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Abstract 

Classification of gliomas involves the combination of histological features with molecular biomarkers to establish an 
integrated histomolecular diagnosis. Here, we report on the application and validation of a set of molecular assays 
for glioma diagnostics based on digital PCR technology using the QX200™ Droplet Digital™ PCR (ddPCR) system. The 
investigated ddPCR-based assays enable the detection of diagnostically relevant glioma-associated mutations in the 
IDH1, IDH2, H3-3A, BRAF, and PRKCA genes, as well as in the TERT promoter. In addition, ddPCR-based assays assessing 
diagnostically relevant copy number alterations were studied, including 1p/19q codeletion, gain of chromosome 7 
and loss of chromosome 10 (+ 7/-10), EGFR amplification, duplication of the BRAF locus, and CDKN2A homozygous 
deletion. Results obtained by ddPCR were validated by other methods, including immunohistochemistry, Sanger 
sequencing, pyrosequencing, microsatellite analyses for loss of heterozygosity, as well as real-time PCR- or microarray-
based copy number assays. Particular strengths of the ddPCR approach are (1) its high analytical sensitivity allowing 
for reliable detection of mutations even with low mutant allele frequencies, (2) its quantitative determination of 
mutant allele frequencies and copy number changes, and (3) its rapid generation of results within a single day. Thus, 
in line with other recent studies our findings support ddPCR analysis as a valuable approach for molecular glioma 
diagnostics in a fast, quantitative and highly sensitive manner.
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Introduction
Gliomas comprise a heterogeneous group of primary 
central nervous system (CNS) tumors that are classified 
into distinct tumor types by the integration of histologi-
cal features and specific molecular biomarkers according 
to the recent World Health Organization (WHO) clas-
sification of CNS tumours [1] that considers the recom-
mendations by the Consortium to Inform Molecular and 
Practical Approaches to CNS Tumour Taxonomy—Not 

Officially WHO (cIMPACT-NOW) [2, 3]. Accordingly, 
diffuse astrocytic and oligodendroglial gliomas are sepa-
rated into distinct tumor types by histology and one or 
more of the following molecular biomarkers [1, 2]: (i) 
Missense mutations in codon 132 of the isocitrate dehy-
drogenase 1 gene (IDH1) or codon 172 of the IDH2 gene 
(“IDH mutation”), (ii) codeletion of whole chromosome 
arms 1p and 19q (“1p/19q codeletion”), (iii) mutations 
in the alpha thalassemia/mental retardation syndrome 
X-linked  (ATRX) gene and/or loss of nuclear ATRX 
expression, (iv) p.K28M missense mutation in the histone 
3 genes H3-3A (H3F3A), H3C2 (HIST1H3B) or H3C3 
(HIST1H3C) affecting amino acid 27 in the mature H3.3 
or H3.1 proteins (H3 K27M) [4], (v) p.G35R or p.G35V 
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missense mutations in H3-3A affecting amino acid 34 
in the mature H3.3 protein (H3 G34R/V) [4], (vi) hot-
spot mutations in the telomerase reverse transcriptase 
(TERT) gene promoter, (vii) epidermal growth factor 
receptor (EGFR) gene amplification, (viii) whole chro-
mosome 7 gain combined with whole chromosome 10 
loss (+ 7/–10 signature), and (ix) homozygous deletions 
on 9p21 involving the CDKN2A and CDKN2B gene loci 
(“CDKN2A/CDKN2B homozygous deletion”) [2, 5]. 
Additional molecular biomarkers are important for the 
diagnostics of gliomas with circumscribed growth, such 
as pilocytic astrocytoma, pleomorphic xanthoastrocy-
toma and chordoid glioma [1]. These include among 
others (i) BRAF gene duplications associated with 
KIAA1549-BRAF gene fusions [6–8], (ii) missense muta-
tions affecting codon 600 of the BRAF gene, in particular 
BRAF V600E [9], and (iii) a missense mutation affecting 
codon 463 of the PRKCA gene (PRKCA D463H) [10, 11].

Certain glioma-associated biomarkers can be assessed 
by immunohistochemistry, including IDH1 R132H [12], 
H3 K27M and H3 G34R/V [13–15], loss of nuclear ATRX 
expression [16], and BRAF V600E mutation [17]. Detec-
tion of other biomarkers requires cytogenetic or molec-
ular genetic analyses [1]. Recently, high-throughput 
molecular approaches involving gene panel next gen-
eration sequencing (NGS) [18–20] and DNA methylome 
profiling [21] have gained importance in glioma diagnos-
tics. Each technique has specific advantages and limita-
tions, e.g. relatively low analytical sensitivity of mutation 
detection by Sanger sequencing [22], false-positive 
results by fluorescence in situ hybridization (FISH) analy-
sis for 1p/19q codeletion [23], as well as higher costs and 
prolonged analysis time of high-throughput approaches 
[24].

Droplet digital PCR (ddPCR) allows for the rapid and 
sensitive detection of DNA sequence and copy num-
ber variations [25, 26]. In principle, a large number (up 
to 20,000) of small partitions ("droplets") are generated 
before the PCR reaction is performed [25]. PCR products 
are then detected by fluorescence analysis of each indi-
vidual droplet, with positive and negative droplets being 
counted and analysed by Poisson statistics [25]. Thereby, 
ddPCR allows for quantitative assessments without the 
need of traditional standards, as well as highly sensi-
tive detection of rare sequence variants in an abundant 
wildtype background [25, 26].

Here, we report on the successful application and com-
prehensive validation of a set of previously reported and 
newly established ddPCR-based assays for rapid, sensi-
tive and quantitative detection of eleven diagnostically 
relevant glioma-associated molecular biomarkers. Our 
data further support ddPCR analysis as a valuable tool to 

facilitate and speed up the routine diagnostic assessment 
of gliomas.

Materials and methods
Patient samples
Formalin-fixed and paraffin-embedded (FFPE) or fresh-
frozen tumor tissue samples from patients with different 
types of gliomas were retrieved from the CNS tumor tis-
sue bank or the institutional archive at the Department 
of Neuropathology, Heinrich Heine University, Düssel-
dorf, Germany. All tumors were re-classified according 
to the WHO classification of CNS tumors 2021 [1]. In 
total, 248 tumor samples were studied. Table 1 provides 
an overview of the various glioma types evaluated by the 
different ddPCR assays. As constitutional controls, we 
investigated 14 leukocyte DNA samples extracted from 
peripheral blood. Patients gave their written informed 
consent for the storage of their tissue and blood sam-
ples in the CNS tumor tissue bank and the use of these 
samples for research purposes as approved by the Insti-
tutional Review Board of the Medical Faculty, Heinrich 
Heine University Düsseldorf (study number: 3005). The 
use of archival tissue samples for research purposes was 
also approved by the Institutional Review Board (study 
number: 3562). The current study was additionally 
approved by a project-specific ethics vote (study number: 
2019–702).

DNA preparation and quantification
DNA preparation from FFPE samples was performed 
by using the QIAamp DNA FFPE Tissue Kit (Qiagen, 
Hilden, Germany), the GeneRead DNA FFPE Kit (Qia-
gen), or the Maxwell® RSC FFPE Plus DNA Kit together 
with the Maxwell® RSC instrument (Promega, Man-
nheim, Germany). DNA extraction from frozen tissue 
samples was performed with the PureLink™ Genomic 
DNA Mini Kit (Life Technologies, Carlsbad, CA, USA) 
or by ultracentrifugation as described elsewhere [27]. 
Peripheral blood leukocyte DNA was extracted either 
with the PureLink™ Genomic DNA Mini Kit (Life Tech-
nologies) or with the Maxwell® RSC Blood DNA Kit. 
Extracted DNA was quantified by using the Quantus™ 
Fluorometer (Promega) or the Qubit system (Ther-
moFisher Scientific, Waltham, MA, USA).

Droplet Digital PCR (ddPCR) analyses
Each 20  µl of PCR sample contained 1 × ddPCR super-
mix for probes (no dUTP) (Bio-Rad Laboratories, 
Munich, Germany), 900  nM forward primer, 900  nM 
reverse primer, and 250  nM hydrolysis probe as well 
as 5  µl of template DNA (≤ 5  ng/µl). The primer/probe 
mixes were either purchased as 20 × Droplet Digital 
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PCR assays (Bio-Rad Laboratories) or were composed 
of self-designed primer and probes. Primers and dual-
labelled probes were purchased from Sigma-Aldrich 
(Taufkirchen, Germany). Minor groove binder (MGB)-
probes were ordered from Eurofins Genomics (Ebers-
berg, Germany). Primer and probe sequences as well 
as the software used for primer/probe design are listed 
in Additional file  1: Tables S1–S4. The ddPCR analy-
sis was performed as described by Hindson et  al. [25]. 
Shortly, the PCR mixture was completely transferred 
into the droplet generator cartridge (Bio-Rad Laborato-
ries) and 70 µl of droplet generation oil for probes (Bio-
Rad Laboratories) was added to the respective wells of 
the cartridge. The cartridge was covered with a gasket 
and placed in the QX200™ droplet generator (Bio-Rad 
Laboratories). The generated droplets were transferred 
to a 96-well PCR plate. The plate was heat-sealed with a 
foil seal and placed in the C1000 Touch™ thermal cycler 
(Bio-Rad Laboratories). PCR was performed as endpoint 
reaction with 40–50 cycles depending on the assay (Addi-
tional file 1: Table S5). After completion of the PCR, the 
96-well plate was inserted in the QX200™ droplet reader 
device (Bio-Rad Laboratories) and the fluorescence of 
each droplet was automatically counted. The generated 
ddPCR data were analysed with the QuantaSoft analysis 
software version 1.7.4.0917 (Bio-Rad Laboratories).

Detection of single nucleotide variants (SNVs) by ddPCR
For the detection of the TERT promoter mutations hg19 
chr5: nucleotide 1,295,228 C > T (“C228T”) and nucleo-
tide 1,295,250 C > T (“C250T”) we used commercially 
available assays from Bio-Rad Laboratories contain-
ing forward and reverse primers together with hydroly-
sis probes specific for the variant and for the wildtype 
sequence [28]. For the detection of the IDH1 p.R132 
wildtype sequence and IDH1 p.R132H (c.395G > A), 
primer and hydrolyses probes were taken from Hirano 
et al. [29]. The probes for detection of the IDH1 p.R132C 
(c.394C > T), IDH1 p.R132G (c.394C > G), IDH1 p.R132S 
(c.394C > A), and IDH1 p.R132L (c.395G > T) variants 
were modified according to the probe used for IDH1 
p.R132H. The forward and reverse primers as well as 
the hydrolysis probes for the detection of IDH2 p.R172 
wildtype and IDH2 p.R172 variants (c.515G > A p.R172K, 
c.515G > T p.R172M, c.514A > T p.R172W, c.516G > T 
p.R172S, and c.514A > G p.R172G) were newly designed. 
The primer and probe sets for the detection of BRAF 
p.V600 wildtype and BRAF p.V600E (c.1799  T > A) 
sequence were taken from Hindson et al. [25]. The BRAF 
V600K (c.1798_1799delinsAA) variant specific probe was 
modified according to the probe used for BRAF p.V600E. 
Commercially available assays (Bio-Rad Laborato-
ries) were used for the detection of the H3-3A p.K28M 

(c.83A > T)-mutant or the H3-3A p.K28-wildtype status. 
The forward and reverse primers as well as the hydroly-
sis probes for the detection of H3-3A p.G35-wildtype 
and H3-3A p.G35-mutant status (p.G35V c.104G > T, 
p.G35W c.103G > T, p.G35R c.103G > A, and p.G35R 
c.103G > C), as well as for the detection of the PRKCA 
p.D463-wildtype and PRKCA p.D463H (c.1387G > C)-
mutant status were newly designed. All primer and probe 
sequences, as well as the order numbers of commercially 
available assays are listed in Additional file  1: Tables S1 
and S2.

Detection of copy number variations (CNVs) by ddPCR
All copy number (CN) assays were duplexed with a ref-
erence gene assay. The reference genes were located in 
regions that are rarely affected by copy number changes 
in glioma. Either commercially available ddPCR assays 
(Bio-Rad Laboratories) for amplification of EGFR exon 
7 and exon 28 or a self-designed ddPCR assay for EGFR 
exon 28 were used for the detection of EGFR copy num-
ber changes. These enabled the concomitant investiga-
tion of amplification of the EGFR locus as well as the 
detection of a copy number difference between exons 
2–8 and the remaining exons of the amplified EGFR gene, 
as corresponding to the EGFRvIII deletion variant [30, 
31]. NCKAP5 on 2q21.2 served as reference locus. Copy 
number absolute differences > 10.8 (CN EGFR exon 28—
CN EGFR exon 7) according to Fontanilles et  al. were 
considered as indicating presence of the EGFRvIII dele-
tion variant [32].

For the detection of CDKN2A deletions on 9p21, a 
commercially available ddPCR assay (Bio-Rad Labora-
tories) in combination with the reference loci NCKAP5 
and KCNS3 (2p24.2) was used. Copy number gains on 
chromosome 7 were determined by using eight different 
ddPCR assays detecting four loci on 7p (SDK1, STK31, 
GLI3, and GBAS) and four loci on 7q (PDK4, KCND2, 
TMEM213, and SHH) in combination with the refer-
ence gene EIF4E3 on 3p13. Duplications of the BRAF 
locus at 7q34, which serves as a surrogate marker for a 
KIAA1549-BRAF fusion, were investigated using a pub-
lished assay [8]. All primer and probe sequences as well 
as order numbers of commercially available assays are 
listed in Additional file 1: Tables S1 and S2.

Detection of loss of heterozygosity (LOH) by ddPCR
To detect loss of heterozygosity on chromosomal arms 1p 
and 19q we established an initial set of ddPCR assays to 
investigate five loci containing single nucleotide polymor-
phisms (SNPs) (rs4648379, rs3157, rs9787003, rs1493695, 
rs9428240) on 1p and five loci with SNPs (rs4805965, 
rs6508980, rs10404903, rs10424927, rs260464) on 19q 
(Additional file 1: Table S3). As this set of assays turned 
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out to be non-informative for all loci on 19q in 3 of 27 
tumors (see Results section below), we established an 
additional set of ddPCR assays for four other SNP loci on 
1p (rs2281168, rs2165194, rs4551638, rs10776720) and 
on 19q (rs4422091, rs7250409, rs830146, rs12463376) 
(Additional file 1: Table S3). Copy number losses on chro-
mosome 10 were assessed by ddPCR assays detecting 
four SNP loci on 10p (rs1668538, rs10904642, rs7071770, 
rs1660620) and four SNP loci on 10q (rs1343043, 
rs4934493, rs626989, rs11816275) (Additional file  1: 
Table S4).

Determination of analytical specificity and sensitivity, 
as well as detection limits of selected ddPCR assays
To determine the minimum amount of DNA required 
for reliable ddPCR-based detection of selected hotspot 
mutations we used tumor DNA samples carrying a TERT 
promoter “C228T” mutation (mutant allele frequency 
(MAF): 37.3%), a TERT promoter “C250T” mutation 
(MAF: 38.1%), an IDH1 R132H mutation (MAF: 42.6%), 
a BRAF V600E mutation (MAF: 22.7%), an H3-3A K28M 
mutation (MAF: 62.5%) or an H3-3A G35R mutation 
(MAF: 36.8%). Each of these mutant DNA samples was 
serially diluted in water, followed by the respective muta-
tion-specific ddPCR analyses.

To determine the detection limit for these selected 
hotspot mutations in a wildtype DNA background, we 
mixed wildtype DNA samples with tumor DNA sam-
ples carrying either a TERT promoter “C228T” muta-
tion (MAF 34.7%), a TERT promoter “C250T” mutation 
(MAF: 31.7%), an IDH1 R132H mutation (MAF: 42.6%), 
a BRAF V600E mutation (MAF: 22.7%), an H3-3A K28M 
mutation (MAF: 62.5%) or an H3-3A G35R mutation 
(MAF: 36.8%). The respective wildtype and mutant DNA 
samples exhibited nearly the same copies/µl value deter-
mined by ddPCR. Mutant and wildtype DNA samples 
were mixed in different relations resulting in samples 
with predefined percentages of 50%, 25%, 12.5%, 6.3%, 
3.1%, 1.6%, 0.8%, and 0.4% of mutant DNA in a wildtype 
DNA background.

To determine the percentage of wildtype DNA con-
tamination in a tumor sample that still allows for the 
detection of a CDKN2A homozygous deletion (defined 
as a gene copy number of < 0.5), we mixed DNA from 
the U-87 MG glioma cell line (obtained from American 
Type Culture Collection, ATCC, Manassas, VA), which 
carries a homozygous CDKN2A deletion [33], with 
CDKN2A-wildtype (non-deleted) tumor DNA in ratios 
of 90:10, 80:20, 70:30, 60:40 and 50:50, and determined 
the CDKN2A copy number by ddPCR using 25  ng of 
mixed DNA as template. The CDKN2A copy number in 
each mixture was calculated as followed: CDKN2A copy 
number expected = ratio of wildtype DNA x mean copy 

number detected for 100% wildtype DNA. The limit of 
blank (LoB) was determined as described by Armbruster 
and Pry [34].

Detection of SNVs and CNVs by independent methods
A number of established methods were used to vali-
date the findings obtained by ddPCR in the investigated 
gliomas, with the method depending on the individual 
biomarker. IDH mutation detection was performed by 
immunohistochemistry for IDH1 R132H using a muta-
tion-specific antibody (clone H09, Dianova, Hamburg, 
Germany), as well as Sanger sequencing or pyrosequenc-
ing as reported [35, 36]. Hotspot mutations in H3-3A, 
BRAF, PRKCA and the TERT promoter were determined 
by either Sanger sequencing or pyrosequencing [20, 
35]. In a subset of tumors, mutation data were obtained 
by gene panel NGS as reported before [20]. Combined 
deletions of 1p and 19q were assessed by microsatellite 
analyses for loss of heterozygosity (LOH) as reported 
[20, 37, 38]. DNA copy number data obtained by 850  k 
(EPIC) DNA methylation array technology [21] or by 
array-based comparative genomic hybridization (array-
CGH) [39, 40] were used for validation of the ddPCR-
based chromosome 7 and chromosome 10 copy number 
assays. CDKN2A  gene copy number was determined by 
quantitative PCR using a TaqMan™  copy number assay 
with the reference gene RNaseP[20]. EGFR gene ampli-
fication was determined by a semiquantitative real-time 
PCR assay, and the presence of EGFRvIII was detected by 
reverse transcriptase PCR and/or immunohistochemistry 
for EGFRvIII as reported [30, 31]. KIAA1549-BRAF gene 
fusions were assessed by reverse transcription PCR anal-
yses allowing for the detection of the three most com-
mon fusion types [41]. The primer sequences used for 
validation can be found in the respective references. For 
the investigated ddPCR assays, we determined sensitiv-
ity, specificity, accuracy, and precision in relation to the 
respective reference methods used for validation (Addi-
tional file 1: Table S6).

Statistical analyses
Pearson´s correlation of calculated to detected copy 
numbers or allele frequencies was done using the Graph-
Pad PRISM v8 software.

Results
Detection of SNVs in gliomas by ddPCR and validation 
by independent methods
TERT promoter hotspot mutations
We analysed DNA extracted from FFPE glioma tissue 
samples of 73 patients for TERT promoter hotspot muta-
tions at hg19 chr5 nucleotides 1,295,228 (“C228T”) and 
1,295,250 (“C250T”) using commercially available ddPCR 
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assays ([28]; Table 1). All samples were additionally ana-
lysed for these mutations by either gene panel NGS or 
Sanger sequencing [20]. Droplet digital PCR identified 
37 “C228T” and 22 "C250T" mutations in the 73 gliomas. 
Two tumor samples exhibited both mutations (Fig. 1a). In 
one of these tumours, an IDH-mutant and 1p/19q-code-
leted oligodendroglioma of CNS WHO grade 3, only the 
“C250T” mutation was originally detected by NGS [20]. 
However, a closer look at the NGS data also revealed the 
“C228T” mutation, which was not called before by the 
standard evaluation pipeline, likely due to its low mutant 
allele frequency (MAF) of 4.5% as determined by ddPCR. 

Both promoter mutations detected by ddPCR in another 
tumor, an IDH-wildtype glioblastoma, were indepen-
dently validated by Sanger sequencing (Fig. 1b). Overall, 
the results of ddPCR were consistent with those obtained 
by NGS and/or Sanger sequencing in each of the 73 
investigated gliomas.

Next, we determined the analytical sensitivity of 
the ddPCR assays to detect the “C228T” and “C250T” 
mutations in DNA extracted from FFPE glioma sam-
ples. The limit of blank (LoB) for the “C228T” variant in 
20 no template samples was 0.06 copies/µl and for the 
“C250T” variant 0.08 copies/µl. The ddPCR assays were 

Fig. 1 Detection of TERT promoter mutations in FFPE DNA extracted from gliomas using ddPCR. a Fluorescent intensity of the droplets after 
amplification of a 113 bp-fragment of the TERT promoter (TERTp) region using the ddPCR expert design assays (Bio-Rad Laboratories). The individual 
lanes correspond to: 1, TERTp “C228T” mutation control DNA; 2, TERTp “C250T” mutation control DNA; 3, TERTp wildtype control DNA; 4, no template 
control; 5, glioblastoma, IDH-wildtyp, CNS WHO grade 4, and 6, oligodendroglioma, IDH-mutant, and 1p/19q-codeleted, both with TERTp “C228T” 
and “C250T” mutations. X axis, number of droplets with fluorescence; Y axis, fluorescence intensity detected in the FAM-channel (blue dots) and 
HEX-channel (green dots); pink line, threshold; grey dots, droplets with background fluorescence of non-incorporated probes. b Validation of the 
two TERT promoter mutations in the IDH-wildtype glioblastoma using Sanger sequencing. Red arrow heads pointing to the “C250T “ (left) and 
“C228T” (right) mutation. The numbering of the samples corresponds to a. c Mutant allele frequency (MAF) was measured by ddPCR using different 
amounts of input FFPE DNA generated by serial dilution of samples with either a TERTp “C228T” (mean MAF 37.3%) or a “C250T” (mean MAF 38.1%) 
mutation with distilled water. d 25 ng of total input FFPE DNA was used for ddPCR. A TERTp “C228T” (mean MAF 34.7%) and a TERTp “C250T” DNA 
sample (mean MAF 31.7%) were mixed with wildtype DNA resulting in predefined templates with 50%, 25%, 12.5%, 6.3%, 3.1%, 1.6%, 0.8%, and 0.4% 
TERT promoter-mutant DNA in a TERT promoter-wildtype background
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established by using 25 ng of FFPE DNA (as determined 
by fluorescence-based dsDNA quantitation) as template 
per ddPCR reaction. As the amount of DNA available 
from small tissue samples, e.g. as obtained by stereo-
tactic biopsy, may be lower, we investigated FFPE DNA 
samples with a mean MAF of 37.3% (“C228T”) and 38.1% 
(“C250T”) at different template DNA concentrations 
(Fig. 1c). The mutations were still detectable with 0.1 ng 
of FFPE DNA as template, however, with a considerable 
standard deviation among the replicates. Therefore, we 
assumed that at least 3 ng of FFPE DNA are required for 
robust TERT promoter mutation detection by ddPCR.

Next, we mixed the “C228T” (MAF of 34.7%) or 
“C250T” (MAF of 31.7%) mutant DNA samples with 
wildtype DNA resulting in predefined DNA samples 
of 50%, 25%, 12.5%, 6.3%, 3.13%, 1.6%, 0.8%, and 0.4% 
mutant DNA (Fig. 1d). Over a large dynamic range, the 
expected MAF values for both TERTp mutations agree 
very well with the detected MAF values (Pearson´s 
 R2 = 0.9992 for “C228T”, and  R2 = 0.9972 for “C250T”).

The mean background allele frequency of “C228T” 
detected in FFPE DNA samples with a known “C250T” 
variant was 0.19% ± 0.22% with a highest value of 0.76% 
and a limit of blank (LoB) of 0.55%, and the mean back-
ground allele frequency of “C228T” detected in TERT 
promoter-wildtype samples was 0.19% ± 0.14% with a 
highest value of 0.52% and a LoB of 0.42%. Therefore, we 
decided to set the lower limit of reliable quantification for 
the “C228T” mutation to ≥ 1.0% MAF to minimize the 
detection of false-positive cases. The mean background 
allele frequency of “C250T” detected in FFPE DNA sam-
ples with a known “C228T” mutation was 0.23% ± 0.24%, 
with a highest value of 0.91% and a LoB of 0.63%. The 
mean background allele frequency of “C250T” detected 
in TERT promoter-wildtype samples was 0.23% ± 0.21% 
with a highest value of 0.83% and a LoB of 0.57%. There-
fore, we concluded to set the lower limit of reliable quan-
tification of a “C250T” mutation to ≥ 1.5% MAF to avoid 
detection of false positive cases. This high analytical sen-
sitivity of TERT promoter mutation detection by ddPCR 
is of clinical relevance as it allows for mutation detection 
in samples with low tumor cell content, e.g. specimens 
from the infiltration zone of diffuse gliomas or tumor 
samples contaminated by marked inflammatory and 
reactive changes.

IDH1 R132 and IDH2 R172 hotspot mutations
We analysed DNA from FFPE tumor samples of 58 gli-
oma patients for mutations involving codon 132 of IDH1 
or codon 172 of IDH2 (Table 1). All tumors were inves-
tigated by dual probe ddPCR assays detecting one of the 
different IDH mutations (IDH1 R132H, R132C, R132G, 

R132S, R132L or IDH2 R172K, R172M, R172W, R172S, 
R172G) together with the respective wildtype sequence. 
In selected tumors (n = 21), we additionally evaluated 
multiplex probe assays that contained specific FAM-
labelled probes for all five IDH1 mutations or all five 
IDH2 mutations together with one HEX-labelled probe 
for the respective wildtype sequences (Additional file  1: 
Table  S7, Fig.  S1). The multiplex assays allow for the 
detection or exclusion of an IDH1 or IDH2 mutation in 
just two separate reactions but do not specify the type 
of mutation. Overall, IDH1 mutations were detected by 
ddPCR in 42 tumors while seven tumors carried IDH2 
mutations and nine tumors were IDH-wildtype. The IDH 
mutation status in the 58 samples was independently 
determined by immunohistochemistry, Sanger sequenc-
ing, pyrosequencing, and/or gene panel NGS [20, 36], 
which revealed concordant results in all 58 cases. The 
multiplex ddPCR assays identified IDH1 R132 and IDH2 
R172 mutations with similar MAF values as obtained in 
the dual probe assays for the individual mutations (Addi-
tional file 1: Table S7).

The LoBs were exemplarily determined for the IDH1 
R132H and IDH2 R172K ddPCR assays in FFPE DNA 
of IDH-wildtype tumors, which revealed LoBs of 0.63% 
MAF (IDH1 R132H assay) and of 0.29% MAF (IDH2 
R172K assay), respectively. The highest background in 
these IDH-wildtype samples was 0.95% for IDH1 R132H 
and 0.36% for IDH2 R172H. Therefore, we decided to 
set the lower limit of reliable quantification of mutations 
to ≥ 1.5% MAF to avoid detection of false positive cases. 
A dilution series of IDH1 R132H-mutant FFPE DNA 
(mean MAF: 42.6%) showed that the mutation remains 
detectable with only 0.2  ng of template DNA, although 
with higher variation as compared to higher amounts 
of template DNA (Additional file  1: Fig.  S2a). Mixing 
of IDH1 R132H-mutant with 42.6% MAF and IDH1-
wildtype DNA in different relations revealed a match 
of expected and measured values over a wide dynamic 
range (Pearson´s  R2 = 0.9998) (Additional file 1: Fig. S2a).

BRAF V600, H3‑3A K28, H3‑3A G35, and PRKCA D463 hotspot 
mutations
We investigated FFPE DNA from glioma tissue sam-
ples of 22 patients for BRAF V600 mutations by ddPCR 
(Table  1 and Additional file  1: Table  S8). Six tumors 
exhibited a BRAF V600E and one tumor carried a BRAF 
V600K mutation (Additional file 1: Table S8, Fig. S3). The 
BRAF mutation status was confirmed by DNA pyrose-
quencing or Sanger sequencing in all 22 tumors. Inves-
tigation of a dilution series of BRAF V600E-mutant DNA 
(mean MAF 22.7%) showed that the mutation remains 
detectable by ddPCR down to 0.4  ng of template FFPE 
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DNA, however, with increased variability between repli-
cates (Additional file 1: Fig. S2b). Thus, if possible, more 
than 0.4  ng of FFPE DNA should be used for reliable 
ddPCR-based detection of BRAF V600E. Mixing BRAF 
V600E-mutant FFPE DNA (mean MAF: 22.7%) with 
BRAF V600-wildtype FFPE DNA in various relations 
revealed consistent expected and measured values over a 
wide dynamic range (Pearson´s  R2 = 0.9964) (Additional 
file  1: Fig.  S2b). A minimum mutant allele frequency of 
0.13% ± 0.02 (corresponding to 0.8% mutant FFPE DNA 
with 22.7% MAF in a wildtype background) was detected 
when 25 ng of FFPE DNA were used as input (Additional 
file 1: Fig. S2b). The LoB of the BRAF V600E ddPCR assay 
determined in cases without BRAF hotspot mutation was 
0.01%.

H3-3A mutations affecting the codons p.K28 or p.G35 
were investigated in 16 tumors (Table  1 and Additional 
file 1: Table S9). Using ddPCR analyses, we identified the 
H3-3A p.K28M (H3 K27M) mutation in eight cases of 
diffuse midline glioma, H3 K27-altered, and the H3-3A 
p.G35R (H3 G34R) mutation in four hemispheric dif-
fuse gliomas, H3 G34-mutant. In one tumor we detected 
the H3-3A p.G35V (H3 G34V) variant (Additional file 1: 
Fig. S4). The H3-3A mutational status in all tumors ana-
lysed by ddPCR was confirmed by either NGS [20], 
Sanger sequencing or pyrosequencing. A dilution series 
of H3-3A p.K28M (mean MAF 62.5%, Additional file  1: 
Fig.  S2c) and H3-3A p.G35R (c.103G > A) (mean MAF 
36.8%, Additional file  1: Fig.  S2d) mutant DNA showed 
that the mutations remained reliably detectable by 
ddPCR down to 0.1  ng of template FFPE DNA for the 
H3-3A p.K28M variant, and down to 0.4 ng of template 
FFPE DNA for the H3-3A p.G35R (c.103G > A) variant. 
A mixture of H3-3A p.K28M (mean MAF 62.5%, Addi-
tional file  1: Fig.  S2c) or H3-3A p.G35R (c.103G > A) 
(mean MAF 36.8%, Additional file  1: Fig.  S2d) mutant 
FFPE DNA with H3-3A-wildtype FFPE DNA in various 
ratios revealed consistent expected and measured values 
over a wide dynamic range (Pearson´s  R2 = 0.9996 and 
 R2 = 0.9993, respectively).

For detection of the PRKCA D463H mutation, which is 
characteristic for chordoid gliomas [10, 11], we designed 
a dual probe ddPCR assay (Additional file  1: Table  S1) 
and investigated FFPE DNA extracted from three tumors 
histologically classified as chordoid glioma and from five 
glioblastoma samples (Table 1, Additional file 1: Fig. S5). 
Two of the three chordoid glioma samples carried the 
PRKCA D463H mutation which was independently vali-
dated by Sanger sequencing (Additional file 1: Fig. S5a–
c). The other six investigated glioma samples showed 
the PRKCA D463-wildtype sequence (Additional file  1: 
Fig. S5a-c).

Detection of CNVs in gliomas by ddPCR and validation 
by independent methods
Combined deletions of chromosome arms 1p and 19q
We first tried to determine the 1p/19q codeletion status 
in gliomas by using ddPCR-based copy number analysis 
of eight genes mapped to chromosomal arms 1 p or 19q 
as reported before [42]. We applied this approach to 15 
FFPE DNA samples with known retention of both chro-
mosomal arms (Additional file  1: Fig.  S6). We observed 
marked variations in copy number values across each of 
the four genes from each chromosome arm. These data 
suggested that 1p/19q copy number assessment rela-
tive to reference loci may not be robust enough for rou-
tine application on FFPE tumor samples. Therefore, we 
decided to assess 1p/19q codeletion by using ddPCR-
based analysis of single nucleotide polymorphisms 
(SNPs) in selected loci distributed along each chromo-
somal arm. The advantage of this approach is that the 
probes specific for each of the two alleles hybridize to 
the same locus, i.e. amplification of a reference locus 
is not required for the determination of relative copy 
numbers. We initially selected five SNPs located on 1p 
and five SNPs located on 19q from the UCSC Genome 
Browser (Feb. 2009 (GRCh37/hg19)) that each shows a 
relatively high frequency of heterozygosity (Additional 
file 1: Table S3). For the implementation of this approach, 
we used FFPE-DNA of five cases without 1p/19q-code-
letion (Fig. 2a, samples 1–5). The 1p/19q status of these 
five tumors was previously determined by gene-panel-
sequencing [20]. The lowest mean value of a heterozy-
gous SNP (rs6508980) was 47.9% ± 2.24. Thus, we set the 
upper cut-off value for detection of LOH at < 41.2%, i.e., 
mean allele frequency in 1p/19q non-codeleted tumors 
– 3 × standard deviation (SD). In case of uninformative, 
i.e., constitutionally homozygous SNPs, the mean of the 
highest background allele frequency (SNP rs6508980) 
was 0.3% ± 0.2%. Based on these allele frequencies we 
set the lower cut off-value for distinction of LOH from 
constitutional homozygosity to > 0.9% (mean allele 
frequency + 3 × SD).

Next, we applied these cut-off values to tumor and 
corresponding leukocyte DNA of 10 patients with 
IDH-mutant and 1p/19q-codeleted oligodendroglio-
mas (Fig. 2a, b, samples 6–15). The 1p/19q status of the 
tumors was previously established by loss of heterozy-
gosity (LOH) analyses at six microsatellite loci on 1p 
and five microsatellite loci on 19q [38]. All but one of 
the patients were constitutionally heterozygous for at 
least one SNP on 1p and one SNP on 19q. The ddPCR 
SNP assays detected the 1p/19q codeletion in all of 
the nine tumors (Fig.  2a). The mean allele frequency of 
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Fig. 2 Loss of heterozygosity (LOH) on chromosomal arms 1p and 19q detected by ddPCR-based SNP analysis. a Patterns of ddPCR-based SNP 
analyses for LOH on 1p and 19q in 27 gliomas, previously shown to either have retained (tumor samples 1–5 and 27) or lost 1p and 19q (tumor 
samples 6–26). In ten patients with IDH-mutant and 1p/19q-codeleted oligodendrogliomas, matched DNA samples extracted from tumor tissue 
(T) and blood leucocytes (B) were investigated. In the remaining 17 patients, only T DNA samples were investigated. The cases 1–5 without 1p/19q 
codeletion were used to establish the cut-off value for the detection of LOH. Note that all patients showed one or more informative (heterozygous) 
SNPs on 1p, while 3 of the 27 patients lacked an informative SNP on 19q. Presence or absence of 1p/19q-codeletion in each individual case was 
validated by an independent method. White rectangles, non-informative SNP; light grey rectangles, informative SNP with retained heterozygosity; 
black rectangles, informative SNP with loss of heterozygosity; crossed rectangles, data not evaluable. b Exemplary presentation of a two-dimensional 
plot generated by the Quantasoft™ Software (Bio-Rad Laboratories). Shown are the results of the ddPCR-based analysis of SNP rs1493695 in case 9, 
who exhibited a LOH at this locus. X axis, fluorescence intensity detected in the HEX-channel (channel 2); Y axis, fluorescence intensity detected in 
the FAM-channel (channel 1); pink line, threshold; grey dots, droplets with background fluorescence; green dots, droplets with fluorescence detected 
in the HEX-channel; blue dots, droplets with fluorescence detected in the FAM-channel; orange dots, droplets with signals in both channels. The 
tumor-DNA showed a reduced number of droplets in the FAM-channel (arrow) compared to the number of droplets in the HEX-channel (green 
dots). The blood-derived DNA of this patient is heterozygous for this SNP with nearly the same number of droplets counted in the FAM- and 
HEX-channel. c Results of ddPCR analyses of additional SNPs located on 1p or on 19q in 12 selected cases, including 10 tumors with only one 
informative locus on one or both chromosome arms and two of the cases that were not informative at the five initially studied SNPs on 19q (see 
Fig. a above). Note that all cases demonstrated additional informative SNPs that confirmed the initial results and allowed for complete 1ß/19q copy 
number evaluation in the two cases that initially were not informative on 19q
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heterozygous loci was 49.5% ± 0.45 in the leukocyte 
DNA samples of these 10 patients. In 1p/19q-codeleted 
tumors, the allele frequency of the lost allele was reduced 
to values between 4.8% and 39.8%, depending on the 
purity of the tumor tissue samples.

Using the threshold of 0.9% and 41.2% for the less com-
mon allele, we analysed 11 independent FFPE DNA sam-
ples from gliomas with known 1p/19q-codeletion as well 
as one sample with known retention of 1p/19q (Fig. 2a, b, 
samples 16–27). Ten samples showed informative SNPs 
on both chromosome arms and were correctly assigned 
as 1p/19q-codeleted. A single sample showed LOH on 1p 
but remained non-informative at each of the five SNPs on 
19q, and hence could not be fully evaluated for 1p/19q-
codeletion. The case with previously determined reten-
tion of both chromosomal arms [20] exhibited a partial 
deletion of rs3157 at 1p, but retained heterozygosity at 
the four other informative SNP marker.

To increase the percentage of informative loci, we eval-
uated a set of four additional SNPs located on 1p and four 
additional SNPs on 19q in selected tumors, including 10 
tumors with only one informative locus on one or both 
chromosome arms and two of the cases that were not 
informative at the five initially studied SNPs on 19q (case 
11 was not studied due to lack of residual tumor DNA). 
These experiments revealed one or more additional 
informative loci on the investigated chromosome arms in 
all 12 patients, including both cases that were initially not 
informative on 19q, and confirmed the individual copy 

number alterations as detected by the reference methods 
(Fig. 2c).

Clonality of 1p/19q codeletion, TERT promoter mutation 
and IDH mutation in IDH‑mutant and 1p/19q‑codeleted 
oligodendrogliomas
The quantitative determination of allele frequencies for 
SNVs and SNPs by ddPCR allows for the analysis of clon-
ality versus subclonality of different genetic alterations in 
a given tumor DNA sample. We exemplified this by com-
paring mutant allele frequencies of IDH1 or IDH2 and 
the TERT promoter, as well as deleted allele frequencies 
on 1p and 19q in a cohort of 20 IDH-mutant and 1p/19q-
codeleted oligodendrogliomas (Additional file 1: Fig. S7; 
Table  S10). We calculated the expected deleted allele 
frequency at the informative SNPs on 1p and 19q based 
on the MAF obtained for the TERT promoter mutation 
(Additional file 1: Fig. S7a, Table S10a) or the IDH muta-
tion (Additional file 1: Fig. S7b, Table S10b). Three of the 
20 oligodendrogliomas were TERT promoter wildtype. 
In 19/20 tumors, the IDH MAFs and in 16/17 tumors the 
TERT promoter MAFs corresponded well to the deleted 
allele frequencies on 1p and 19q, suggesting clonality 
of each of the three alterations in these tumors. In one 
tumor, however, the percentages of the lost alleles on 1p 
and 19q were more than 10% lower than the expected 
values calculated from the TERT and IDH1 MAFs, pos-
sibly suggesting 1p/19q codeletion as the initial clonal 
event in this particular tumor.

Fig. 3 Patterns of ddPCR-based SNP analyses for loss of heterozygosity on chromosome 10 in 13 control blood samples and 22 selected tumor 
samples, previously demonstrated to have losses on 10q only (tumor samples 1- 3), no losses on 10 (tumor sample 4), or losses on both 10p 
and 10q (tumor samples 5–22). White rectangles, non-informative SNP; light grey rectangles, informative SNP with retained heterozygosity; black 
rectangles, informative SNP with loss of heterozygosity. Tumor sample 1, astrocytoma, IDH-mutant, CNS WHO grade 2; Tumor sample 2, astrocytoma, 
IDH-mutant, CNS WHO grade 4; Tumor samples 3–22, glioblastoma, IDH-wildtype, CNS WHO grade 4. The majority of samples showed at least one 
informative (heterozygous) SNP on each chromosomal arm, except for 3 samples that were not informative at the SNPs on 10p, one sample that 
was not informative at the SNPs on 10q, and one sample that was not informative at the 8 SNPs at both chromosomal arms. Presence or absence 
chromosome 10 losses in the individual tumor cases were independently validated by other methods (see text)
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Chromosome 10 deletion
For the detection of chromosome 10 losses in gliomas, we 
designed SNP-based ddPCR assays as described above for 
1p/19q codeletion. We selected four SNPs in loci on 10p 
(rs1668538, rs10904642, rs7071770, rs1660620) and four 
SNPs in loci on 10q (rs1343043, rs4934493, rs626989, 
rs11816275) (Additional file 1: Table S4). We investigated 
constitutional (leukocyte) DNA from 13 patients as well 
as tumor DNA with known chromosome 10 deletion 
status [39] from 22 patients (18 from FFPE samples and 
four from fresh-frozen samples) (Fig.  3). Applying the 
cut-off values experimentally determined for the 1p/19q 
codeletion analysis by SNP-based ddPCR, 12 of the 13 
constitutional DNA samples were informative at one or 
more loci on each chromosomal arm, while one sam-
ple was informative on 10q but homozygous for all four 
loci on 10p. In 15 of 22 cases ddPCR analyses detected 
the losses on chromosome 10 previously determined by 
array-based comparative genomic hybridization [39]. 
One sample was homozygous (not informative) for all 
investigated SNP markers. One sample without LOH on 
chr10 retained both informative SNP markers on 10q, 
but was not informative for the four SNPs on 10p. Two 
samples were informative for SNP markers on either 
10p or 10q, but uninformative for the four SNP markers 
on the other chromosomal arm. In two cases one of the 
heterozygous SNP markers (rs10904642 and rs626989, 
respectively) showed MAF values slightly crossing the 

threshold of > 41.2%. A closer look at the allele frequency 
of the TERTp mutation detected in both tumors revealed 
a low frequency of the mutated allele (8.9% and 14.6%, 
respectively) pointing to a low tumor cell content in both 
tumor samples. This observation might explain that the 
MAF values of the SNP markers in both tumor cases 
were slightly below or above the threshold. In one case 
we could validate a loss on 10q, but additionally detected 
LOH at the informative SNP marker rs1660620 on 10p, 
indicating 10p losses that were not detected previously 
by array-CGH [39].

In 13 IDH-wildtype glioblastomas with chromosome 
10 losses and TERT promoter mutations (10 tumors 
with “C228T”, 3 tumors with “C250T”) we compared the 
TERT promoter MAFs with the deleted allele frequencies 
on chromosome 10 as detected by ddPCR (Additional 
file  1: Fig.  S7c). The allele frequencies matched well to 
each other, with minor differences between detected and 
calculated values ranging between 0.5% and 6.2% (Addi-
tional file 1: Table S11), except for one case with a differ-
ence of 15.0%, however, overall consistent with clonality 
of TERT promoter mutation and chromosome 10 losses 
in these tumors.

Chromosome 7 gain
For the detection of copy number gains on chromo-
some 7 we designed primer/probe assays with FAM-
labelled probes specific for the detection of four genes 

Fig. 4 Gene copy number changes on chromosome 7 detected by ddPCR-based copy number analysis in 10 control blood samples and 20 tumor 
samples, previously shown to have a chromosome 7 gain (tumor samples 1–13) or a balanced chromosome 7 status (tumor samples 14–20). The 
threshold for a copy number gain at an individual genomic locus was set to ≥ 2.5 according to Crespo et al. [43]. Tumor samples 1–15, glioblastoma 
IDH-wildtype, CNS WHO grade 4; Tumor sample 16, astrocytoma, IDH-mutated, CNS WHO grade 4; Tumor samples 17–18, diffuse midline glioma, 
H3 K27-altered; Tumor sample 19, pilocytic astrocytoma, CNS WHO grade 1; Tumor sample 20, others (atypical teratoid/rhabdoid tumor). White 
rectangles, copy number value < 2.5; light grey rectangles, copy number value ≥ 2.5 and < 5.0 (low-level copy number gain); black rectangles, copy 
number value ≥ 5.0 (high-level copy number gain/gene amplification); crossed rectangle, data not available. None of the control blood samples 
displayed evidence of gains of whole chromosome 7 indicative of trisomy 7. The results obtained by ddPCR for chromosome 7 gain by ddPCR were 
independently validated by other methods. Note that individual tumors demonstrated evidence for focal high-level copy number changes on the 
background of whole chromosome 7 gain
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(SDK1, STK31, GLI3, GBAS) mapping to 7p and four 
genes (PDK4, KCND2, TMEM213, SHH) mapping to 
7q. A primer/probe assay with a HEX-labelled probe 
specific for EIF4E3 on 3p13 was used as reference locus 
(Additional file  1: Table  S2). We investigated 10 consti-
tutional (leukocyte) DNA samples, and 20 tumor sam-
ples, including four low-grade gliomas, one IDH-mutant 
astrocytoma, CNS WHO grade 4, and 15 IDH-wildtype 
glioblastomas for copy number (CN) alterations of chro-
mosome 7 (Fig.  4). The mean CN determined for the 
constitutional DNA samples was 1.98 ± 0.04. Following 
the publication by Crespo et al. [43], we used a threshold 
for chromosome 7 low-level gain of ≥ 2.5, while CN gains 
of ≥ 5.0 were considered as high-level gain/amplification 
of the respective genomic region. Nine of the 16 inves-
tigated glioblastomas showed low-level gains for at least 
six of the eight investigated loci on chromosome 7. One 
of these tumors additionally showed a focal high-level 
gain of GBAS on 7p11.2 that was found to be coampli-
fied with EGFR in this case (Fig. 4). Three glioblastomas 
showed focal gains involving loci on 7p as well as on 7q. 
One glioblastoma exhibited only a gain for STK31 on 
7p15.3 and GLI3 on 7p14.1. The remaining three glio-
blastomas and the four low-grade gliomas showed no 
chromosome 7 gains. The data obtained by ddPCR in the 
20 tumor samples were validated by microarray-based 
copy number profiling using 850  k DNA methylation 
arrays [44] or by array-CGH [39, 40]. Ten of the 16 glio-
blastomas were also analysed by ddPCR for chromosome 
10 deletions. In total, six of these 10 glioblastomas dem-
onstrated chromosome 10 deletions by ddPCR analy-
sis previously verified by array-CGH [39], and therefore 
showed a + 7/-10 signature by ddPCR that was validated 
with independent methods.

EGFR gene amplification
EGFR gene copy number was first assessed by ddPCR in 
15 IDH-wildtype glioblastomas with previously demon-
strated EGFR amplification [20] (Fig. 5a, samples 1–15). 
Eight of these tumors additionally carried the EGFRvIII 
deletion (Fig. 5a, b). We first used two commercially avail-
able PrimePCR™ ddPCR copy number assays (Bio-Rad 
Laboratories Laboratories, Additional file  1: Table  S2) 
for EGFR exons 7 and 28. With these assays, we validated 
EGFR amplification in all 15 tumors, however, could not 
reliably identify the presence of the EGFRvIII variant by 
detecting higher copy numbers for exon 28 compared to 
exon 7 (Fig. 5a). This might be due to the larger amplicon 
size for EGFR exon 28 of 88 base pairs (bp) compared to 
64 bp for exon 7. Therefore, we designed a novel ddPCR 
assay for EGFR exon 28 with an amplicon size of 64 bp 
(Additional file  1: Table  S1). This allowed for detection 
of higher copy numbers for exon 28 compared to exon 7 

in 12 of 13 tumors investigated with both EGFR exon 28 
assays and resulted in the identification of one more case 
with EGFRvIII that was missed before (Additional file 1: 
Table S12, tumor no. 8). However, the EGFRvIII variant 
was not detected in the three glioblastomas shown to 
carry this alteration by other methods (Fig. 5a).

In a next step, we examined the EGFR copy number 
status in 10 lower grade gliomas for which we expected 
no EGFR copy number increase (Fig. 5a, samples 16–25). 
The mean EGFR copy number values in these sam-
ples were 1.9 ± 0.3 for exon  7 and 2.0 ± 0.2 for exon 28 
(Fig.  5b). Then, we analysed tumor DNA samples from 
19 IDH-wildtype glioblastomas with known EGFR status 
(Fig. 5a, samples 26–44). In 10 of the 19 samples, ddPCR 
identified EGFR amplification with a copy number range 
of 6.1—151.0 for exon 28, while the remaining nine sam-
ples lacked EGFR amplification. Subsequent analyses by 
real-time PCR-based copy number analyses confirmed 
the EGFR status determined by ddPCR in each of the 
29 tumors. Two of the EGFR-amplified samples showed 
lower copy number gains for EGFR exon 7 compared to 
exon 28 indicating the EGFRvIII variant. Using immuno-
histochemistry for EGFRvIII corroborated the presence 
of EGFRvIII-positive tumor cells in these two tumors as 
well as four additional glioblastomas with EGFR amplifi-
cation. These results indicate that ddPCR detects EGFR 
amplification in glioblastomas with high sensitivity and 
specificity (Additional file 1: Table S6). However, ddPCR-
based detection of EGFRvIII by comparing copy number 
levels at EGFR exon  7 and exon  28 in EGFR-amplified 
tumors has lower sensitivity as compared to EGFRvIII 
immunohistochemistry (Additional file 1: Table S6).

BRAF duplication
We used the ddPCR approach reported by Appay and 
co-workers [8] to investigate DNA extracted from FFPE 
samples of pilocytic astrocytomas of 20 patients for BRAF 
duplication as a surrogate marker for KIAA1549-BRAF 
fusions (Additional file 1: Fig. S8). All cases were previ-
ously analysed by reverse transcriptase real time-PCR 
for the presence of KIAA1549-BRAF fusion, and 13/20 
tumors exhibited fusions at the mRNA level. We adopted 
the primer and probe sequences as well as the assay con-
ditions and the threshold for copy number duplication 
(CN > 2.25) from Appay et al. [8]. Using these parameters, 
we observed a copy number gain > 2.25 in all 13 cases 
with KIAA1549-BRAF fusions and in one pilocytic astro-
cytoma lacking detectable KIAA1549-BRAF fusions by 
RT-PCR analysis (Additional file  1: Fig.  S8). We re-ana-
lysed this tumor by using an ARCHER® FusionPlex NGS 
panel and were able to validate a fusion of KIAA1549 
exon 14 to BRAF exon 8 in this case (Additional file  1: 
Fig.  S9). This fusion is not covered by the primer pairs 
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commonly used for RT-PCR-based fusion analysis [41]. 
Taken together, our data independently validate those 
reported by Appay et  al. [8] and support ddPCR-based 
detection of BRAF duplication in FFPE DNA as a sensi-
tive surrogate marker for KIAA1549-BRAF fusions.

CDKN2A homozygous deletion
The ddPCR-based assay for CDKN2A copy number 
analysis was evaluated by mixing DNA from CDKN2A 
homozygously deleted U87-MG cells with tumor DNA 
from a glioma that had retained both CDKN2A cop-
ies by ddPCR analysis (copy number: 1.85 ± 0.02). Both 

DNA samples were mixed in ratios of 90:10, 80:20, 70:30, 
60:40, and 50:50. 25  ng of each DNA mixture was used 
for ddPCR (Fig.  6a). The calculated copy numbers of 
the respective mixtures correlated well with the experi-
mentally detected copy numbers across all mixtures 
(Pearson’s  R2 = 0.9995). As a threshold for detection of 
CDKN2A homozygous deletion in a tumor DNA sample, 
we used a copy number value of 0.5, which could reli-
ably detect a homozygous deletion in a background of 
less than 25% non-deleted cells, i.e., a tumor cell content 
of ≥ 75% (Fig. 6a). Copy number values of ≥ 0.5 and < 1.5 
were regarded as suggestive for hemizygous deletions.

Fig. 5 Detection of focal copy number changes of the EGFR gene on chromosome 7p11.2. Copy number analysis was done by ddPCR using 
a PrimePCR™ ddPCR copy number assay (Bio-Rad Laboratories) for the analysis of exon 7 and a newly designed ddPCR assay for exon 28 copy 
number changes. a Schematic representation of EGFR copy number changes. Upper three rows, Results of EGFR amplification analysis by ddPCR 
assays. Lower two rows, Data obtained by independent methods. Tumor cohort 1 corresponds to selected cases with known EGFR copy number 
status before ddPCR analysis for EGFR amplification. In tumor cohort 2, results obtained by ddPCR were validated afterwards by other methods. 
Tumor samples 1–15, 26–44, glioblastoma, IDH-wildtype, CNS WHO grade 4 (samples 1 and 2, 11 and 12 as well as 13 and 14 are pairs of primary 
and recurrent tumor); Tumor samples 16–19, oligodendroglioma, IDH-mutant, and 1p/19q codeleted, CNS WHO grade 2; Tumor samples 20–25, 
oligodendroglioma, IDH-mutant, and 1p/19q codeleted, CNS WHO grade 3. White rectangles, no EGFR amplification (EGFR copy number < 5.0); black 
rectangles, EGFR gene amplification (EGFR copy number ≥ 5.0); grey rectangles; EGFRvIII variant; crossed rectangles, data not available. b Exemplary 
presentation of two-dimensional plots generated by the Quantasoft™ Software. Shown are the results of the ddPCR-based analysis of EGFR exon 7 
and exon 28 copy number changes in the tumor samples 6 and 18. X axis, fluorescence intensity detected in the HEX-channel (channel 2); Y axis, 
fluorescence intensity detected in the FAM-channel (channel 1); pink line, threshold; grey dots, droplets with background fluorescence; green dots, 
droplets with fluorescence detected in the HEX-channel; blue dots, droplets with fluorescence detected in the FAM-channel; orange dots, droplets 
with signals in both channels. Tumor sample 6 exhibited a high-level EGFR amplification and the EGFRvIII variant. Note the high number of blue dots 
in channel 1 for EGFR exon 28 compared to the green dots in channel 2 for the reference gene, whereas the number of blue dots in channel 1 for 
exon 7 are markedly lower than for exon 28. Tumor sample 18 showed no EGFR copy number change with nearly the same number of droplets for 
exon 7 and exon 28 in both channels
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To validate the CDKN2A ddPCR assay in glioma tis-
sue samples, we investigated 66 gliomas of different 
types with known CDKN2A copy number status deter-
mined by NGS [20] and/or a TaqMan™ copy number 
assay with the reference gene RPPH1, including 10 cases 
with homozygous CDKN2A deletion (Fig.  6b, c, Addi-
tional file 1: Table S13). All 10 cases were also detected 

by ddPCR as being homozygously deleted. In addition, 
we detected homozygous CDKN2A deletion by ddPCR in 
three more tumors that appeared as carrying a hemizy-
gous deletion using the TaqMan™ copy number assay. 
All three cases exhibited a copy number close to the 
threshold of 0.5 either slightly lower than the threshold 
using ddPCR or slightly higher than the threshold using 
the TaqMan™ copy number assay. Among the remain-
ing 53 tumors, 28 tumors showed reduced copy number 
values suggestive of hemizygous CDKN2A deletion by 
ddPCR, 21 (75%) of which also showed correspondingly 
reduced CDKN2A copy numbers in the TaqMan™ copy 
number assay, seven tumors had calculated copy number 
values above the threshold of 1.5 by using the TaqMan™ 
copy number assay. Strikingly, the cases with incongru-
ent results always exhibited higher copy number values 
using the TaqMan™ copy number assay compared to 
ddPCR. In total, the results of ddPCR were corroborated 
by TaqMan™ copy number or NGS analyses in 56 of 66 
(85%) cases.

Fig. 6 Detection of CDKN2A tumor suppressor gene deletions 
in gliomas by ddPCR-based copy number analysis. a Results of 
Pearson´s correlation analysis of the calculated CDKN2A copy 
number compared to the detected copy number (CN) in mixtures 
of U87-MG DNA, which has a homozygous deletion of CDKN2A, 
and a control DNA that retained both CDKN2A copies. The copy 
numbers of the undiluted DNA were determined by ddPCR (100% 
U87-MG DNA: mean CN 0.0; control-DNA: mean CN 1.85 ± 0.02). 
b Results of CDKN2A copy number analyses using a PrimePCR™ 
ddPCR copy number assay (Bio-Rad Laboratories) in 66 glioma 
samples in comparison to other methods (NGS or qPCR). homodel, 
homozygous deletion; hemidel, hemizygous deletion; ddPCR, droplet 
digital PCR; NGS, gene panel next generation sequencing [20]; qPCR, 
semiquantitative real-time PCR. Note that ddPCR-based analysis 
identified three tumors with homozygous CDKN2A deletion that 
were considered as showing hemizygous deletions with the other 
methods. c Fluorescent intensity of the droplets after duplex-PCR 
using a PrimePCR™ ddPCR copy number assay (Bio-Rad Laboratories) 
for amplification of a 66 bp-fragment of the CDKN2A locus (upper 
row) together with self-designed primers for amplification of a 
86 bp-reference gene locus (lower row) (NCKAP5, see Additional 
file 1: Table S2). X axis, number of droplets with fluorescence; Y axis, 
fluorescence intensity detected in the FAM-channel (Channel 1, blue 
dots) and HEX-channel (Channel 2, green dots); pink line, threshold; 
grey dots, dots with background fluorescence of non-incorporated 
probes; Lane 1, the IDH-mutated astrocytoma, CNS WHO grade 4, 
exhibited a homozygous deletion of the CDKN2A locus (CN < 0.5). 
Note that the number of blue droplets are markedly lower than 
the number of green droplets indicating a homozygous CDKN2A 
deletion. The few remaining blue droplets were caused by CDKN2A 
non-deleted cells. Lane 2, the glioblastoma, IDH-wildtype, CNS WHO 
grade 4, retained both copies of CDKN2A and showed nearly the 
same numbers of droplets in channel 1 and channel 2. Lane 3, no 
template control
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Workflow for ddPCR-based molecular diagnostics 
of gliomas in the routine setting
Following the validation of the ddPCR-based assays 
reported above, we decided to translate the technology 
into routine molecular diagnostic application. We there-
fore established standard operating procedures for each 
assay that are being followed in routine diagnostics. The 
general work flow for the ddPCR-based molecular diag-
nostics is depicted in Additional file  1: Fig.  S10, which 
shows that each ddPCR analysis can be accomplished 
within one working day, starting from extraction of DNA 
and ending with the evaluation of the ddPCR results. 
Moreover, all investigated ddPCR assays detected the 
respective diagnostic alterations with high sensitivity, 
specificity, accuracy, and precision in relation to the indi-
vidual reference methods (Additional file 1: Table S6).

Discussion
We report on the application and validation of ddPCR-
based analyses for the detection of diagnostic molecu-
lar biomarkers in gliomas. In total, ddPCR-based assays 
for the following molecular biomarkers were evaluated: 
IDH1 codon 132 mutations, IDH2 codon 172 mutations, 
H3-3A codon 28 mutation, H3-3A codon 35 mutations, 
TERT promoter mutations, BRAF codon 600 mutations, 
PRKCA codon 463 mutation, 1p/19q codeletion, chro-
mosome 7 gain and chromosome 10 loss (+ 7/-10), EGFR 
amplification, CDKN2A homozygous deletion, and BRAF 
duplication as surrogate marker for KIAA1549-BRAF 
gene fusions. Sensitivity, specificity, accuracy and preci-
sion of the respective ddPCR-assays was determined in 
relation to established methods for each diagnostic alter-
ation. Collectively, the reported assays cover nearly all 
of the diagnostic biomarkers required for the classifica-
tion of adult-type diffuse gliomas according to the WHO 
classification 2021 [1]. At present, only ATRX mutation 
is a biomarker that cannot be assessed in a reasonable 
manner by ddPCR due to the widespread distribution of 
mutations across the entire gene [45]. However, loss of 
nuclear ATRX expression is easily detectable by immuno-
histochemistry to distinguish IDH-mutant astrocytomas 
from IDH-mutant and 1p/19q-codeleted oligodendro-
gliomas [46, 47].

Our data are supporting and extending recent reports 
on the use of ddPCR assays to detect mutations in glioma 
tissue samples, including IDH mutations [29, 48, 49], 
TERT promoter mutations [49, 50], H3-3A mutations 
[51], and BRAF duplication [8]. In addition, successful use 
of ddPCR for detection of FGFR1 mutations and internal 
tandem duplication of the tyrosine-kinase domain in dys-
embryoplastic neuroepithelial tumors has been reported 
[51, 52]. Collectively, our findings and the published 
data clearly indicate ddPCR-based analyses as a robust, 

sensitive and specific method that enables the detection 
of even low-abundance mutations in a high background 
of wildtype sequence. Our study indicates that MAFs of 
as low as 1%—1.5% can be reliably detected by ddPCR 
in DNA extracted from FFPE tumor specimens, a find-
ing in line with previous studies, which indicated similar 
or even lower limits of detection depending on the indi-
vidual assay and the amount and type (DNA from FFPE 
or frozen tissue samples) of template DNA [25, 28, 29]. 
In our experiments, we typically used 20–30 ng of tem-
plate FFPE DNA as input for ddPCR analysis, however, 
we show that lower amounts of down to 1 ng of template 
DNA may still allow for reliable mutation detection. 
Again, this finding is in line with data from other stud-
ies using low amounts of template DNA, e.g. for detec-
tion of glioma-associated mutations in cell-free DNA 
(cfDNA) or exosomal RNA extracted from cerebrospinal 
fluid (CSF) samples [53–55] or cfDNA in blood serum 
[50]. Overall, analytical sensitivity of ddPCR is consid-
erably higher compared to Sanger sequencing, which 
is commonly used as the diagnostic standard method, 
as demonstrated in our dilution series for selected IDH 
mutations and TERT promoter mutations, as well as in 
another study for BRAF and TERT promoter mutations 
in melanoma FFPE tissues [56]. The increased analytical 
sensitivity of ddPCR is not associated with reduced spec-
ificity [48, 49, 57], as also demonstrated in our study by 
the validation of ddPCR results with other methods.

A specific advantage of ddPCR compared to qualitative 
or semiquantitative approaches is the generation of abso-
lutely quantitative data on mutant allele frequencies and 
DNA copy numbers [26]. This allows for the definition of 
cut-off values for reliable detection of mutations, even at 
low MAFs, and the distinction of different levels of copy 
number variations, such as the diagnostically relevant 
distinction between low-level gain from high-level gain 
(amplification) of the EGFR gene in IDH-wildtype glio-
blastomas, and homozygous from hemizygous deletion of 
the CDKN2A gene in IDH-mutant astrocytomas. Moreo-
ver, the quantitative ddPCR data enable the distinction 
of clonal (early) from subclonal (later) genetic altera-
tions by comparing allele frequencies in a given tumor 
sample. Thereby, we found that chromosome 10 deletion 
and TERT promoter mutation are both clonal in most 
IDH-wildtype glioblastomas, which is in line with previ-
ous whole genome sequencing data showing TERT pro-
moter mutations as clonal events in the majority of these 
tumors, while subclonal TERT promoter mutations were 
found in a subset of IDH-wildtype glioblastomas [58]. In 
IDH-mutant and 1p/19q-codeleted oligodendrogliomas, 
we found that IDH mutation, TERT promoter mutation, 
and 1p/19q codeletion are clonal alterations in the vast 
majority of tumors. In addition, ddPCR-based detection 
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of early (clonal) mutations such as IDH mutation, TERT 
promoter mutation and chromosomal losses like 1p/19q 
codeletion or chromosome 10 deletion may serve as an 
objective means to assess tumor cell content in a given 
tissue sample more accurately than microscopic evalua-
tion. This might be of relevance to assure sufficient tumor 
cell content for correct evaluation of deletions, e.g. the 
distinction of homozygous from hemizygous CDKN2A 
deletion in an IDH-mutant astrocytoma.

In comparison to microsatellite-based LOH analyses 
for 1p/19q-codeletion or loss of chromosome 10, the 
SNP-based ddPCR-assays reported in this study have 
the advantage of not requiring additional investigation 
of constitutional (leukocyte) DNA as reference. A limi-
tation, however, is the lower degree of heterozygosity at 
the SNP loci compared to highly polymorphic micro-
satellite loci, which in a minor fraction of patients may 
reveal non-informative data due to homozygosity of all 
markers on the respective chromosome arm. As demon-
strated here for 1p/19q codeletion testing, this issue can 
be addressed by investigation of additional SNPs in such 
cases, which also substantiated the findings in our cases 
initially showing only single informative SNPs on either 
chromosome arm.

An important advantage of the ddPCR technology 
relates to the fast generation of results, with the time 
required from extraction of DNA to completed evalua-
tion of the PCR results being less than 8 h, hence provid-
ing diagnostic molecular results within a single day. Thus, 
the approach can considerably speed up the routine diag-
nostic process for gliomas, in particular when compared 
to NGS and microarray-based methylation profiling that 
typically require several working days for data generation 
[44]. On the other hand, however, NGS approaches allow 
for a more comprehensive detection of mutational land-
scapes [18–20], and DNA methylation profiling enables 
epigenetic tumor classification and detection of genome-
wide copy number aberrations [21], which both can-
not be accomplished by ddPCR analyses. Hence, each of 
these molecular diagnostic approaches provides distinct 
advantages that complement each other in the routine 
diagnostic setting.

A potential limitation of ddPCR relates to the require-
ment of multiple PCR reactions to detect different types 
of mutations in a given gene, e.g. at IDH1 codon 132 or 
IDH2 codon 172, or several loci across chromosomal 
arms, e.g. for 1p/19q codeletion or + 7/-10 testing. For 
example, the amount of tumor DNA for the 20 ddPCR 
runs needed for IDH mutation and 1p/19q codeletion 
analyses sums up to 500 ng when 25 ng DNA is used for 
each individual run. In case of limited DNA availability, 
e.g. due to small tissue samples, this may require reduc-
tion of DNA input or the use of multiplex assays [51] 

or drop-off ddPCR approaches [59] for joint analyses of 
more than one mutation in a single run. Nevertheless, 
the requirement of DNA template for analyzing multiple 
biomarkers by ddPCR is higher when compared to paral-
lel analysis of multiple genes by NGS-based gene panel 
sequencing [18–20].

A further limitation concerns the ddPCR assay used 
for EGFR copy number analysis. While this assay reli-
ably detected EGFR amplification, i.e., one of the relevant 
molecular biomarkers for IDH-wildtype glioblastoma 
[60], its analytical sensitivity for additional detection of 
the EGFRvIII variant in EGFR-amplified glioblastomas 
was lower compared to RT-PCR analysis and immu-
nohistochemistry. As previously reported [30, 31], this 
relates to the fact that EGFRvIII may be restricted to sin-
gle tumor cells or minor tumor cell fractions, which do 
not result in intragenic copy number differences detect-
able at the DNA level by ddPCR or other DNA-based 
approaches such as gene panel NGS and multiplex-liga-
tion probe amplification (MLPA).

In summary, our findings and those reported by other 
groups [8, 28, 29, 32, 42, 48–52] clearly support ddPCR-
based analyses as a valuable approach for robust, rapid 
and quantitative detection of glioma-associated, diagnos-
tically relevant SNVs and CNVs in the routine diagnostic 
setting. The glioma-tailored ddPCR assays reported to 
date may be continuously complemented by novel assays 
for the detection of further diagnostic alterations in glio-
mas and other primary brain tumor types.
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V600K (b) mutations in FFPE DNA using ddPCR. Fig. S4 Detection of 
H3-3A p.K28M and H3-3A p.G35R/V mutations in FFPE DNA using ddPCR. 
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