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ABSTRACT

Background: Glioma recurrence can be divided into in situ recurrence and non-in situ recurrence, and the mutation evolution
of gliomas with different recurrence patterns is still unknown. We used sequential sequencing of circulating tumor DNA (ctDNA)
to compare the somatic mutation profile and clonal evolution of gliomas with different recurrence patterns. To investigate the
value of ctDNA in predicting early postoperative tumor recurrence and guiding prognosis stratification in patients with glioma.
Methods: We prospectively recruited 92 patients with near-total resection of gliomas from our center. Two hundred and thirty-
four postoperative tissue and Tumor In Situ Fluid (TISF) samples from 69 eligible patients were included in ctDNA analysis.
Results: Among the 69 patients, 37 glioblastoma (GBM) patients experienced recurrence, and the median progression-free sur-
vival (mPFS) was not significantly different between the situ recurrence group and the non-in situ recurrence group (8.6 vs.
6.1months). The ctDNA of recurrent tissue and TISF were significantly consistent. Before and after initial treatment, TISF-
ctDNA mutant allele fraction (MAF), subclonal mutation, and alterations in related pathways (lysine degradation and PI3K
pathway) were negatively correlated with treatment response and PFS. Among recurrent GBM patients, EGFR mutations were
the most common. Mutations related to the RTK-RAS pathway (NF1) were most common in patients with situ recurrent GBM,
while mutations in the MUC family and TP53 pathway (MUC16, CHEK2) were prevalent and continuously increased in patients
with non-in situ recurrent GBM.

Conclusions: In glioma patients undergoing primary surgery, dynamic monitoring of ctDNA and genotyping can be used for
early risk stratification, efficacy monitoring, and early recurrence detection, and provide a basis for clinical research to evaluate
early therapeutic intervention.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
© 2025 The Author(s). Cancer Medicine published by John Wiley & Sons Ltd.

Cancer Medicine, 2025; 14:¢70733 1of12
https://doi.org/10.1002/cam4.70733


https://doi.org/10.1002/cam4.70733
https://doi.org/10.1002/cam4.70733
https://orcid.org/0009-0003-2340-5393
https://orcid.org/0009-0000-2549-4068
https://orcid.org/0000-0003-4290-9514
https://orcid.org/0000-0001-5418-6902
https://orcid.org/0000-0003-2486-659X
mailto:
https://orcid.org/0000-0002-2179-9742
mailto:xingyaob@zzu.edu.cn
http://creativecommons.org/licenses/by/4.0/

1 | Introduction

Glioma is the most common malignant primary brain tumor
[1, 2]; its incidence increases with age. Despite aggressive first-
line therapy, recurrence is inevitable [3-5]. Studies have re-
ported the evolutionary trajectory of glioblastoma at recurrence,
suggesting that recurrent glioblastomas typically regrow from
an oligoclonal origin, indicating minimal selective pressure for
therapeutic measures [6]. The genomic pathways leading to re-
currence are highly specific, generally classified into linear and
divergent recurrence. The former exhibits extensive genetic sim-
ilarity to the primary tumor, while the latter shares few genetic
alterations and originates from cells branching early in tumori-
genesis [7]. The TP53 pathway, TERT promoter mutations, and
LTBP4 mutations in the TGF-f3 pathway are potential predictors
of glioblastoma recurrence [6-8]. However, these studies have
used only tumor tissues, limiting longitudinal assessment of ge-
netic variation. Comparative studies of genetic variation across
different recurrence patterns are scarce. In this study, the recur-
rence of gliomas was divided into the local (in situ) recurrence
group and the non-in situ recurrence group, and the molecular
evolution between the two groups was longitudinally studied to
explore the molecular mechanism of different recurrence pat-
terns of gliomas.

Circulating tumor DNA (ctDNA) is a promising biomarker to
identify tumor mutation characteristics [9-12], enabling real-
time tracking of tumor evolution and treatment response [13].
However, due to the limitations associated with glioma growth
positions, cerebrospinal fluid (CSF) obtained by lumbar punc-
ture is not an ideal source for evaluating glioma genetic charac-
teristics [14, 15]. Previous studies from our group have shown
that ctDNA from Tumor In Situ Fluid (TISF) can overcome
these limitations, providing valuable information for diagno-
sis and prognosis [16-20]. TISF tumors are more representative
than the DNA of cerebrospinal fluid, contributing to the sensi-
tivity of tumor DNA and the clinical management of patients
with glioma and clinical research. Tumor fluid in situ (TISF)
collected through the postoperative tumor cavity is emerging as
an attractive alternative.

In this prospective cohort study, we aimed to use longitudinal
dynamic TISF-ctDNA monitoring to evaluate the molecular and
clonal evolution of gliomas and predict the recurrence risk of gli-
omas with different recurrence patterns. These results may as-
sist in early recurrence prediction and intervention, ultimately
improving patient management.

2 | Materials and Methods
2.1 | Study Design and Participants

This prospective study (ClinicalTrials.gov, NCT 05512325) was
designed and conducted at Henan Provincial People's Hospital
(Zhengzhou, China). From April 10, 2019 to October 16, 2023, 69
patients diagnosed with glioma (grade II, III,and IV) in Henan
Provincial People's Hospital (HPPH) were included in this study.
A total of 69 patients diagnosed with glioma (grade II, III, and
IV) after primary surgery were selected from Henan Provincial
People's Hospital (HPPH). Inclusion criteria were aged > 18 years

old, near-total resection of the lesion, and no history of malig-
nancy in the last 5years. The exclusion criteria are as follows: (a)
having other infectious diseases or immunodeficiency diseases;
(b) non-neurological malignancies; (c) drug abuse; (d) serious
mental illness; (¢) uncontrolled diabetes. Sixty-nine patients
were eligible for analysis of postoperative ctDNA performance,
and the baseline characteristics of the patients are shown in
Table 1. This study has obtained HPPH (Zhengzhou, China)
institutional review board and ethical committee approval. All
patients and/or their legal representatives provided written in-
formed consent to participate in the study and provide samples
for tumor genetic profiling. All research procedures conformed
to the principles of the Helsinki Declaration.

2.2 | Sample Collection, DNA Extraction,
and Library Preparation

Tumor in Situ Fluid (TISF) samples were collected as previ-
ously described [17-21]. A small amount of TISF (0.5-2mL)

TABLE 1 | Clinical characteristics of the study cohort at baseline
(N=69).

Characteristic Patients (n=69)
Age, median (range), y 53 (49-58)
<60y 46 (66.7%)
Sex
Male 32 (46.4%)
Histology
Oligodendroglioma 12 (17.4%)
Astrocytome 13 (18.8%)
Glioblastoma 44 (63.8%)
First-line therapy
Chemotherapy 69 (100%)
Radiotherapy 23 (33.3%)
MGMT promoter methylation status
Unmethylated 21 (30.4%)
Methylated 22 (31.9%)
Not reported 26 (37.7%)
ECOG performance status
0 21(30.4)
1 48 (69.6%)
Additional sequencing
Tissue sequencing 43 (62.3%)
TISF sequencing
Basel 69 (100%)
After treatment 67 (97.1%)
Recurrence 43 (62.3%)
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was obtained by syringe from the implanted reservoir sac
every 4-8 weeks. TISF is the fluid present in the local surgical
cavity. ctDNA profiles from tumor tissue and TISF samples
can be used to assess the dynamic evolution of the tumor in
real time, with 5mL of blood collected as a germline DNA
control.

Genomic DNA (gDNA) and cell-free DNA (cfDNA) were ex-
tracted from fresh tissue, formalin-fixed, paraffin-embedded
(FFPE) tissue, leukocytes, and tumor interstitial fluid (TIF)
using kits (Kai Shuo, Thermo), respectively. Extraction proce-
dures were performed according to the manufacturer's instruc-
tions. DNA was quantified using the Qubit dSDNA HS Assay Kit
(Thermo) with a Qubit fluorescence quantifier, and its quality
was assessed using the Agilent 4200 TapeStation (Agilent).

Commercial reagents and custom probes were used for library
construction and hybridization capture. Briefly, Gdna (15ng-
200ng) was cleaved into fragments ranging from 200 to 350bp
using a fragmenting enzyme. A self-developed and customized
index paired-end adapter (SimcereDx) based on the Illumina
platform was used. The cleaved DNA and cfDNA were subjected
to end repair, A-tailing, and adapter ligation with the use of a li-
brary preparation kit (Roche Diagnostics, Vazyme), respectively.
Unattached adapters were removed using agcourt AMPure XP
magnetic beads (Beckman Coulter). The ligation products were
then subjected to PCR amplification to create a pre-library for
hybridization. The final library's quantification was conducted
using the Qubit Fluorometer with the Qubit dsSDNA HS Assay
kit (Thermo Fisher), and the library's quality was assessed using
the Agilent 4200 TapeStation (Agilent).

2.3 | Library Sequencing and Bioinformatics
Analysis

The qualified DNA libraries were sequenced using the Illumina
NovaSeq6000 platform (Illumina, San Diego, CA) to gener-
ate 150bp paired-end reads. Adapter trimming and filtering
of low-quality bases were performed using the software fastp
(v.2.20.0). The reads were then aligned to the reference genome
(hg19, GRCh37 of UCSC) using the BWA-MEM (v.0.7.17) algo-
rithm. Duplicate reads in PCR were removed using Dedup and
Error Correct. SNVs/indels were called and annotated using
VarDict (v.1.5.7) and InterVar, respectively. These variants were
then screened for common SNPs from public databases (1000
Genome Project, EXAC). CNVKit (dx1.1) was used to analyze
CNVs, and factera (v1.4.4) was used to analyze fusion genes.

2.4 | Treatment Regimens

2.41 | High Grade Glioma

Patients received concurrent chemoradiotherapy (TMZ, 75mg/
m?/d for 42days) 4weeks after surgery. Thereafter, TMZ was
administered orally at 150 mg/m?/d every 4 weeks for 5days, re-

peated every 28 days for 6 cycles.

Low grade glioma: Patients received postoperative chemother-
apy (TMZ 150 mg/m?/d for 5days) every 4weeks for 6 cycles.

2.4.2 | Recurrent Glioma

Surgery was recommended. Patients who refused surgery were
given bevacizumab (5mg/kg, IV) combined with TMZ 150mg/
m?/d orally for 5days, repeated every 21days, for a total of
6cycles.

2.4.3 | Bevacizumab-Refractory Recurrent Glioma

Bevacizumab 3mg/kg combined with sintilimab (an anti-PD-1
antibody)200 mg intravenously; This was repeated every 21 days
for six cycles.

2.5 | Analysis of the Consistency of Genetic
Mutations

All samples were sequenced to obtain somatic mutations and
driver gene variants, and ctDNA consistency analysis was per-
formed after copy number alterations (CNAs) or nondriver gene
variants were removed [22].

2.6 | Mutation Clonality Analysis

If the mutated VAF at baseline exceeds 25% of the maximum
VAF, the mutation is considered clonal, and if it is below this
threshold, it is defined as subclonal. Newly acquired mutations
in subsequent samples are often defined as subclonal muta-
tions [23].

2.7 | Statistical Analysis

The Kaplan-Meier curves for survival analysis. Using Cox pro-
portional hazards models to determine each research variable
associated with survival results. Continuous variables were
compared using unpaired two-tailed t-tests, and categorical
variables between groups were compared using the chi-square
test or Fisher's exact test. Overall survival (OS) was defined as
the time from the initiation of first-line therapy to the death or
last follow-up time. Progression-free survival (PFS) was defined
as the time from the initiation of first-line therapy to first disease
progression or death. The treatment response was evaluated ac-
cording to the Neuro-oncology Response Evaluation (RANO)
criteria. All statistical analyses were performed using R soft-
ware (version 3.5.3). p<0.05 was considered to be statistically
Significant. The study funders had no role in study design, data
collection, analysis, interpretation, or manuscript writing.

3 | Results
3.1 | Characteristics of the Study Cohort

The flowchart of the study is shown in Figure 1. Sixty-nine pa-
tients were included in the postoperative ctDNA performance
analysis. All patients received first-line treatment after tumor
resection. Administration was not interrupted during any
treatment cycle. The median age of all patients was 53years
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92 newly diagnosed .
glioma patients (grade I,

All patients received | | *
Standard treatment

I, IV) were screened * 67 patients * 1 patient pseudoprogression
between April 2019 and underwent TISF- * 9 patients underwent
October 2023, 69 ctDNA detections TISF/tissues ctDNA

patients were enrolled. after treatment detections after PD

47 patients had disease
progression

At baseline: At 4-8 week: At disease progression:
* 69 TISF samples * 67 TISF samples * 44 TISF samples
* 45 tumor tissues * Radiographic evaluation | [+ 9 tumor tissues

» Radiographic evaluation

» Radiographic evaluation

All samples were subjected to next-generation
sequencing targeting 551 cancer-related genes

FIGURE1 | Flowchart of the study design and participants. The study design and sample collection timepoints are shown with the number of

patients and available samples. PD, progressive disease; TISF, tumor in situ fluid.

(49-58years), and 32 (46.4%) were male. According to the clin-
icopathological examination, 44 cases (63.8%) were GBM, 13
cases (18.8%) were astrocytoma, and 12 cases (17.4%) were oligo-
dendroglioma. The median PFS and OS were 14.9 months (95%
CI: 9.0-20.8) and 30.4months (95% CI: 24.1-36.8), respectively.
The median progression-free survival (mPFS) was not signifi-
cantly different between the situ recurrence group and the
non-in situ recurrence group (8.6 vs. 6.1 months).

TISF samples were obtained from all patients at baseline, and
plasma samples were collected to exclude germline mutations.
Forty-five patients had paired primary tumor tissue at baseline.
TISF samples were collected from 67 patients 4-8 weeks after
first-line treatment. By the data deadline (October 2023), 47 pa-
tients were diagnosed with disease progression, and 33 cases of
death. The median time to disease progression was 9.9 months
(95% CI: 5.6-14.3) in GBM patients, while the median time to
disease progression was not reached in oligodendroglioma and
astrocytoma patients.

3.2 | Concordance of Genomic Alteration
Detection in TISF and Tumor Tissue Samples

Tissue and TISF samples from 45 glioma patients were avail-
able for concordance analysis. Among them, the patient di-
agnosed with pseudoprogression after surgery (Patient 37)
had no detectable genomic alterations in either TISF or re-
current tissue before recurrence. A median of 40.0% (95% CI:
0%-60.0%), 4.0% (95% CI: 0%-27.3%), and 7.1% (95% CI: 0%—
92.3%) genomic alterations were detected in the ctDNA of pri-
mary tissues in basal-TISF, relapse-TISF, and relapse tissues,
respectively. There was low consistency between recurrent
tumor ctDNA and primary tumor ctDNA (Figure 2A). In con-
trast, genomic alterations were detected in a median of 100%
(95% CI: 60.0%-100%) of relapsed tissue in relapsed TISF-
ctDNA (Figure 2A). We further demonstrate the concordance
between TISF and tissue ctDNA and that TISF can character-
ize gene evolution in gliomas in real time.

3.3 | ctDNA Displays Unique Genetic Profiles
of Glioma Recurrence

Comparing the common gene profiles of 69 patients with dif-
ferent grades of glioma at different time points (Figure S1),
TP53 mutations were the most commonly altered genes in
GBM, followed by NF1 mutations. After comparing common
genetic alterations at baseline and after treatment in 42 pa-
tients with glioblastoma, we found that only MUC16 gene
mutation frequency increased, while the remaining genes de-
creased (Figure 2B).

44/47 patients with recurrent TISF ctDNA samples, includ-
ing GBM (n=35), oligodendroglioma (n=4), and astrocytoma
(n=5), including 25 cases of in situ recurrence, 18 cases of
non-in situ recurrence, and one case (P37) of pseudoprogression;
EGFR is the most common mutated gene in rGBM, followed by
NF1 (Figure 2C). In rGBM, MUC16 and CHEK2 mutation rates
were higher in the non-in situ recurrence subgroup than in the
in situ recurrence subgroup, whereas NF1 was more common in
the in situ recurrence subgroup (Figure 3A).

The detection rate of CNAs in patients with non-in situ recur-
rence (61.5%, 8/13) was higher than that in patients with in situ
recurrence (47.6%, 10/21). H3F3B amplification was the most
common CNA. The mutation rates of common CNAs were
higher in the non-in situ recurrence group than in the in situ
recurrence group (Figure 3B).

Finally, the alterations of signaling pathways in different re-
currence patterns were counted. Somatic mutations were clas-
sified according to oncogenic signaling pathways previously
reported in TCGA and KEGG (Kyoto Encyclopedia of Genes and
Genomes). We found that the signaling pathway changes differ-
ently in gliomas with different recurrence patterns. Mutations
associated with the RTK-RAS pathway were the most common
in patients with in situ rGBM, and we observed a continuous de-
cline in TP53 and PI3K pathway-related mutations. In contrast,
mutations associated with the MUC family pathway were most
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common and consistently increased in patients with non-in situ
rGBM (Figure 3C).

3.4 | Clonal and Subclonal Evolution During
First-Line Treatment of Gliomas

We defined clonal and subclonal mutations as described in the
Methods section. At baseline, four TISF samples were negative
for ctDNA. At least one subclonal mutation was identified in
56.5% (39/69) of TISF samples (Figure 4A). TP53 was enriched
as a clonal mutation in TISF samples from rGBM patients. The

overall proportion of clonal mutations in TISF samples decreased
after treatment, mainly due to the clearance of clonal mutations
and the acquisition of new subclonal mutations (Figure 4A,B).
Among the mutations detected in TISF samples collected after
treatment, subclonal mutations >50% of GBM patients have a
worse prognosis (PFS: 6.4months vs. 16.5months, HR=2.578,
p=0.005; OS: 17.3months vs. 29.8 months, HR=1.721, p=0.03;
Figure 4C).

We then analyzed the evolution of clonal and subclonal muta-
tions in patients with different recurrence patterns. The com-
mon subclonal mutation in the in situ recurrence group was
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NF1, while the common subclonal mutation in the non-in situ
recurrence group was MUC16 (Figure 4D).

3.5 | Independent Predictive Value of ctDNA

Of the 69 patients enrolled in the trial, all had biopsy samples
available for ctDNA analysis, and 36 patients (52.2%) had TISF
data available for TMB assessment. All patients were assessed
for response to first-line therapy according to RANO criteria;
21 patients (30.4%) achieved CR, 22 patients (31.9%) achieved

PR, and 26 patients (37.7%) achieved SD. To explore the prog-
nostic value of ctDNA levels for each TISF sample at different
time points, we calculated the MAF of all mutations detectable
for each sample. By assessing the prognostic value of different
MAF thresholds, 1%MAF was selected. Univariate Cox regres-
sion analysis showed that age (> 60years), imaging evaluation
(SD vs. CR/PR), MAF after treatment > 1%, MAF change (Rise
vs. Down), and subclonal dominance after treatment (>50%)
were significantly associated with PFS in GBM patients. In mul-
tivariate analysis, age, imaging evaluation (SD vs. CR/PR), and
MAF change were independent risk factors (Figure 5A).

A Progression-free survival
Univariate  p Multivariate  p
Subclonal dominant(>50%)(After treatment) —a— 0.038 —a— 0.246
Subclonal dominant(>50%)(Baseline) —— 0.055
MAF>1%(After treatment) —a— 0.051 —a— 0.858
MAF>1%(Baseline) —a— 0.053
Age>60 —a— 0.022 —a— 0.011
MAF-Rise —#— <0.0001 —8—0.001
Clinical response(SD) —8—1<0.0001 —8—10.002
Sex(Male) I—T—i 0.988
I T 1 r T 1
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FIGURES5
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| Independent predictive value of ctDNA. (A) Univariate and multivariate analysis of glioblastoma recurrence prediction with multiple
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ing an unpaired two-tailed t-test. (C) Univariate and multivariate COX analysis of signaling pathway alterations to predict glioblastoma recurrence.
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The ctDNA level at baseline and after treatment was associated
with a significant response to treatment. SD patients had signifi-
cantly higher levels than CR/PR patients (unpaired two-tailed ¢-
test, p=0.032, p=0.034; Figure 5B). We then calculated whether
the changes in signaling pathways could predict prognosis. We
found that gene alterations related to lysine degradation, TP53
and PI3K pathway after treatment were significantly associated
with PFS in rGBM, and lysine degradation and PI3K pathway
were independent risk factors (Figure 5C).

4 | Discussion

This study demonstrates, for the first time, that dynamic
changes in TISF-ctDNA in gliomas can be used to monitor mu-
tation evolution during treatment, suggesting that continuous
ctDNA monitoring may provide an early and reliable predictor
of therapeutic response and clinical benefit in glioma. By exam-
ining the dynamic changes in TISF-ctDNA, the study reveals its
potential in predicting treatment response and monitoring mu-
tations, thereby contributing to our understanding of its clinical
utility in glioma therapy.

Liquid biopsies offer the advantage of enabling real-time mon-
itoring of tumor evolution and predicting treatment response
[24]. Initial evidence indicates that the most significant selec-
tion pressures may arise early in the development of glioblas-
toma, emphasizing the need for detailed molecular analysis at
the outset to achieve optimal management [12, 25, 26]. Studies
have reported an association between ctDNA found in plasma
and CSF and tumor response [27-30]. However, the presence
of the blood-brain barrier prevents ctDNA from being released
from intracranial tumors into the peripheral plasma [31, 32]. In
addition, due to the location of glioma growth, the positive rate
and representativeness of ctDNA in cerebrospinal fluid samples
were affected, and the data of two related studies were 49.4%
and 63.7%, respectively [14, 15, 22, 29]. Our previous studies
have demonstrated the feasibility of TISF as a stable source of
glioma liquid biopsy and that TISF is a more sensitive source of
glioma DNA than cerebrospinal fluid, providing new insights
for precision medicine in brain tumors [16-20]. More impor-
tantly, we found that ctDNA positivity was prevalent in base-
line TISF samples, and in COX proportional hazards analysis,
MAF >1% in baseline TISF samples was not a poor prognostic
factor for glioma patients (HR:1.46, p=0.533), which was incon-
sistent with previous studies. Previous studies have reported
that positive ctDNA in baseline CSF samples is associated with
a higher disease burden and poor prognosis in glioma patients
[29]. Although our research group found that ctDNA positivity
was prevalent in baseline TISF samples, in COX proportional
risk analysis, MAF > 1% in baseline TISF samples was not a fac-
tor for poor prognosis of glioma patients (HR: 1.46, p=0.533),
which was inconsistent with the results of previous studies. This
inconsistency may be because positive CSF is related to tumor
load and distance from the nearest ventricle, and the prognosis
is worse when ctDNA is positive in CSF early after surgery.

We found that TP53 was consistently enriched as clonal muta-
tions throughout the process. One study showed that the major-
ity (90.5%) of TP53 and PIK3CA/PIK3R1 mutations were clonal
and may play a founder role in GBM [7]. At the same time, the

increased proportion of subclonal mutations in GBM containing
alterations in the TP53 pathway may indicate an improved toler-
ance to DNA damage or apoptosis inhibition [33-35]. Their data
also suggest that an increased frequency of subclonal mutations
is associated with relatively favorable event-free survival. The
authors suggest that further research is necessary and provide
two explanations for the paradox. Firstly, they propose that the
longer interval between tumorigenesis may signify a slower dis-
ease progression, thereby allowing more time for subclones to
proliferate to detectable levels. Alternatively, they propose that
the absence of dominant invasive clones may indicate a reduced
tumor growth rate attributed to a higher number of cells com-
peting for cranial space. However, our study showed that an in-
crease in the proportion of subclonal mutations was associated
with a poor prognosis, and the accumulation of subclonal muta-
tions was observed throughout the process.

Tumor recurrence is the main cause of death in glioma patients.
It is difficult to perform biopsies again at the time of recur-
rence, and the lack of data on tumor characteristics may pre-
vent clinicians from selecting effective second-line treatment
strategies. Recent studies by the Glioma Longitudinal Analysis
(GLASS) Consortium report time-series ctDNA sequencing of a
large number of primary and recurrent glioma pairs and estab-
lish the evolutionary molecular profile of adult diffuse gliomas
[25]. However, the research on in situ recurrence and non-in
situ recurrence of glioma still needs to be clarified. This study
demonstrated that TISF-ctDNA could characterize molecular
signatures at recurrence, revealing intratumor heterogeneity
under different recurrence patterns. We found that different re-
currence patterns of gliomas had different driver mutations, and
genetic alterations of some genes were enriched in different glio-
mas, among which MUC16 was enriched in patients with non-in
situ recurrence. The MUC gene family encodes mucin, a high
molecular weight glycoprotein [36]. There are 21 MUC genes in
the human genome encoding secretory and membrane mucin
[37]. Evidence shows that the MUC protein regulates tumor cell
proliferation, growth, apoptosis, and chemical tolerance [38, 39].
Pan-cancer analyses involving somatic mutations in 10,195 sam-
ples and mRNA expression profiles in 9850 samples from 30
solid tumors found that immune cells were more abundant in
the MUC16 mutant tumor microenvironment, and MUC16 mu-
tations were associated with immune response-related factors
associated with checkpoint inhibitor therapy [40]. Compared
with MUC16 wild-type tumors, tumors with MUC16 mutations
showed a higher tumor mutation load and more abundant neo-
antigens, indicating increased tumor immunogenicity. MUC16
plays a dual role in tumor immunity. On the one hand, MUC16
can inhibit tumor immunity by binding to inhibitory receptors
on the surface of immune cells such as natural killer (NK) cells
and macrophages [41-43]. On the other hand, MUC16 promotes
the maturation of dendritic cells (DC). Neoantigens generated
by MUC16 mutations can activate CD8 + T cells and enrich var-
ious tumor-infiltrating immune cells to promote tumor immu-
nity [40, 44, 45]. We have identified a high frequency of MUC16
mutations in patients with non-in situ relapsed glioma and
have begun anti-PD-1/PD-L1 therapy trials in these patients.
Dynamic monitoring of TISF-ctDNA analysis from postopera-
tive to recurrence will help identify changes in gene therapy tar-
gets during glioma progression, enabling treatment strategies to
adapt to the molecular characteristics of the tumor at each time
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point. This research can reduce the long-term secondary effects
of unnecessary treatments and thus select the optimal person-
alized treatment [6-8, 46]. TISF samples can be used as part
of the standard of routine postoperative care for glioma. With
the implementation of TISF-ctDNA testing in clinical practice,
valuable information can be obtained from each patient, so that
glioma patients can further benefit from precision medicine.

We also explored how ctDNA predicts response after treatment
initiation. The ability to predict early whether a patient will ben-
efit from treatment allows patients who have a poor response to
treatment to switch to more effective treatment earlier, thereby
increasing the chance of benefit and limiting unnecessary expo-
sure. While improvements in survival were observed at 4 weeks
of treatment when ctDNA was reduced, some patients survived
longer despite an increase in ctDNA at 4weeks. One possible ex-
planation may be due to the dynamics of ctDNA release during
treatment [47-50]. ctDNA levels may increase dramatically after
the initiation of therapy due to tumor cell death, resulting in the
release of tumor DNA, which decreases as the tumor burden de-
creases. Therefore, we assessed the further changes in ctDNA
levels observed beyond 8 weeks in patients with more prolonged
survival, and we found a decrease in ctDNA levels. These data
suggest that further optimization of the timing of ctDNA assess-
ment after treatment initiation will be critical [22].

5 | Conclusion

We prospectively recruited a cohort for dynamic ctDNA mon-
itoring of gliomas after surgery and found that postoperative
ctDNA is a promising biomarker for risk stratification and re-
currence prediction of gliomas. In addition, we observed that
a number of genetic mutations and associated pathways were
associated with relapse patterns in early glioblastoma, and an
increased accumulation of subclones was observed. In sum-
mary, sequence ctDNA analysis combined with tumor genome
sequencing can provide accurate information for predicting and
monitoring tumor recurrence, help to understand the evolution
and mechanism of different recurrence patterns, and optimize
individualized multimodal treatment strategies.

Author Contributions

Guangzhong Guo: conceptualization (lead), data curation (equal),
formal analysis (lead), investigation (lead), methodology (lead), proj-
ect administration (equal), resources (equal), software (equal), super-
vision (equal), validation (lead), visualization (lead), writing — original
draft (lead), writing - review and editing (equal). Ziyue Zhang: data
curation (equal), project administration (equal). Jiubing Zhang: data
curation (equal), project administration (equal). Dayang Wang: data
curation (equal), project administration (equal). Sensen Xu: data cura-
tion (equal), project administration (equal). Shuang Wu: data curation
(equal). Kaiyuan Deng: data curation (equal). Yage Bu: data curation
(equal). Zhiyuan Sheng: data curation (equal). Jinliang Yu: data cu-
ration (equal). Yushuai Gao: data curation (equal). Zhaoyue Yan: data
curation (equal). Ruijiao Zhao: supervision (equal). Meiyun Wang:
supervision (equal). Tianxiao Li: supervision (equal). Xingyao Bu:
conceptualization (equal), funding acquisition (lead), project adminis-
tration (lead), resources (lead), supervision (lead), writing - review and
editing (lead).

Acknowledgments

This work was supported by the Natural Science Foundation of Henan
Province (232300421171) and the Research Foundation of the National
Health Commission of China (SBGJ20232006).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The datasets used or analyzed during the current study are available
from the corresponding author upon reasonable request.

References

1. E. G. Van Meir, C. G. Hadjipanayis, A. D. Norden, H. K. Shu, P. Y.
Wen, and J. J. Olson, “Exciting New Advances in Neuro-Oncology: The
Avenue to a Cure for Malignant Glioma,” CA: A Cancer Journal for Cli-
nicians 60, no. 3 (2010): 166-193, https://doi.org/10.3322/caac.20069.

2. G. P. Dunn, M. L. Rinne, J. Wykosky, et al., “Emerging Insights Into
the Molecular and Cellular Basis of Glioblastoma,” Genes & Develop-
ment 26, no. 8 (2012): 756-784, https://doi.org/10.1101/gad.187922.112.

3. Q. T. Ostrom, H. Gittleman, J. Fulop, et al., “CBTRUS Statistical Re-
port: Primary Brain and Central Nervous System Tumors Diagnosed in
the United States in 2008-2012,” Neuro-Oncology 17, no. suppl 4 (2015):
1-62, https://doi.org/10.1093/neuonc/nov189.

4. M. J. B. Taphoorn, E. M. Sizoo, and A. Bottomley, “Review on Qual-
ity of Life Issues in Patients With Primary Brain Tumors,” Oncolo-
gist 15, no. 6 (2010): 618-626, https://doi.org/10.1634/theoncologist.
2009-0291.

5.F. S. Varn, K. C. Johnson, J. Martinek, et al., “Glioma Progression Is
Shaped by Genetic Evolution and Microenvironment Interactions,” Cell
185, no. 12 (2022): 2184-2199.e16, https://doi.org/10.1016/j.cell.2022.
04.038.

6.V. Korber, J. Yang, P. Barah, et al., “Evolutionary Trajectories of
IDHWT Glioblastomas Reveal a Common Path of Early Tumorigene-
sis Instigated Years Ahead of Initial Diagnosis,” Cancer Cell 35, no. 4
(2019): 692-704, https://doi.org/10.1016/j.ccell.2019.02.007.

7. H. Kim, S. Zheng, S. S. Amini, et al., “Whole-Genome and Multisec-
tor Exome Sequencing of Primary and Post-Treatment Glioblastoma Re-
veals Patterns of Tumor Evolution,” Genome Research 25, no. 3 (2015):
316-327, https://doi.org/10.1101/gr.180612.114.

8.J. Wang, E. Cazzato, E. Ladewig, et al., “Clonal Evolution of Glioblas-
toma Under Therapy,” Nature Genetics 48, no. 7 (2016): 768-776, https://
doi.org/10.1038/ng.3590.

9. M. C. Heinrich, R. L. Jones, S. George, et al., “Ripretinib Versus Suni-
tinib in Gastrointestinal Stromal Tumor: ctDNA Biomarker Analysis of
the Phase 3 INTRIGUE Trial,” Nature Medicine 30, no. 2 (2024): 498-
506, https://doi.org/10.1038/s41591-023-02734-5.

10. T. Powles, Y. H. Chang, Y. Yamamoto, et al., “Pembrolizumab for
Advanced Urothelial Carcinoma: Exploratory ctDNA Biomarker Anal-
yses of the KEYNOTE-361 Phase 3 Trial,” Nature Medicine 30, no. 9
(2024): 2508-2516, https://doi.org/10.1038/s41591-024-03091-7.

11. K. Shitara, K. Muro, J. Watanabe, et al., “Baseline ctDNA Gene
Alterations as a Biomarker of Survival After Panitumumab and Che-
motherapy in Metastatic Colorectal Cancer,” Nature Medicine 30, no. 3
(2024): 730-739, https://doi.org/10.1038/541591-023-02791-w.

12. B. Karacam, E. B. Elbasan, I. Khan, et al., “Role of Cell-Free DNA
and Extracellular Vesicles for Diagnosis and Surveillance in Patients
With Glioma,” Journal of Liquid Biopsy 4 (2024): 100142, https://doi.org/
10.1016/j.j1b.2024.100142.

10 of 12

Cancer Medicine, 2025


https://doi.org/10.3322/caac.20069
https://doi.org/10.1101/gad.187922.112
https://doi.org/10.1093/neuonc/nov189
https://doi.org/10.1634/theoncologist.2009-0291
https://doi.org/10.1634/theoncologist.2009-0291
https://doi.org/10.1016/j.cell.2022.04.038
https://doi.org/10.1016/j.cell.2022.04.038
https://doi.org/10.1016/j.ccell.2019.02.007
https://doi.org/10.1101/gr.180612.114
https://doi.org/10.1038/ng.3590
https://doi.org/10.1038/ng.3590
https://doi.org/10.1038/s41591-023-02734-5
https://doi.org/10.1038/s41591-024-03091-7
https://doi.org/10.1038/s41591-023-02791-w
https://doi.org/10.1016/j.jlb.2024.100142
https://doi.org/10.1016/j.jlb.2024.100142

13. F. Diehl, K. Schmidt, M. A. Choti, et al., “Circulating Mutant DNA
to Assess Tumor Dynamics,” Nature Medicine 14, no. 9 (2008): 985-990,
https://doi.org/10.1038/nm.1789.

14.Y. Wang, S. Springer, M. Zhang, et al., “Detection of Tumor-Derived
DNA in Cerebrospinal Fluid of Patients With Primary Tumors of the
Brain and Spinal Cord,” Proceedings of the National Academy of Sciences
112, no. 31 (2015): 9704-9709, https://doi.org/10.1073/pnas.1511694112.

15. Z. Zhao, C. Zhang, M. Li, et al., “Applications of Cerebrospinal Fluid Cir-
culating Tumor DNA in the Diagnosis of Gliomas,” Japanese Journal of Clin-
ical Oncology 50, no. 3 (2020): 325-332, https://doi.org/10.1093/jjco/hyz156.

16.J. Yu, Z. Sheng, S. Wu, et al., “Tumor DNA From Tumor In Situ
Fluid Reveals Mutation Landscape of Minimal Residual Disease After
Glioma Surgery and Risk of Early Recurrence,” Frontiers in Oncology 11
(2021): 742037, https://doi.org/10.3389/fonc.2021.742037.

17.S. Xu, Z. Sheng, J. Yu, et al., “Real-Time Longitudinal Analysis of
Human Gliomas Reveals In Vivo Genome Evolution and Therapeutic
Impact Under Standardized Treatment,” Clinical and Translational
Medicine 12, no. 7 (2022): €956, https://doi.org/10.1002/ctm2.956.

18. Z. Sheng, J. Yu, K. Deng, et al., “Integrating Real-Time In Vivo Tu-
mour Genomes for Longitudinal Analysis and Management of Glioma
Recurrence,” Clinical and Translational Medicine 11, no. 11 (2021):
€567, https://doi.org/10.1002/ctm?2.567.

19. Z. Sheng, C. Bu, J. Mei, et al., “Tracking Tumor Evolution During
the First-Line Treatment in Brain Glioma via Serial Profiling of Cell-
Free Tumor DNA From Tumor In Situ Fluid,” Frontiers in Oncology 13
(2023): 1238607, https://doi.org/10.3389/fonc.2023.1238607.

20. G. Liu, C. Bu, G. Guo, et al., “Genomic Alterations of Oligoden-
drogliomas at Distant Recurrence,” Cancer Medicine 12, no. 16 (2023):
17171-17183, https://doi.org/10.1002/cam4.6327.

21. Z. Sheng, J. Yu, K. Deng, et al., “Characterizing the Genomic Land-
scape of Brain Glioma With Circulating Tumor DNA From Tumor
In Situ Fluid,” Frontiers in Oncology 11 (2021): 584988, https://doi.org/
10.3389/fonc.2021.584988.

22. M. Li, J. Chen, B. Zhang, et al., “Dynamic Monitoring of Cerebrospi-
nal Fluid Circulating Tumor DNA to Identify Unique Genetic Profiles
of Brain Metastatic Tumors and Better Predict Intracranial Tumor Re-
sponses in Non-small Cell Lung Cancer Patients With Brain Metastases:
A Prospective Cohort Study (GASTO 1028),” BMC Medicine 20, no. 1
(2022): 398, https://doi.org/10.1186/s12916-022-02595-8.

23.J. H. Strickler, J. M. Loree, L. G. Ahronian, et al., “Genomic Landscape
of Cell-Free DNA in Patients With Colorectal Cancer,” Cancer Discovery
8, 1no. 2 (2018): 164-173, https://doi.org/10.1158/2159-8290.Cd-17-1009.

24. R. Soffietti, C. Bettegowda, I. K. Mellinghoff, et al., “Liquid Biopsy
in Gliomas: A RANO Review and Proposals for Clinical Applications,”
Neuro-Oncology 24, no. 6 (2022): 855-871, https://doi.org/10.1093/neu-
onc/noac004.

25. F. Barthel, K. C. Johnson, F. Varn, Jr., et al., “Longitudinal Molec-
ular Trajectories of Diffuse Glioma in Adults,” Nature 21 (2019): 103.

26. K. Nevel, “Circulating Tumor Cells and Cell-Free Tumor DNA in
Evaluation and Management of Gliomas,” Advances in Oncology 2, no. 1
(2022): 129-138, https://doi.org/10.1016/j.ya0.2022.01.006.

27. K. Muralidharan, A. Yekula, J. L. Small, et al., “TERT Promoter Mu-
tation Analysis for Blood-Based Diagnosis and Monitoring of Gliomas,”
Clinical Cancer Research 27, no. 1 (2021): 169-178, https://doi.org/10.
1158/1078-0432.Ccr-20-3083.

28. M. Fontanilles, F. Marguet, L. Beaussire, et al., “Cell-Free DNA and
Circulating TERT Promoter Mutation for Disease Monitoring in Newly-
Diagnosed Glioblastoma,” Acta Neuropathologica Communications 8,
no. 1 (2020): 179, https://doi.org/10.1186/s40478-020-01057-7.

29. A. M. Miller, R. H. Shah, E. I. Pentsova, et al., “Tracking Tumour Evo-
lution in Glioma Through Liquid Biopsies of Cerebrospinal Fluid,” Nature
565, no. 7741 (2019): 654-658, https://doi.org/10.1038/s41586-019-0882-3.

30. T. A. Juratli, S. Stasik, A. Zolal, et al., “TERT Promoter Mutation De-
tection in Cell-Free Tumor-Derived DNA in Patients With IDH Wild-Type
Glioblastomas: A Pilot Prospective Study,” Clinical Cancer Research 24,
no. 21 (2018): 5282-5291, https://doi.org/10.1158/1078-0432.Ccr-17-3717.

31.J. J. 1liff, M. H. Wang, Y. H. Liao, et al., “A Paravascular Pathway
Facilitates CSF Flow Through the Brain Parenchyma and the Clearance
of Interstitial Solutes, Including Amyloid 8,” Science Translational Med-
icine 4, no. 147 (2012): 147ralll, https://doi.org/10.1126/scitranslmed.
3003748.

32. A. Louveau, I. Smirnov, T. J. Keyes, et al., “Structural and Func-
tional Features of Central Nervous System Lymphatic Vessels,” Nature
523, no. 7560 (2015): 337-341, https://doi.org/10.1038/nature14432.

33. H. Offer, N. Erez, 1. Zurer, et al., “The Onset of p53-Dependent DNA
Repair or Apoptosis Is Determined by the Level of Accumulated Dam-
aged DNA,” Carcinogenesis 23, no. 6 (2002): 1025-1032, https://doi.org/
10.1093/carcin/23.6.1025.

34. K. Kojima, M. Konopleva, I. J. Samudio, et al., “MDM2 Antagonists
Induce p53-Dependent Apoptosis in AML: Implications for Leukemia
Therapy,” Blood 106, no. 9 (2005): 3150-3159, https://doi.org/10.1182/
blood-2005-02-0553.

35.V. Pant, S. Xiong, J. G. Jackson, et al., “The p53-Mdm2 Feedback
Loop Protects Against DNA Damage by Inhibiting p53 Activity but Is
Dispensable for p53 Stability, Development, and Longevity,” Genes &
Development 27, no. 17 (2013): 1857-1867, https://doi.org/10.1101/gad.
227249.113.

36.Y. Imai, H. Yamagishi, K. Fukuda, Y. Ono, T. Inoue, and Y. Ueda,
“Differential Mucin Phenotypes and Their Significance in a Variation
of Colorectal Carcinoma,” World Journal of Gastroenterology 19, no. 25
(2013): 3957-3968, https://doi.org/10.3748/wjg.v19.i125.3957.

37.D. Boltin, T. T. Perets, A. Vilkin, and Y. Niv, “Mucin Function in
Inflammatory Bowel Disease: An Update,” Journal of Clinical Gastro-
enterology 47, no. 2 (2013): 106-111, https://doi.org/10.1097/MCG.0b013
€3182688e73.

38. Z.Jiang, H. Wang, L. Li, et al., “Analysis of TGCA Data Reveals Ge-
netic and Epigenetic Changes and Biological Function of MUC Family
Genes in Colorectal Cancer,” Future Oncology 15, no. 35 (2019): 4031-
4043, https://doi.org/10.2217/fon-2019-0363.

39.J. Ringel and M. Lohr, “The MUC Gene Family: Their Role in Di-
agnosis and Early Detection of Pancreatic Cancer,” Molecular Cancer 2
(2003): 9, https://doi.org/10.1186/1476-4598-2-9.

40. L. Zhang, X. Han, and Y. Shi, “Association of MUC16 Mutation With
Response to Immune Checkpoint Inhibitors in Solid Tumors,” JAMA
Network Open 3, no. 8 (2020): €2013201, https://doi.org/10.1001/jaman
etworkopen.2020.13201.

41. M. S. Patankar, Y. Jing, J. C. Morrison, et al., “Potent Suppression of
Natural Killer Cell Response Mediated by the Ovarian Tumor Marker
CA125,” Gynecologic Oncology 99, no. 3 (2005): 704713, https://doi.org/
10.1016/j.ygyno.2005.07.030.

42.]. A. Gubbels, M. Felder, S. Horibata, et al., “MUC16 Provides Im-
mune Protection by Inhibiting Synapse Formation Between NK and
Ovarian Tumor Cells,” Molecular Cancer 9, no. 1 (2010): 11, https://doi.
0rg/10.1186/1476-4598-9-11.

43. M. Felder, A. Kapur, A. L. Rakhmilevich, et al., “MUC16 Suppresses
Human and Murine Innate Immune Responses,” Gynecologic Oncology
152, no. 3 (2019): 618-628, https://doi.org/10.1016/j.ygyno.2018.12.023.

44.V. P. Balachandran, M. Luksza, J. N. Zhao, et al., “Identification
of Unique Neoantigen Qualities in Long-Term Survivors of Pancreatic
Cancer,” Nature 551, no. 7681 (2017): 512-516, https://doi.org/10.1038/
nature24462.

45.Y. Zhai, Q. Lu, T. Lou, G. Cao, S. Wang, and Z. Zhang, “MUC16 Af-
fects the Biological Functions of Ovarian Cancer Cells and Induces an
Antitumor Immune Response by Activating Dendritic Cells,” Annals of

11 of 12


https://doi.org/10.1038/nm.1789
https://doi.org/10.1073/pnas.1511694112
https://doi.org/10.1093/jjco/hyz156
https://doi.org/10.3389/fonc.2021.742037
https://doi.org/10.1002/ctm2.956
https://doi.org/10.1002/ctm2.567
https://doi.org/10.3389/fonc.2023.1238607
https://doi.org/10.1002/cam4.6327
https://doi.org/10.3389/fonc.2021.584988
https://doi.org/10.3389/fonc.2021.584988
https://doi.org/10.1186/s12916-022-02595-8
https://doi.org/10.1158/2159-8290.Cd-17-1009
https://doi.org/10.1093/neuonc/noac004
https://doi.org/10.1093/neuonc/noac004
https://doi.org/10.1016/j.yao.2022.01.006
https://doi.org/10.1158/1078-0432.Ccr-20-3083
https://doi.org/10.1158/1078-0432.Ccr-20-3083
https://doi.org/10.1186/s40478-020-01057-7
https://doi.org/10.1038/s41586-019-0882-3
https://doi.org/10.1158/1078-0432.Ccr-17-3717
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1038/nature14432
https://doi.org/10.1093/carcin/23.6.1025
https://doi.org/10.1093/carcin/23.6.1025
https://doi.org/10.1182/blood-2005-02-0553
https://doi.org/10.1182/blood-2005-02-0553
https://doi.org/10.1101/gad.227249.113
https://doi.org/10.1101/gad.227249.113
https://doi.org/10.3748/wjg.v19.i25.3957
https://doi.org/10.1097/MCG.0b013e3182688e73
https://doi.org/10.1097/MCG.0b013e3182688e73
https://doi.org/10.2217/fon-2019-0363
https://doi.org/10.1186/1476-4598-2-9
https://doi.org/10.1001/jamanetworkopen.2020.13201
https://doi.org/10.1001/jamanetworkopen.2020.13201
https://doi.org/10.1016/j.ygyno.2005.07.030
https://doi.org/10.1016/j.ygyno.2005.07.030
https://doi.org/10.1186/1476-4598-9-11
https://doi.org/10.1186/1476-4598-9-11
https://doi.org/10.1016/j.ygyno.2018.12.023
https://doi.org/10.1038/nature24462
https://doi.org/10.1038/nature24462

Translational Medicine 8, no. 22 (2020): 1494, https://doi.org/10.21037/
atm-20-6388.

46. K. Draaisma, A. Chatzipli, M. Taphoorn, et al., “Molecular Evolu-
tion of IDH Wild-Type Glioblastomas Treated With Standard of Care
Affects Survival and Design of Precision Medicine Trials: A Report
From the EORTC 1542 Study,” Journal of Clinical Oncology 38, no. 1
(2020): 81-99, https://doi.org/10.1200/jc0.19.00367.

47. P. Stejskal, H. Goodarzi, J. Srovnal, M. Hajduch, L. J. van't Veer, and
M. J. M. Magbanua, “Circulating Tumor Nucleic Acids: Biology, Re-
lease Mechanisms, and Clinical Relevance,” Molecular Cancer 22, no. 1
(2023): 15, https://doi.org/10.1186/s12943-022-01710-w.

48. E. Sanz-Garcia, E. Zhao, S. V. Bratman, and L. L. Siu, “Monitoring
and Adapting Cancer Treatment Using Circulating Tumor DNA Ki-
netics: Current Research, Opportunities, and Challenges,” Science Ad-
vances 8, no. 4 (2022): eabi8618, https://doi.org/10.1126/sciadv.abi8618.

49.]. C. M. Wan, C. Massie, J. Garcia-Corbacho, et al., “Liquid Biopsies
Come of Age: Towards Implementation of Circulating Tumour DNA,”
Nature Reviews Cancer 17, no. 4 (2017): 223-238, https://doi.org/10.
1038/nrc.2017.7.

50. A. Becker, B. K. Thakur, J. M. Weiss, H. S. Kim, H. Peinado, and D.
Lyden, “Extracellular Vesicles in Cancer: Cell-To-Cell Mediators of Me-
tastasis,” Cancer Cell 30, no. 6 (2016): 836-848, https://doi.org/10.1016/j.
ccell.2016.10.009.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

Cancer Medicine, 2025


https://doi.org/10.21037/atm-20-6388
https://doi.org/10.21037/atm-20-6388
https://doi.org/10.1200/jco.19.00367
https://doi.org/10.1186/s12943-022-01710-w
https://doi.org/10.1126/sciadv.abi8618
https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.ccell.2016.10.009

	Dynamic Monitoring of Circulating Tumor DNA to Predict the Risk of Non In Situ Recurrence of Postoperative Glioma: A Prospective Cohort Study
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Study Design and Participants
	2.2   |   Sample Collection, DNA Extraction, and Library Preparation
	2.3   |   Library Sequencing and Bioinformatics Analysis
	2.4   |   Treatment Regimens
	2.4.1   |   High Grade Glioma
	2.4.2   |   Recurrent Glioma
	2.4.3   |   Bevacizumab-Refractory Recurrent Glioma

	2.5   |   Analysis of the Consistency of Genetic Mutations
	2.6   |   Mutation Clonality Analysis
	2.7   |   Statistical Analysis

	3   |   Results
	3.1   |   Characteristics of the Study Cohort
	3.2   |   Concordance of Genomic Alteration Detection in TISF and Tumor Tissue Samples
	3.3   |   ctDNA Displays Unique Genetic Profiles of Glioma Recurrence
	3.4   |   Clonal and Subclonal Evolution During First-Line Treatment of Gliomas
	3.5   |   Independent Predictive Value of ctDNA

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


