS) gliomas can 
be classified by characteristic genetic alterations. In addition to 
solid tissue obtained via surgery or biopsy, cell-free DNA 
(cfDNA) from cerebrospinal fluid (CSF) is an alternative source 
of material for genomic analyses. 

Experimental Design: We performed targeted next-generation 
sequencing of CSF cfDNA in a representative cohort of 85 pa-
tients presenting at two neurooncological centers with suspicion 
of primary or recurrent glioma. Copy-number variation (CNV) 
profiles, single-nucleotide variants (SNV), and small insertions/ 
deletions (indel) were combined into a molecular-guided tumor 
classification. Comparison with the solid tumor was performed 
for 38 cases with matching solid tissue available. 

Results: Cases were stratified into four groups: glioblastoma 
(n ¼ 32), other glioma (n ¼ 19), nonmalignant (n ¼ 17), and 

nondiagnostic (n ¼ 17). We introduced a molecular-guided 
tumor classification, which enabled identification of tumor 
entities and/or cancer-specific alterations in 75.0% (n ¼ 24) 
of glioblastoma and 52.6% (n ¼ 10) of other glioma cases. 
The overlap between CSF and matching solid tissue was 
highest for CNVs (26%–48%) and SNVs at predefined gene 
loci (44%), followed by SNVs/indels identified via unin-
formed variant calling (8%–14%). A molecular-guided 
tumor classification was possible for 23.5% (n ¼ 4) of 
nondiagnostic cases. 

Conclusions: We developed a targeted sequencing workflow 
for CSF cfDNA as well as a strategy for interpretation and 
reporting of sequencing results based on a molecular-guided 
tumor classification in glioma. 

See related commentary by Abdullah, p. 2860 

Introduction 
Central nervous system (CNS) tumors still harbor a high mor-

tality rate (1). For patients with glioblastoma, the median overall 
survival remains at around 15 months despite optimal multimodal 
therapy (2). Defining the optimal treatment of CNS tumors relies on 
identification of the correct tumor subtype. This diagnosis is based 
on the analysis of tumor tissue. Recent advances in molecular 
profiling of CNS tumors established molecular markers including 
IDH and 1p/19q to be mandatory for the diagnosis of gliomas (3). 

However, sampling tumor tissue for diagnostic purposes could 
carry a potential risk depending on the anatomic location. In ad-
dition, patients with recurrent or progressive tumors may not wish 
to undergo de novo biopsy to track tumor evolution in search for 
new therapy targets, defining the need for minimally invasive liquid 
biopsies to identify molecular tumor characteristics. 

Already today, blood-based liquid biopsies are used in routine 
cancer diagnostics and progression monitoring of extracerebral tu-
mors (4, 5). However, circulating tumor DNA (ctDNA) is found in 
the blood of less than 10% of patients with glioma and the blood– 
brain barrier is suspected to prevent glioma ctDNA from entering the 
bloodstream (6). Sequencing of cell-free DNA (cfDNA) from cere-
brospinal fluid (CSF) has been established as a method to detect 
tumor mutations and copy-number variations (CNV) in brain tumors 
with minimal invasiveness (7). Specific diagnosis guiding mutations 
such as H3.3 K27M mutations in diffuse midline glioma (DMG) have 
been discovered with reliable follow-up possibilities (8). In pediatric 
populations, recent studies made advances in classification of brain 
tumors based on specific mutations found in the CSF (9). 
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Molecular alterations together with MRI can guide CNS tumor 
diagnosis with high certainty. For example, the combination of 
chromosome (chr) 7 gain, chr 10 loss, EGFR amplification, and 
TERT promotor mutation without concomitant IDH mutation 
strongly argues for glioblastoma (3). However, accuracy of diagnosis 
and specific reporting strategies need to be improved for routine 
clinical application (10). Hence, routine detection of hallmark 
mutations from CSF could potentially accelerate diagnosis and 
treatment for brain tumors. 

Various methods have been applied for analysis of CSF cfDNA 
including targeted sequencing (11), methylation profiling (12), next- 
generation sequencing (NGS; ref. 7) and nanopore sequencing (13). 
Whereas targeted and nanopore sequencing have advantages in speed 
of application, deep NGS combines the benefits of high accuracy and 
high throughput needed for valid tumor diagnosis upfront in newly 
diagnosed tumors. However, cfDNA sequencing is not applied in 
routine diagnostics yet and clear diagnosis algorithms are missing. 

Here we present a CSF liquid biopsy approach in a prospective 
clinical study. Patients with MRI-based suspicion of glioma/recur-
rent glioma were included when molecular data were required to 
confirm diagnosis or specific genetic alterations. Inclusion of pa-
tients with impeded surgical tissue sampling was preferred, as 
depicted by a high fraction of patients with no solid tissue available 
or tissue derived from stereotactic biopsy (STX). We perform tar-
geted NGS for combined detection of CNV profiles, single- 
nucleotide variants (SNV) at pre-defined gene loci in IDH1/2, 
TERT, BRAF, and H3K27 and small insertions/deletions (indel) 
identified via uninformed variant calling. These data are integrated 
to propose a diagnosis grading scheme (molecular-guided tumor 
classification) for cfDNA sequencing of adult glioma. 

Materials and Methods 
Patient cohort and study inclusion 

Patients were prospectively recruited through the inpatient and 
outpatient care units at two German University Hospitals (Heidel-
berg, n ¼ 70 and Mannheim, n ¼ 14) between June 2020 and 
February 2023. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the local Heidelberg 
(S-554/2018, S-130/2022) and Mannheim (2017-589N-MA) ethics 
committees. All patients signed informed consent for the usage 

of blood, CSF, and tumor tissue. Samples were collected in routine 
clinical care and results were reported to clinicians and patients. 
Clinical data were obtained from electronic patient records. The 
study was not preregistered. 

Inclusion criteria were either MRI-based suspicion of a primary 
glioma (n ¼ 71) or MRI-based suspicion of a recurrent/progressive 
glioma (n ¼ 14) based on treating physicians evaluation. Exclusion 
criteria were age <18 years, and contraindications for lumbar 
puncture such as risk of herniation, anticoagulation, and throm-
bocyte count <50/nL as well as further risk factors based on the 
treating physician’s discretion. The representativeness of those pa-
tients included in the study is presented in Supplementary Table S1. 
An overview of all cases is given in Supplementary Table S2. 

Wet lab procedure and bioinformatics analysis 
More details about the respective procedures can be found in 

Supplementary Materials and Methods. 

CSF collection 
Study materials were obtained by lumbar puncture (n ¼ 83), 

puncture of Rickham reservoir (n ¼ 1) or collected from extra-
ventricular drain (n ¼ 1). A standardized diagnostic workup of CSF 
chemistry (cell count, protein levels, glucose, lactate, quotient of 
albumin (qAlb) and presence of malignant cells) was performed for 
84/85 samples. 

DNA extraction 
CSF cfDNA was isolated using the MagMAX Cell-free DNA 

Isolation kit (Thermo Fisher Scientific). Isolation was done either 
following the manual protocol provided by the manufacturer or 
automated isolation was performed on a KingFisher DuoPrime 
(Thermo Fisher Scientific). 

Genomic DNA (gDNA) was isolated from blood leukocytes and 
formalin-fixed paraffin-embedded (FFPE) tissue using the Maxwell 
RSC Buffy Coat DNA Kit and Maxwell RSC DNA FFPE Kit on a 
Maxwell RSC 48 instrument (Promega) according to the manufac-
turer’s recommendations. 

Preparation of NGS libraries 
For gDNA derived from FFPE tissue and blood leucocytes, NGS 

libraries were prepared using the SureSelect XT HS DNA Reagent 
Kit or SureSelect XT HS2 DNA Reagent Kit (Agilent). Hybrid 
capture–based targeted sequencing was performed using SureSelect 
Custom DNA Target Enrichment Probes (Agilent, capture region 
size ∼1.3 Mb). The gene set covered by the panel was updated 
continuously during the study, resulting in different panel versions. 
Variant calling results were only reported for genes indicated in 
Supplementary Table S3, which were shared across all panel 
versions. 

For CSF cfDNA, libraries were prepared using the SureSelect XT 
HS2 DNA Reagent Kit. The same SureSelect Custom DNA Target 
Enrichment Probes as for leukocyte and FFPE gDNA were used for 
hybrid capture–based target enrichment. 

Sequencing 
Sequencing was performed on a NovaSeq6000 instrument (Illu-

mina). The NovaSeq 6000 SP, S1 or S2 Reagent Kit v1.5 (200 cycles) 
were used. The aimed raw on-target coverage was 15,000� for CSF 
cfDNA samples and 1,000 � �1,500� for matching blood controls or 
solid tissue FFPE samples. For raw on-target coverage calculation, the 
estimated percentage of reads on on-target was set to 65%. 

Translational Relevance 
Minimally invasive characterization of brain tumor genetic 

aberrations to guide diagnosis and targeted treatment is of major 
importance. Here we present an NGS panel sequencing ap-
proach to identify glioma tumor mutations and copy-number 
variations based on cfDNA from CSF and also provide a diag-
nostic classification format for liquid biopsies in brain tumors. 
The patient inclusion process was designed to represent clinical 
use cases in which patients with MRI-based suspicion of glioma 
presented at the study centers. Evaluation of this large and 
heterogeneous cohort enables identification of glioma sub- 
groups and situations in which CSF cfDNA sequencing may be 
beneficial. In addition, ctDNA negative and nonmalignant cases 
allow estimation of patient numbers in which CSF cfDNA 
analysis remains inconclusive. 
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Sequencing data analysis and variant calling 
A customized pipeline was used for combined detection of CNVs, 

SNVs at genomic loci frequently altered in glioma (Supplementary 
Table S4) and SNVs/indels identified via uniformed variant calling 
in CSF cfDNA samples (Supplementary Fig. S1). 

CNVs were visualized utilizing genome-wide on- and off-target 
reads from the not-deduplicated bam file (cnvkit, RRID: 
SCR_021917) and calls were made by manual revision. 

SNVs at predefined gene loci were called in the not-deduplicated 
and deduplicated bam files (bcftools mpileup, RRID:SCR_002105) 
and calls were hard filtered for ADF/ADR ≥30 (not-deduplicated 
bam, allelic depths on the forward/reverse strand), ADF/ADR ≥8 
(deduplicated bam), and variant allele frequency (VAF) ≥3% (both). 

For uninformed variant calling, alterations in 38 genes frequently 
altered in glioma (Supplementary Table S3) were reported. The 
SomaticSeq (RRID:SCR_024891) variant classification model was 
trained for low input, low VAF CSF cfDNA samples (Supplementary 
Materials and Methods). From the SomaticSeq package, seven variant 
callers (Mutect2, VarScan2, Strelka2, VarDict, Scalpel, LoFreq, MuSE) 
were used for tumor-normal paired samples and six variant callers 
(Mutect2, VarScan2, Strelka2, VarDict, Scalpel, LoFreq) were used for 
tumor-only cases with no matching normal available. In both situa-
tions octopus variant caller (RRID:SCR_024890) was added to the 
model. To further increase specificity of uninformed variant calling, 
only variants were reported that in addition to passing SomaticSeq 
showed ≥10 hits of the locus in the COSMIC database (RRID: 
SCR_002260) or passed one of the following ClinVar (RRID: 
SCR_006169) filters: “Likely pathogenic”, “Pathogenic”, “Likely path-
ogenic, low penetrance”, “Pathogenic, low penetrance”, “Likely risk 
allele”, “Established risk allele”, “conflicting data from submitters”. 

For FFPE gDNA samples, copy-number variants were identified 
using the Infinium MethylationEPIC Kit (Illumina) and manual 
revision. SNVs at predefined loci and uninformed variant calling 
were performed using the same pipeline as described above for CSF 
cfDNA samples. 

MRI 
Processing of the anatomic MRI sequences (T1-w, cT1-w, T2-w, 

and FLAIR) was performed as described previously (14–16) and 
included automated deep learning–based brain extraction (16) fol-
lowed by registration of the brain-extracted cT1-w, FLAIR, T2-w 
image volumes to the respective brain-extracted T1-w image volume 
using the linear image registration tool (FMRIB software library, 
RRID:SCR_002823) with spline interpolation and a 6-degree-of- 
freedom transformation. Subsequently, an automated deep 
learning–based voxel-wise segmentation was done using HD-GLIO 
tool (14, 15) to quantify the contrast-enhancing tumor volume and 
the nonenhancing T2-w/FLAIR signal abnormality volume. 

Statistical analysis 
All statistical analyses were performed in R (version 4.1.2, RRID: 

SCR_001905). Data visualization was done in R using the ggplot 
package (version 3.4.4, RRID:SCR_014601) and oncoprints from the 
ComplexHeatmap package (version 2.18.0, RRID:SCR_017270). 
P <0.01 was used to indicate statistical significance. 

Data and code availability 
Sequence data have been deposited at the European Genome- 

phenome Archive (EGA), which is hosted by the European Bioinfor- 
matics Institute and the Centre for Genomic Regulation under ac-
cession number EGAS50000000060 (https://ega-archive.org; RRID: 

SCR_004944). Source code of the variant calling pipeline can be made 
available upon reasonable request. 

Results 
Workflow and patient cohort 

We investigated the diagnostic potential of CSF cfDNA se-
quencing in patients presenting with suspicion of glioma at two 
neu-rooncological centers. Patients with MRI-based suspicion of a 
primary glioma (n ¼ 71) or MRI-based suspicion of a recurrent/ 
progressive glioma (n ¼ 14) were included, while CSF collection was 
performed as part of the diagnostic procedure (Supplementary 
Fig. S2). 

CSF cfDNA was available for all patients. In addition, we col-
lected peripheral blood samples to perform paired sequencing 
whenever possible (n ¼ 75, 88.2%). In 38 cases (44.7%), matching 
primary tumor was sequenced to compare alterations found in the 
CSF with the solid tumor (Supplementary Fig. S2). 

Patients were allocated into cohorts according to the integrated 
diagnosis derived from clinical, radiological, and (if available) his-
topathologic findings of the corresponding solid tumor. Four co-
horts were defined: glioblastoma (n ¼ 32, 38%), other glioma (n ¼
19, 22%), nonmalignant (n ¼ 17, 20%), and nondiagnostic (n ¼ 17, 
20%). For glioblastoma and other glioma cases, ultimate classifica-
tion in the categories was tissue-based according to World Health 
Organization (WHO) 2021 (3) in 49/51 (96%) of the cases. Two 
patients (GB6 and GB13) were included in the study but died before 
surgery and the diagnosis of glioblastoma was based on imaging. 
Cases were included in the nonmalignant cohort after clear con-
firmation of a nonmalignant condition by the treating neurologist 
and sufficient likelihood of exclusion of a malignant condition. All 
cases with any doubt in a nonmalignant diagnosis were included in 
the “nondiagnostic” cohort. 

Other glioma cases include H3 K27M-mutated DMG (n ¼ 5); 
anaplastic pleomorphic xanthoastrocytoma (n ¼ 1); astrocytoma, 
IDH-mutant, WHO grade 2/4 (n ¼ 2), malignant astrocytoma not 
elsewhere classified (n ¼ 1); oligodendroglioma WHO grade 2/3 (n 
¼ 3); pilocytic astrocytoma WHO grade 1 (n ¼ 2); IDH-mutant 
glioma (not further classified, n ¼ 1); malignant glial tumor (not 
further classified, n ¼ 1); malignant glioma of the brainstem (not 
further classified, n ¼ 1); anaplastic ependymoma (n ¼ 1); posterior 
fossa ependymoma type B (PFA; n ¼ 1). Nonmalignant conditions 
were inflammatory lesions (n ¼ 6); gliosis (n ¼ 2); myelitis (n ¼ 2); 
ischemia (n ¼ 1); neurodegeneration (n ¼ 1); FLAIR hyper-
intensities (n ¼ 2); peripheral paresis of cranial nerve VII (n ¼ 1); 
neurosarcoidosis (n ¼ 1), myelopathy (n ¼ 1). Patients for whom no 
confirmed diagnosis was reached after diagnostic workup were 
stratified into a nondiagnostic cohort and analyzed separately. 

After CSF sampling and cfDNA isolation, targeted sequencing 
was conducted using an approximately 1.3 Mb gene panel. This was 
followed by the joined analysis of genome-wide copy-number profiles, 
genomic loci frequently altered in glioma (referred to as “special po-
sitions”), and uninformed short variant calling (Fig. 1A). The short 
variant calling pipeline utilized for uninformed calling has been pre-
viously optimized for low VAFs and small input amounts of cfDNA 
(Supplementary Fig. S1; Supplementary Materials and Methods). 

Molecular-guided tumor classification 
A strategy for clinical interpretation of molecular data derived from 

CSF cfDNA sequencing was developed. CNVs, SNVs at predefined loci 
and panel-wide uninformed variant calling results were combined to 

2976 Clin Cancer Res; 30(14) July 15, 2024 CLINICAL CANCER RESEARCH 

Iser et al. 
D

ow
nloaded from

 http://aacrjournals.org/clincancerres/article-pdf/30/14/2974/3473640/ccr-23-2907.pdf by D
KFZ - G

erm
an C

ancer R
esearch C

enter user on 25 Septem
ber 2025

https://ega-archive.org/


Figure 1. 
cfDNA sequencing procedure and molecular-guided tumor classification. A, Key steps of the wet lab procedure and sequencing data analysis. CNVs, SNVs at 
predefined gene loci (special positions), and uninformed variant calling were combined to obtain a molecular-guided tumor classification. B, Combinations of 
genetic alterations sufficient for the respective classification categories. C, CNVs, special positions, and variants identified via uninformed calling for repre-
sentative examples of class A (top), class B (middle), and ctDNA negative (bottom) cases. 
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obtain a molecular-guided tumor classification. For this, we analyzed 
the per sample occurrence of 67 characteristic genetic aberrations that 
were described in the 2021 WHO Classification of Tumors of the 
Central Nervous System (Supplementary Table S3). All samples were 
classified into three groups: (A) glioma-subtype classification possible; 
(B) tumor-specific alteration found, no entity assignment possible and 
(ctDNA) ctDNA negative, no tumor defining alterations found 
(Fig. 1A). 

Different combinations of alterations were sufficient for a classifi-
cation as type A, B, or ctDNA (Fig. 1B). Class A, B, and ctDNA— 
glioblastomas showed characteristic combinations of genetic features 
(Fig. 1C). In case GB_32, chr7 gain with EGFR amplification, chr9p 

loss with CDKN2A/B deletion, chr10 loss, TERT promotor mutation, 
PTEN and TP53 mutation was identified, which was in combination 
specific for a glioblastoma (A classification). Sample GB_7 showed 
unspecific CNVs, resulting in B classification. No tumor specific al-
terations were seen in sample GB_16, leading to classification as 
ctDNA negative. 

Molecular-guided tumor classification of glioblastoma and 
other glioma cohorts 

Type A molecular-guided tumor classification was achieved for 
62.5% (n ¼ 20) of the cases in the glioblastoma cohort and 26.3% 
(n ¼ 5) of cases in the other glioma cohort (Fig. 2A). Type B 

Figure 2. 
Classification of glioblastoma, other glioma, and nonmalignant cohorts. A, Proportion of class A, B, or ctDNA negative cases in the glioblastoma, other glioma, 
and nonmalignant cohorts. B, Oncoprint of all identified genetic alterations. Variants were either identified via manual review of CNV profiles, SNVs at predefined 
loci (special positions), or uninformed variant calling. In some cases, SNVs at predefined loci were also identified via uninformed variant calling. Samples are 
grouped by molecular-guided classification within each cohort. P, primary tumor; R, recurrent tumor. 
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classification was available in an additional 12.5% (n ¼ 4) of glio-
blastoma and 26.3% (n ¼ 5) of other glioma cases (Fig. 2A). 

Two subgroups of H3 K27M-mutant DMG and IDH-mutant glio-
mas were identified in the other glioma cohort. For H3 K27M-mutant 
DMG (n ¼ 5), 3/5 cases achieved a type A classification and 2/5 were 
classified as ctDNA negative (60% of the cases with type A classifica-
tion). For IDH-mutant gliomas (n ¼ 6), 1/6 type A and 2/6 type B 
classifications were observed (50.0% with type A/B classification). 

For each case, genetic aberrations identified via our integrated 
sequencing approach are depicted in Fig. 2B. Class A cases showed 
high amounts of characteristic CNVs (mean: 3.1/glioblastoma, 0.8/ 
other glioma) and characteristic mutations (mean: 0.6/glioblastoma, 
0.8/other glioma). Class B samples still contained a considerable 
number of specific mutations (mean: 0.75/glioblastoma, 0.6/other 
glioma). Characteristic alterations identified in both cohorts include 
copy-number variants (e. g. chr7 gain, chr10 loss, chr9p loss, EGFR 
amplification, CDKN2A/B homologous deletion and chr1p/chr19q 
codeletion) or mutations (e. g. TERT promotor, Histone H3 K27M, 
IDH1 R132, EGFR; Fig. 2B). Other copy-number variants (e. g. 
chr19 gain, chr13 loss, chr14 loss, chr20 gain, CDK4 amplification, 
MDM2 amplification) or mutations (e.g., TP53, PTEN) frequently 
altered in primary brain gliomas were also identified in class A/B 
cases of both cohorts. No characteristic CNVs/mutations were 
identified in nonmalignant samples (Fig. 2B). Other mutations were 
identified rarely in the nonmalignant cohort and most probable 
indicate false-positive calls. 

The positive and negative predictive values, as well as false- 
positive and false-negative rates of a type A/B classifications were 
calculated for glioblastoma, other glioma and nonmalignant cases. 
Calculations were also performed for other glioma subgroups 
H3 K27M-mutant DMG and IDH-mutant tumors. High reliability 
of a class A/B classification was represented by 100% positive pre-
dictive value and 0% false-positive rate for all glioma groups. On the 
other site, false-negative rates ranging between 25.0% and 50.0% for 
gliomas and a considerable low positive predictive value (50.0%) 
and false-positive rate (33.3%) for nonmalignant cases indicate that 
a ctDNA—classification cannot rule out glioma diagnosis (Table 1). 

Comparison with matching tissue 
For 81.3% (n ¼ 26) of glioblastoma and 63.2% (n ¼ 12) of other 

glioma cases, matching solid tumor tissue was available and sequenced 

for comparison of molecular features (Supplementary Fig. S3). In 25 
primary cases, tissue was collected during surgery after lumbar 
puncture (median: + 7 days, range: 0 days; + 42 days). In three cases of 
primary glioma (GB_3, GB_16, OTHER_1), tissue was obtained via 
STX 29 days, 34 days, and 9 days before CSF collection. In 10 re-
current/progressive cases, tissue was collected at primary diagnosis 
(median: �337.50 days, range: �1,702 days; �57 days). For all 
matching solid tissue samples, CNVs were derived from Illumina EPIC 
array, because targeted sequencing coverage was too low for robust 
CNV estimations based on on-and off-target reads. SNVs at pre-
defined gene loci and SNVs/indels from uninformed variant calling 
were available from targeted sequencing. 

Comparison of molecular features between CSF and matching 
solid tissue was performed separately for CNVs, SNVs at predefined 
gene loci and pipeline called SNVs/indels. In the glioblastoma co-
hort, the overlap between CSF and matching solid tissue was highest 
for CNVs (48%, n ¼ 134 CNVs in total identified), followed by 
SNVs at predefined gene loci (44%, n ¼ 18 SNVs in total identified) 
and variants from uninformed variant calling (14%, n ¼ 43 SNVs/ 
indels in total identified; Fig. 3A). For the other glioma cohort, the 
overlap was 44% for SNVs at predefined gene loci (n ¼ 9 SNVs in 
total identified), 26% for CNVs (n ¼ 27 CNVs in total identified) 
and 8% for variants from uninformed variant calling (n ¼ 12 SNVs/ 
indels in total identified; Fig. 3A). 

In both cohorts, overlap was highest in cases with type A molecular- 
guided tumor classifications (Fig. 3B and C). Class B samples showed 
only few shared alterations and no overlapping variants were found in 
samples which were CSF ctDNA negative (Fig. 3B and C). 

Diagnostic CNVs are enriched for clonal variants, while other 
CNVs include potentially subclonal variants. Comparison of diag-
nostic CNVs versus other CNVs was performed for glioblastoma 
cases with classification A and matching solid tissue available. Solid- 
CSF overlap was significantly higher for diagnostic CNVs (44/54, 
81.5%) versus other CNVs (16/37, 43.2%; P < 0.01, Fisher exact 
test). These findings suggest tumor heterogeneity could be partially 
responsible for differences between solid tissue and CSF cfDNA. 

When comparing primary and recurrent glioblastomas, we did 
not observe significant differences regarding frequency of type A/B 
classifications (recurrent cases: 85.7% A/B classifications, primary 
cases: 72.0% A/B cases, P ¼ 0.6464, Fisher exact test). In concor-
dance, CSF-solid overlap of combined variants (CNVs, special po-
sitions and variants derived from uninformed variant calling) was 
also not significantly different for recurrent cases (21/43 shared 
variants, 48.8%) versus primary glioblastomas (57/152 shared vari-
ants, 37.5%; P ¼ 0.6833, Fisher exact test), indicating longitudinal 
stability of the described genetic alterations. 

CSF private diagnosis-guiding alterations were observed in 6 pa-
tients (Fig. 3B and C). Such alterations include TERT promotor 
mutations (n ¼ 3) and EGFR amplifications (n ¼ 2). In one additional 
patient (OTHER_15), an IDH1 R132S mutation was only detected in 
CSF and not identified in the corresponding solid tumor. Retrospective 
analysis of the solid tumor revealed low tumor cell content in the tissue 
used for sequencing. Therefore, we assume that the absence of IDH1 
mutation is rather due to limited tumor DNA content in the solid 
tissue, than due to a false-positive call in CSF cfDNA sequencing. 

In two cases (GB_15, GB_16), we observed zero or only one 
characteristic genetic alteration in the solid tissue (Fig. 3B). There-
fore, at least some ctDNA-negative classified glioblastoma cases could 
be explained by a noncharacteristic genetic profile of the solid tumor. 
In these samples, tumor classification based on molecular markers 
remains difficult and classical histopathology is required. 

Table 1. Predictive values and false-positive/negative rates of 
molecular-guided tumor classification. 

Diagnosis ctDNA class N PPV NPV FPR FNR 

Glioblastoma Class A/B 20 1 0.818 0 0.250 
ctDNA negative 12 

Other glioma Class A/B 5 1 0.845 0 0.474 
ctDNA negative 14 

H3 K27M DMG Class A/B 3 1 0.969 0 0.400 
ctDNA negative 2 

IDH-mut glioma Class A/B 2 1 0.954 0 0.500 
ctDNA negative 4 

Nonmalignant ctDNA negative 17 0.500 1 0.333 0 
Class A/B 0 

Note: Indicated statistical parameters were calculated for the labeled diag-
noses and molecular classification types. 
Abbreviations: FNR, false-negative rate; FPR, false-positive rate; NPV, nega-
tive predictive value; PPV, positive predictive value. 
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pt?>Clinical reports of recurrent cases in the joint glioblas-
toma and other glioma cases were checked for reported pro-
gression/pseudoprogression at the timepoint of CSF draw and 
such information were available for 12/14 cases (Supplementary 

Table S2). We identified three cases of pseudoprogression 
(GB_19), stable disease (GB_15), and remission (OTHER_17) 
versus nine cases with reported progression at CSF draw. In-
terestingly, 2/3 ctDNA negative and 1/3 type B classifications 

Figure 3. 
Comparison between CSF and matching solid tumor. A, For cases where matching solid tissue was available, the overlap between CSF and solid tissue calls was analyzed 
separately for CNVs, SNVs at predefined gene loci (special positions), and SNVs/indels identified via uninformed variant calling. B and C, Oncoprints of identified variants 
that were either shared between CSF and matching solid or private to one or the other. P, primary tumor; R, recurrent tumor. B, Glioblastoma cohort. C, Other glioma cohort. 
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were made for nonprogressive recurrent cases, while progressive 
cases achieved type A/B classification in 7/9 cases. 

Patients who are ineligible for surgery are well represented in the 
study cohort, indicated by the high rate of stereotactic biopsies 
performed (n ¼ 16, 42.1% of cases with matching solid tumor 
available). Even though, intraoperative risks are much lower for 
STX, it is still not risk-free and diagnostic sensitivity is lower than 
collecting tumor tissue via surgery (17). We observed competitive 
reliability of CSF cfDNA sequencing for patients undergoing STX, 
with 12/16 cases achieving class A/B classification in the CSF 
(75.0%). 

CSF chemistry, MRI sequencing, and clinical parameters 
We collected basic CSF chemistry parameters such as cell count 

(n ¼ 84), protein (n ¼ 84), glucose (n ¼ 81), and lactate (n ¼ 80) 
levels, CSF/serum qAlb (n ¼ 78), the amount of cfDNA (n ¼ 83) 
and CSF (n ¼ 81) as well as presence of malignant cells (n ¼ 85). 
From all collected parameters, only CSF lactate levels and cfDNA 
amount differed significantly when comparing glioblastoma versus 
nonmalignant cases (Table 2). Glioblastoma cases showed signifi-
cantly higher CSF lactate (P < 0.01, Wilcoxon rank-sum exact test) 
and cfDNA (P < 0.01, Wilcoxon rank-sum exact test) levels (Table 2). 
Also, microscopic evidence of malignant cells was exclusively found in 
four glioblastoma cases. No significant differences were found when 
comparing the other glioma cohort to nonmalignant cases at the 
indicated alpha level (Table 2). One might assume that CSF amount 
correlates with total cfDNA yield; however, we did not see this cor-
relation in our overall cohort (Supplementary Fig. S4), which is most 
probably due to the limited sample size and diverse tumor entities. 

CSF chemistry features between A/B classified and ctDNA neg-
ative cases were compared. In the glioblastoma cohort, cfDNA 
amount was significantly higher in class A/B samples (P < 0.01, 
Wilcoxon rank-sum exact test), while no such trend was observed 
for the other glioma cohort. 

In 30 glioblastoma cases (94%) and 13 other glioma cases (68%), 
MRI datasets were available for the period <2 weeks prior CSF 
collection. Contrast-enhancing volume, edema volume, tumor tissue 
volume, and combined volume was calculated as described previ-
ously (14). Interestingly, no difference of these parameters was 
observed between type A/B classified and ctDNA negative samples 
in both cohorts (Table 2). 

For 41 glioblastoma and other glioma cases, distance between the 
tumor and CSF space was determined (Supplementary Table S2). 
We compared molecular-guided tumor classification of tumors 
touching the CSF space (¼ 0 mm distance) versus cases with normal 
appearing brain parenchyma separating tumor from CSF space 
(>0 mm distance). Frequency of type A/B classification was 23/27 
(85.2%) for cases touching the CSF space versus 5/14 (35.7%) for 
nontouching cases (P value < 0.01, Fisher exact test; Supplementary 
Fig. S5). Importantly, the representation of glioblastoma cases in the 
compared groups was not significantly different (0 mm distance: 21/ 
27 glioblastomas, >0 mm distance: 9/14 glioblastomas, P ¼ 0.4629, 
Fisher exact test). 

Bioinformatically, no significant differences in on-target read cov-
erage was observed between glioma cohorts and nonmalignant controls 
as well as between type A/B and ctDNA negative cases (Table 2). 

We did not observe statistical difference in type A/B classifica-
tions for patients with glioblastoma with steroid administration for 
2 weeks prior CSF draw (12/15 class A/B cases, 80.0%) versus pa-
tients with steroid-naı̈ve glioblastoma (10/15 class A/B cases, 66.7%, 
P value ¼ 0.6817, Fisher exact test; Supplementary Table S2). 

Nondiagnostic cohort 
CSF cfDNA sequencing was also performed for 17 patients with a 

suspicion of glioma on MRI scan, but no tissue material available for 
confirmation of diagnosis. We asked, whether CSF cfDNA se-
quencing can give insights into tumor entity and molecular features 
of such cases. Indeed, in 23.5% (n ¼ 4) of these cases a type A/B 
classification was made (Fig. 4A). 

In one type A classified case, a histone H3 K27M mutation was 
detected, which is suggestive of DMG (Fig. 4B). Three other cases 
achieved type B molecular-guided classification. In these cases, 
IDH1 R132 (n ¼ 2) or IDH2 R172 (n ¼ 1) mutations were identi-
fied, which are highly suggestive for IDH-mutant glioma (Fig 4B). 
For the H3 K27M-mutated DMG (Fig. 4C) and one IDH-mutant 
glioma (Fig. 4D) integration of CSF cfDNA sequencing results with 
MRI findings led to the establishment of an integrated clinical di-
agnosis by the molecular tumor board, which was guiding further 
treatment and follow-up. 

Comparison with existing methods for CSF cfDNA-based 
glioma diagnostics 

We performed literature research to compare our workflow with 
available state-of-the-art methods (Supplementary Materials and 
Methods; Supplementary Fig. S6; Supplementary Table S5). When 
we consider type A/B classified cases ctDNA positive, our approach 
achieves a sensitivity of 66.7% across combined glioblastoma and 
other glioma cohorts. This is the highest detection rate of a NGS 
approach compared with the selected literature (Supplementary Fig. 
S6; Supplementary Table S5). Sensitivity is currently only out-
performed by digital droplet PCR (ddPCR), which is highly sensitive 
but restricted to analysis of predefined genetic aberrations. 

Importantly, we did not encounter any sample dropouts, which is 
regularly observed in previous studies (Supplementary Table S5). 
Our pipeline requires lower CSF cfDNA amounts, which enables 
analysis in cases with minimal cfDNA available: the lowest total CSF 
cfDNA input amount necessary for archiving a type A classification 
was 0.41 ng for glioblastoma, 0.25 ng for IDH-mutant glioma, and 
0.22 ng for H3 K27M DMG. 

Discussion 
Here, we present CSF cfDNA sequencing in a clinical setting 

where patient inclusion was designed to mimic clinical use cases of 
patients presenting at large neurooncological centers with suspicion 
of glioma but unclear initial diagnosis and/or ineligibility to surgery. 
Therefore, many cases were later identified as nonmalignant con-
ditions (n ¼ 17) or remained nondiagnostic (n ¼ 17). Recurrent 
cases represent a relevant proportion of our cohort, and these pa-
tients were mostly included when verification of primary tumor 
mutations was desired at recurrence. 

The here presented pipeline efficiently integrates whole-genome 
CNV profiles, variants at predefined gene loci and uninformed short 
variant calls, thereby maximizing the amount of genetic information 
derived from CSF cfDNA. One of the key benefits of this approach is 
that all three methods require targeted sequencing data only, elimi-
nating sample splitting for different methods. We want to emphasize 
that the gene panel and library preparation workflow of our pipeline 
are similar to the ones currently used in molecular neuropathology of 
solid gliomas. Consequently, immediate and combined analysis of CSF 
cfDNA samples with solid tissue results in rapid turnover times of 
approximately 5 days between CSF collection and molecular-guided 
tumor classification (Supplementary Fig. S7). 
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Modifications of the NGS panel for future applications are straight- 
forward. Capture probes for hybrid capture can simply be added or 
exchanged, without changing the wet lab or bioinformatics procedure. 

The here introduced molecular-guided tumor classification en-
abled partially overcoming previously reported sensitivity limita-
tions of CSF cfDNA sequencing, which was based on variant calling 
at single or predefined gene loci (Supplementary Fig. S6; Supple-
mentary Table S5). Altogether, 75.0% (n ¼ 24) of glioblastoma and 
52.6% (n ¼ 10) of other glioma cases were either A or B classified 
only based on CSF cfDNA sequencing. 

The success of molecular classification varied depending on the 
tumor type. Glioblastomas were more frequently classified as type A 
or B compared with other tumors. 

Within the other glioma cohort, we identified subgroups of tu-
mors with specific characteristic mutations, such as H3 K27M or 
IDH1 R132 mutations, which showed the highest degree of type A/B 
classification. Most probably, this is due to variants at specific gene loci 
being identified with higher sensitivity than uninformed variant call-
ing. Entity-dependent differences could also result from differential 
ctDNA emission of certain tumors. For example, infiltrative growth 
and high proliferation (resulting increased cell death via apoptosis/ 
necrosis) could influence the amount of ctDNA emitted into CSF. 

We opted for a more conservative and precise reporting procedure 
to keep false-positive calls in nonmalignant samples low. Therefore, 
variants in nonmalignant samples were only identified via uninformed 

variant calling. Importantly, the negative predictive value was 100% for 
nonmalignant samples and no samples were misclassified as tumors, 
underscoring the specificity of our integrated molecular classification 
approach. 

A considerable number of cases in our cohort represent recurrent 
tumors. In most cases, no recurrent solid tumor material is avail-
able, and it is unclear whether molecular alterations described at 
initial diagnosis are still present. However, knowledge of certain 
mutations at recurrence is from special interest when considering 
individualized treatment options. For example, CSF cfDNA se-
quencing could be applied to monitor treatment response for 
alteration-specific immunotherapies (18, 19) or targeted treatments 
(20). Indeed, treatment-guiding alterations were identified via CSF 
cfDNA sequencing of recurrent tumors and frequency of type A/B 
classifications was not significantly different for primary versus re-
current cases. Interestingly, no significant difference in CSF-solid 
overlap was identified between primary and recurrent tumors, indi-
cating that most of the investigated alterations remain stable over time. 

The overlap of individual variants between CSF and matching 
solid tissue was limited, with CNVs and variants at predefined gene 
loci showing higher overlap compared with uninformed variant 
calling. In addition, CSF private variants (which are always suspect 
for false-positive calls) occurred less frequently with these two 
methods. This highlights the importance of considering the calling 
method when assessing reliability of identified variants. For 

Figure 4. 
Nondiagnostic cases. A, Molecular-guided tumor classification for all samples in the nondiagnostic cohort. B, Oncoprint of identified CNVs, SNVs at predefined 
loci (special positions), and SNVs/indels identified via uninformed variant calling. P, Primary tumor; R, recurrent tumor. C and D, Representative MRI and VAF for 
two cases where integrated clinical diagnosis was made based on CSF cfDNA sequencing results and MRI findings. C, Case SUSP_10: H3 K28M-mutated DMG. D, 
Case SUSP_11: IDH-mutant glioma. 
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example, CNVs and variants called at predefined loci can be 
interpreted with higher reliability than SNVs/indels identified in 
uninformed variant calling. 

Our findings of limited overlap of genetic variants in CSF and 
corresponding solid tumor tissue were in concordance with others 
(Supplementary Fig. S6; Supplementary Table S5). Reduced overlap 
can be attributed to methodologic limitations, such as lower sensi-
tivity of variant calling and a higher rate of false positives in CSF 
cfDNA samples. We hypothesize, that moderate CSF-solid overlap 
could at least partially be caused by tumor heterogeneity. In ac-
cordance, we observe higher overlap for characteristic CNVs 
(enriched for clonal aberrations) versus other CNVs. 

Clinical reports revealed pseudoprogression, stable disease, and 
remission in three recurrent glioma cases, which were associated 
with a ctDNA negative classification. This indicates the ability of 
cfDNA sequencing to distinguish progressive from nonprogressive 
gliomas, as demonstrated by others (8). 

A considerable number of patients had solid tumor tissue available 
from STX, and we observed comparable tumor classification reli-
ability with CSF cfDNA sequencing. Further studies will investigate 
whether our technical workflow can supplement or even replace STX 
in certain situations. 

One goal of our study was the identification presequencing 
markers indicating CSF ctDNA positivity. Total cfDNA amount was 
significantly higher for class A/B cases at least in patients with 
glioblastoma. Moreover, detailed analysis of MRI data showed sig-
nificantly higher amounts of type A/B classified cases for tumors 
with direct contact to the CSF space, which has also been described 
by others (7). For glioblastoma cases, we analyzed association of 
tumor localization in the brain with molecular-guided classification 
(Supplementary Fig. S8). No class A/B high regions were identified. 
Taken together, these findings indicate that proximity to the CSF 
space, and not tumor localization, size or blood–brain barrier dis-
ruption, is indicative of ctDNA shed into CSF. 

We further investigated cases where no tumor tissue was available 
for molecular diagnostics (nondiagnostic cohort). The reasons for 
not performing a tissue sampling were low probability of glioma, 
tumor location, risk of neurologic deterioration through surgery 
and/or reduced performance status of the patient. In such situations, 
a CSF liquid biopsy can be considered to enable the identification of 
tumor-specific genetic alterations. Most nondiagnostic cases were 
classified as ctDNA negative. However, distinguishing correct from 
false negatives is not possible with our approach. Therefore, com-
bination of our pipeline with more sensitive methods (such as 
ddPCR) is needed for routine clinical applications. 

In conclusion, we established a molecular classification approach 
for CSF cfDNA sequencing that could aid diagnosis in cases where 
acquisition of tissue is difficult. Further studies need to be per-
formed to address the question of noninferiority compared with 
tissue biopsy for difficult to reach anatomic locations. 
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