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Abstract
Despite recent progress in molecular diagnostics defining four distinct medulloblastoma groups, the clinical 
management of these malignant childhood tumors of the cerebellum remains challenging. After surgical removal of 
the tumor, both cytotoxic chemotherapy and irradiation can offer additional curative benefits, but they also include 
a significant risk of long-term damage. Early molecular profiling aims to predict the outcome of such aggressive 
therapies. This prevents unnecessary damage to patients who may not need it and helps to identify those patients 
with remaining tumor cells who may benefit from more aggressive treatment with the intent to cure. Monitoring 
tumor evolution in real time allows personalized precision medicine with an immediate clinical response resulting 
in a better outcome. Liquid biopsy includes various methodologies already applied in numerous studies and clinical 
trials for common cancers including brain tumors, but information on medulloblastomas is limited. This review 
summarizes the recent developments of how liquid biopsy can support or even replace the standard monitoring of 
medulloblastomas by medical imaging or cytology and discusses what will be needed to make liquid biopsy a new 
gold standard in diagnosis, therapy, and follow-up of medulloblastomas for the benefit of the patients.
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INTRODUCTION
Medulloblastoma is the most common malignant brain tumor in children, but it can also develop in 
younger adults. As the father of modern neurosurgery, Harvey Cushing significantly reduced mortality by 
inventing better neurosurgical procedures a century ago. With Parcival Bailey, he also coined the term 
medulloblastoma for this histological entity of posterior fossa tumors [Table 1][3]. Cushing tried local 
irradiation after surgery, but a major breakthrough with this technique was developed only later; when in 
1953 not only the brain but the whole developing CNS including the spinal cord was irradiated to prevent 
metastatic growth. In the 1980s, cytotoxic chemotherapy was added. Unfortunately, both aggressive 
chemotherapy and irradiation can lead to severe damage to the CNS as well as, rarely, to secondary 
tumors[25]. To avoid over- and undertreatment, it is tempting to identify those patients in advance who may 
benefit with intent to cure and those who may not need it. Therefore, it was important to realize that 
medulloblastoma per se does not exist, or it does not define such a homogeneous group of tumors as the 
name suggests. The term medulloblastoma still summarizes morphologically similar but biologically 
heterogeneous tumors of the cerebellum. The cell of origin remains unclear, but an embryonal origin is 
supported by single-cell sequencing studies and the peak incidence in early childhood[9,26-30].

Meanwhile, it became clear that medulloblastomas are genetically distinct from primitive neuroectodermal 
tumors (PNET), although they share histologically indistinguishable characteristics such as tumor cell 
morphology, neuroblastic rosettes, and bipotential differentiation with the expression of glial and neuronal 
markers. A rat tumor model for PNETs developed by Eibl and Wiestler[8,9], using gene transfer of SV40LT to 
inactivate tumor suppressor genes including TP53, also triggered the detection of the first TP53 mutations 
in medulloblastoma biopsies by Eibl three decades ago[10] [Table 1]. Others were unable at that time to detect 
such TP53 mutations in tissue biopsies or in xenografts of human medulloblastomas, except in only one cell 
line[31]; however, this mutation has been considered a common selection artifact during cell culture. The 
continued diagnostic and prognostic application of TP53 mutations in medulloblastomas supported further 
genetic profiling and helped to develop the current tumor classification[8-10,32-41]: only recently, in 2016[18] and 
with an update in 2021[24], the World Health Organization (WHO) introduced four new diagnostic groups 
of this childhood brain tumor based solely on molecular genetic features [Table 2].

The correlation between different biological behavior and personalized risk assessment may prevent 
harmful radiation and chemotherapy when unnecessary or not useful. The first two groups refer to different 
oncogenic signaling pathways: (1) wingless/Integration-1 (WNT)-activated; and (2) Sonic Hedgehog 
(SHH)-activated. WNT-activated medulloblastomas show the highest five-year survival and a low 
prevalence of metastatic disease. SHH-activated medulloblastomas can be further separated into two 
different subgroups, TP53-mutant or TP53-wildtype. SHH-activated and TP53-mutant occur primarily in 
older children and have a very poor prognosis, whereas SHH-activated and TP53-wildtype, which are most 
common in adolescents and young children, have a good prognosis. The other two groups are non-
WNT/non-SHH, Group 3 and Group 4, respectively. Group 3 shows an increased prevalence of metastatic 
disease with the poorest five-year survival, whereas Group 4 has an increased prevalence of metastatic 
disease with a moderate five-year survival. TP53 mutations in SHH medulloblastomas are associated with 
poor survival and treatment failures[18]. Several subgroups have been associated with TP53 and other 
mutated genes: for WNT-activated, CTNNB1 and APC; for SHH-activated, TP53, PTCH1, SUFU, SMO, 
MYCN, and GLI2 (methylome); and, for non-WNT/non-SHH, MYC, MYCN, PRDM6, and KDM6A 
(methylome). Since the WHO classification suggests that the diagnosis from molecular profiling of a tissue 
biopsy is superior to that of classical histopathology, at least for brain tumors, it is tempting to apply 
ctDNA-based liquid biopsy for monitoring such mutations in brain tumor patients to avoid repeated and 
troublesome surgical biopsies. Newer studies successfully used panels of genes.
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Table 1. Historical timeframe and developments leading to liquid biopsy of medulloblastomas

Year Author Probe Method Tumor Milestone

1868 Ashworth[1] CTC Microscopy, case report Skin metastasis of 
unknown primary 
tumor, “liquid autopsy”

First report on tumor cells in blood; post 
mortem; microscopically identical cells in 
metastatic lesions

1889 Paget[2] CTC Autopsy Breast cancer, 
postulated

Seed and soil “theory of cancer 
metastasis”

1925 Bailey and 
Cushing[3]

Neurosurgically 
removed posterior 
fossa tumors

Histology Medulloblastoma Introduced the name medulloblastoma

1948 Mandel and 
Métais[4]

cfDNA Blood analysis Not related to cancer, 
healthy blood donors

First report of (cell-free) nucleic acids in 
blood

1953 Paterson and 
Farr[5]

Irradiation: 5000 cGy 
posterior fossa 
3500 cGy neuraxis

65% 3-year survival Irradiation treatment of the whole CNS

1975 Fidler[6] CTC Experimental metastasis 
assay

B16 melanoma cell lines Only a small fraction of intravenously 
injected tumor cells give rise to 
metastasis in mouse models

1977 Leon et al.[7] cfDNA Radioimmunoassay for free 
DNA in serum

Various cancers First report on increased DNA levels in 
some cancer patients; correlation with 
therapy response

1991 Eibl and 
Wiestler[8,9]

Experimentally 
induced tumors and 
derived cell lines

Retrovirus-mediated gene 
transfer of SV40 LT into 
neural transplants

PNET Rat tumor model, histologically identical 
to human medulloblastomas (neuroblastic 
rosettes, bipotential differentiation), 
triggered medulloblastoma research in 
Germany

1991 Ohgaki, Eibl  
et al.[10]

Primary tumor tissue SSCP-PCR, direct sequencing Medulloblastoma First detection of p53 mutations in 
primary medulloblastoma tissue by Eibl, 
supporting Eibl’s earlier tumor model of 
inactivation of p53, also triggered 
medulloblastoma research

2001 Reya et al.[11] CTC Applying hematopoietic stem 
cell knowledge to the 
heterogeneity of cancer cells, 
self-renewal

Solid tumors and 
leukemia, migratory 
CSC

Cancer stem cell theory 
(Weissman/Clarke)

2003 Balaña et al.[12
] ctDNA Methylation-specific PCR of 

MGMT, p16, DAPK, RASSF1A
GBM Detection of methylated MGMT in serum 

highly predictive for response to BCNU 
chemotherapy

2004 Allard et al.[13] CTC CellSearch™ Prostate, breast, 
ovarian, CRC, lung, and 
other cancers

Detection of CTCs in 7.5 mL of blood 
samples

2004 Cristofanilli  
et al.[14]

CTC CellSearch™ 
Amount of CTC

Metastatic breast 
cancer

Independent predictive marker: reduced 
PFS and 
reduced OS

2010 Pantel and 
Alix-
Panabières[15]

CTC Concept of analyzing tumor 
cells in body fluids

All cancers Coined the term “liquid biopsy”

2014 Bettegowda  
et al.[16]

ctDNA Digital PCR, sequencing 14 tumor types ctDNA detectable for most tumors 
outside brain

2014 Sullivan  
et al.[17]

CTC “Negative depletion” CTC-
iChip (removing leukocytes 
from blood)

GBM (usually not 
metastatic)

Surprising and frequent detection of CTCs 
in brain tumors

2016 Louis et al.[18] Tissue biopsy Molecular profile Medulloblastoma New WHO classification, introducing four 
new medulloblastoma groups based on 
molecular genetics

2016 Donaldson 
and Park[19]

ctDNA Clinical studies NSCLC First FDA[20] and EMA approval to use 
ctDNA for EGFR-targeted therapy

2018 Garzia et al.[21] CTC Parabiotic xenograft model Medulloblastoma Discovery of a hematogenous route of 
metastasis to leptomeninges by CCL2-
CCR2 axis

2018 Cohen  
et al.[22]

ctDNA, plus 
proteins from blood

CancerSEEK, detecting 
mutations in 1933 loci of 16 
genes; combined with protein 
tumor markers

8 cancer types Blood screening test for several common 
cancers
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2020 Lennon  
et al.[23]

ctDNA, protein 
markers plus PET-
CT

Prospective 16 gene locations, 
8 tumor proteins, PET-CT

Multi-cancer screening 
of 10,000 women with 
no known cancer

Multi-cancer blood testing combined with 
PET-CT

2021 Louis et al.[24] Tissue biopsy Molecular profile, incl. 
methylation profile

Medulloblastoma Newest WHO classification, four 
molecular groups further defined by 
methylome; additional subgroups (4 SHH; 
8 non-WNT/non-SHH)

CRC: Colorectal cancer; CSC: cancer stem cell; CTC: circulating tumor cell; ctDNA: circulating tumor DNA; EMA: European Medicines Agency; 
FDA: US Food and Drug Administration; PCR: polymerase chain reaction; PET-CT: positron emission tomography-computed tomography; SSCP: 
single-strand conformation polymorphism.

Table 2. Molecular classification of four groups of medulloblastomas according to the WHO

Medulloblastoma, molecularly defined Pathway

Group 1 WNT-activated

SHH-activated and TP53-wildtypeGroup 2

SHH-activated and TP53-mutant

Group 3 (non-WNT/non-SHH)

Group 4 (non-WNT/non-SHH)

SHH: Sonic hedgehog; WHO: world health organization; WNT: wingless/integration-1.

For brain tumors including medulloblastomas, CSF offers another chance to find ctDNA with a higher 
sensitivity than plasma or serum[42-46]. ctDNA from CSF represents the genomic mutations better than 
plasma, and CSF shows an increased sensitivity for putative actionable mutations and CNA (copy number 
aberrations; EGFR, PTEN, ESR1, IDH1, ERBB2, and FGFR2)[47]. This improves prognostic evaluation, 
therapy decisions, and monitoring of treatment, e.g. irradiation, chemotherapy, and future immune 
therapies.

It is reasonable to apply this molecular expertise from classical tissue biopsy to liquid biopsy in order to 
improve the monitoring of tumor evolution and response to treatment, as well as to avoid elaborate surgical 
biopsies with a higher risk of neurological or infectious complications. Tumor-derived, cell-free nucleic 
acids (cfDNA/RNA) and extracellular vesicles (EV) can be found outside of the original tumor in body 
fluids, such as blood, cerebrospinal fluid (CSF), peritumoral cysts, and urine. Surprisingly, even intact 
circulating tumor cells (CTC) can be found in blood and CSF [Figure 1]. Analysis of cell-free nucleic acids 
allows improved and personalized monitoring of patients to adapt rapidly to new therapy decisions without 
the higher risk of neurosurgical tissue biopsies. Here, we provide an overview of recent developments 
without an emphasis on technological methods and details, but with the clinical application potential, as 
well as current limitations and challenges in how future standards need to be developed in order to improve 
the clinical management of medulloblastomas within the next few years.

LIQUID BIOPSY
Within the past two decades, different methodologies have evolved that can be summarized as liquid biopsy 
[Figure 1][50,51]. In principle, tumor-derived material, including whole cells or parts thereof such as nucleic 
acids and extracellular vesicles (EV), can be detected at locations quite distant from the original tumor or its 
metastases. This can often be achieved with easy and less risky access than a classical surgical tissue biopsy. 
Whereas blood tends to be the biofluid of choice for many other cancers, CSF appears to be more suitable 
for brain tumors. This is partly due to the blood-brain barrier (BBB), preventing cells from entering the 
bloodstream. CSF also offers less background in terms of leukocytes or cell-free DNA compared to blood, 
resulting in a better signal-to-noise ratio for many analytical methods. Many medulloblastoma patients 
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Figure 1. Liquid biopsy of medulloblastomas. Distant to the cerebellum, body fluids such as blood, CSF, or urine can be taken at low risk 
and then analyzed for relevant genetic information from the childhood brain tumor to support clinical decision making. CSF: 
Cerebrospinal fluid; CTC: circulating tumor cell; EV: extracellular vesicle. Created/modified with SMART[48,49].

develop hydrocephalus which is commonly drained before tumor removal. This can also be an easy source 
for obtaining CSF, in addition to standard lumbar puncture for follow-ups. The historical timeframe for the 
development of liquid biopsy and medulloblastoma research is shown in Table 1.

ctDNA
ctDNA is a varying part from much less than 1% to 10% of the total cell-free DNA. Individual changes in 
ctDNA amounts often correlate with tumor development [Figure 2][50]. An increase of ctDNA can point to 
metastatic progression, whereas a reduction of ctDNA indicates a treatment response. No reduction of 
ctDNA after treatment indicates a lack of response. A later increase after an initial decrease indicates 
resistance development. More diagnostic and prognostic information comes from sequence analysis, which 
can be targeted or non-targeted to detect mutations or epigenetic signatures of methylation in the tumor.

CTCs, EVs, miRNA, circRNA and other biomarkers
In 2004, the detection of CTCs with CellSearch was approved for clinical use to detect and count the 
number of CTCs per blood sample. This detection system uses an epithelial marker to select carcinoma 
cells, but this marker is not present in brain tumors. Other methods or modifications need to be used and 
further developed to reach the required sensitivity on brain tumors. Since CTCs are extremely rare, it was 
surprising to detect CTCs in the blood of glioblastoma patients[17,52-57], an aggressive brain tumor usually 
found in adults. In 2018, Garzia and colleagues were able to detect CTCs in the blood of medulloblastoma 
patients[21]. Those patient-derived CTCs were able to spread in a xenograft model via the blood to form 
leptomeningeal metastases, thus questioning the general assumptions of medulloblastomas spreading only, 
or preferentially, via the CSF. A chemokine highly expressed on medulloblastoma cells, CCL2, was 
identified with its receptor CCR2 to drive this leptomeningeal homing. Similar potential mechanisms of 
organ-specific metastasis involving chemokines and their receptors, thus mimicking lymphocyte homing, 
have been investigated, including at the single-molecule level, with atomic force microscopy[58-65], but not yet 
with medulloblastoma cells.

Tumor and normal cells can release small, extracellular vesicles (EVs), which protect their included proteins 
and different sorts of nucleic acids. Recently, EVs from blood, urine, or tissue samples have sparked great 
interest in liquid biopsy. EVs collected from CSF appear to be superior due to the reduced number of EVs 
from leukocytes compared to blood[66]. EVs from urine can also be used to obtain EV-encapsulated marker 
candidates with a nanowire scaffold, even from non-urologic cancers[67].
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Figure 2. Scheme of ctDNA biomarker level during medulloblastoma development, therapy, and progression. Sequential analysis of CSF 
supports diagnosis and early detection of minimal residual disease (MRD) as well as clinical decisions for the best benefit of the patient. 
CSF: Cerebrospinal fluid.

MicroRNAs (miRNA, miR) are 20-24 nucleotides long, non-coding RNA molecules with regulatory and 
stabilizing effects of translating mRNA. miRNAs seem to play a role in tumor biology, angiogenesis, and 
immunology. Although their functions are not fully understood, they can serve as markers or potential 
therapeutic targets in glioblastomas[68]. In a diagnostic model, urinary miRNA detection was able to confirm 
different CNS tumors, including neuroblastoma, with high sensitivity and specificity[69].

Circular RNAs (circRNAs) consist of a closed loop without polyadenylation signal. They appear to be more 
stable than miRNAs and seem to be similarly involved in gene regulation, although their functions are not 
well understood. Many circRNAs may just serve as a sponge for miRNAs, thus inactivating the function of a 
specific miRNA. Due to their stability, they may serve as candidate markers for disease, e.g. circ_463 for 
medulloblastomas[70].

Proteomic analyses from blood, CSF, or urine may also reveal protein-based biomarkers for screening and 
monitoring of medulloblastomas in the future. Recently, bioinformatics allowed discriminating 
medulloblastoma patients from healthy individuals by analyzing a combination of potential protein 
biomarkers in urine samples[71].

Many studies have been developed by academic collaborations leading to publications that offer significant 
access to data for reproducibility, metanalysis, and data mining. Large clinical studies usually have major 
industrial findings and may have more restrictions for sharing data, but they may also eventually allow at 
least partial access to data. As in many developing fields, there is a demand for data to satisfy the FAIR 
principles of “findable, accessible, interoperable, and reusable data”[72], which may help to compare different 
studies.

CLINICAL STUDIES
Few studies on medulloblastomas have been developed recently in the field of liquid biopsy with varying 
levels of success, but they basically confirm CSF as currently the most suitable source to analyze ctDNA, 
followed by blood and urine [Table 3]. Unfortunately, the challenges of repeatedly isolating sufficient 
amounts of ctDNA even from CSF appear to be high, thus reducing the sensitivity and applicability for 
many medulloblastoma patients. Furthermore, the low number of mutations in medulloblastomas poses a 
source for artifacts and needs further evaluation. More clinical studies are needed to establish suitable 
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Table 3. Studies using ctDNA or ctRNA from CSF for screening or monitoring medulloblastomas

Year Author Tumor Method Findings

2020 Escudero et al.[73] MB WES, CNVs ctDNA from CSF sufficient for diagnosis of MB-subgroups, risk 
stratification and monitoring (proof of concept study)

2020 Li et al.[74] Pediatric MB Whole genome methylation 
sequencing

High specificity and sensitivity to monitor treatment response 
of epigenetic signatures in ctDNA from 
CSF, potential diagnostic and prognostic value

2021 Liu et al.[75] MB WGS ctDNA from serial CSF samples as prospective marker for 
MRD, in half of the patients before radiographic progression

2021 Sun et al.[76] Pediatric MB Deep sequencing/NGS, 
ctDNA in CSF

More alterations detectable in ctDNA from CSF than from 
primary tumor, superior monitoring technique when ctDNA is 
detected from CSF

2022 Lee et al.[70] MB RT-PCR sequencing Circular RNA circ_463 as a candidate biomarker

2022 Pagès et al.[77] Pediatric CNS 
tumors, incl. 
MB

ULP-WGS, deep sequencing 
of specific mutations and 
fusions

ctDNA is detectable better in CSF than blood, not in urine. 
Molecular profiling is feasible for a small subset of high-grade 
tumors (incl. MB). Liquid biopsy remains a major challenge for 
such tumors with low clonal aberrations

2019-
2024

NCT03936465[78] 
ongoing Phase I study, 
66 patients

Pediatric 
cancer, incl. 
brain tumors

ctDNA Clinical toxicity study; ctDNA markers in blood and CSF 
planned as a response to treatment

CNV: Copy number variation; CSF: cerebrospinal fluid; MB: medulloblastoma; MRD: minimal residual disease; ULP-WGS: ultra-low-pass whole-
genome sequencing; WES: whole exome sequencing.

standards. Currently, ctDNA as a routine marker for tumor monitoring appears to be useful mainly for 
subsets of medulloblastomas, i.e. progressed high-grade tumors, those with a close connection to the CSF, 
or for larger children or adult patients with easier access to sufficient amounts of CSF and blood.

As a proof-of-concept study, Escudero and colleagues showed that ctDNA from CSF can provide valuable 
information about diagnosis and prognosis[73]: the genomic alterations represent and characterize the 
heterogeneity of the tumor and allow the identification of medulloblastoma subgroups and subtyping with 
risk stratification. In all cases, the CSF was negative from the cytologic analysis, i.e. no intact tumor cells 
were detectable. Prior to the analysis of ctDNA, somatic mutations from matched tumors were detected 
with WES and then validated for ddPCR. Before surgery, CSF-ctDNA was detectable in 77% of patients, but 
not in the plasma, except in 1 of 13 patients. This sensitivity demonstrates the feasibility and superiority of 
CSF-ctDNA above both cytology from CSF and ctDNA from plasma. CSF-ctDNA monitoring can identify 
the minimal residual disease (MRD) and genomic tumor evolution.

Since oncogenic mutations in medulloblastomas appear to be much less frequent than those in most other 
tumors, Li and colleagues used a different approach for tumor monitoring of serial CSF samples[74]. 
Epigenetic changes were reliably detected by whole-genome methylation sequencing (WGMS). DNA 
methylation as well as hydroxymethylation profiles from CSF matched the signatures from the original 
tumors in the same patients, thus allowing ctDNA to be used in monitoring treatment response and tumor 
recurrence. High sensitivity to detect MRD was shown in serial samples after treatment, even when the 
cytology was negative. The high specificity and sensitivity of these epigenetic signatures from CSF samples 
may be used for diagnostics and prognosis.

In a prospective trial, Liu and colleagues confirmed the clinical utility of CSF-ctDNA with 476 serial samples 
from 123 children with medulloblastoma[75]. Low-coverage whole genome sequencing allowed the detection 
of 54% of localized and 85% of metastatic disease cases at baseline. Response to therapy is shown by a 
reduction of ctDNA, whereas persistent detection after therapy points to a higher risk of progression. 
ctDNA as a surrogate marker for MRD can detect tumor progression earlier than MRI or CSF cytology. 
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Primary tumors located adjacent to the CSF reservoir allowed Sun and colleagues to isolate and investigate 
ctDNA from 15 out of 58 patients with medulloblastoma[76]. Alterations between primary tumor and CSF-
ctDNA are shared, but more alterations were detected in the CSF-ctDNA, which may reflect the evolution 
of the tumor as well as the heterogeneity of the primary tumor. Undetectable ctDNA was associated with 
complete remission after surgery, but it was also found in tumors with no direct access to the CSF. Gene 
panels with 500 and 952 genes were used to analyze and compare tissue DNA with ctDNA obtained from 
CSF and plasma. Mutations detected in CSF were: KMT2D (32.0%), KMT2C (28.0%), SMARCA4 (24.0%), 
BCOR (20.0%), TP53 (12.0%), PTCH1 (8%), EP300 (8%), NF1 (8%), SETD2 (8%), MED12 (8%), SPEN (8%), 
CTNNB1 (4%), CREBBP (4%), PIK3CA (4%), LRP1B (4%), and FBXW7 (4%)[76]. Mutations detected in 
plasma were attributed to possible damage to the blood-brain barrier facilitating the entry of ctDNA into 
the bloodstream. CSF-ctDNA can predict disease progression and can detect more mutations than matched 
tissue. This may help in diagnosis, monitoring, and targeted therapy.

Lee and colleagues analyzed the CSF from medulloblastoma patients and identified metabolites, lipids, and 
cancer-specific RNAs for hypoxia, as well as cancer-specific RNAs[70]. Although subgrouping was 
challenging and not the primary goal, the study was able to reveal a group of omics signatures to separate 
cancer from normal CSF. A novel circular RNA, circ_463, as a sensitive biomarker for recurrence should be 
validated in further clinical studies.

Pagès and colleagues confirmed a major challenge of very low ctDNA levels in 258 pediatric CNS tumors of 
13 different tumor types, mostly low-grade gliomas (n = 102), but also including almost 10% of embryonal 
tumors including medulloblastomas (n = 27)[77]. Harvesting ctDNA from CSF allowed the detection of 
CNAs in 20% and sequencing alterations in 30% of the samples, whereas plasma reached only detection 
sensitivities of 1.3% and 2,7%, respectively. Urine samples were all negative. Therefore, molecular profiling 
of ctDNA appears to be feasible for only a small subset of primary CNS tumors in children, such as 
medulloblastomas and other high-grade tumors. The low number of clonal aberrations in most 
medulloblastomas poses a challenge for the clinical application of sequencing methods.

Despite over 300 “medulloblastoma” studies listed on the clinicaltrials.gov webpage, only one includes 
“ctDNA” as a monitoring marker in blood and CSF. Therefore, most clinical studies on medulloblastomas 
focus on standard MRI and CSF cytology monitoring for measuring progression-free survival (PFS) and 
overall survival (OS).

CONCLUSION
MRD-guided clinical decisions are now the standard of care for pediatric leukemia, sparing toxic therapy if 
not needed and identifying poor patient responses for more aggressive treatments. To achieve similar 
success in medulloblastoma management, sensitive and specific markers for the detection of MRD in 
medulloblastoma patients need to be confirmed. Recent progress in diagnostics and subtyping of 
medulloblastomas with risk stratification based on genetic profiling of primary tumor samples can 
reproducibly be applied to ctDNA as long as sufficient amounts can be isolated from body fluids of the 
patient. Gene alterations found in ctDNA such as TP53, PTCH1, MYCN, GLI2, SUFU, and 17p loss 
represent the original tumor and allow a less invasive molecular diagnosis and prognosis. Currently, CSF is 
the preferred source of ctDNA and appears to be much more sensitive than blood or urine. Varying but 
promising results can be obtained for early molecular diagnosis, even before the removal of the tumor. For 
some but not all patients, sequential analysis of ctDNA also allows close monitoring of tumor development 
after treatment. Compared to standard clinical monitoring by MRI and CSF cytology, ctDNA can detect 
MRD and relapse up to several months earlier, which opens a window for a better outcome. Early risk 
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stratification should help the clinician to identify those patients who may benefit from aggressive chemo- 
and radiotherapy with the intent to cure as well as other patients who may not need it to protect them from 
unnecessary long-term damage including direct neurologic damage and secondary tumors. Ideally, CSF 
should be acquired shortly before and four weeks after the resection, followed by regular controls connected 
to clinical events. The clinical use of ctDNA analysis in medulloblastoma management can offer clear 
advantages over standard monitoring by MRI and cytology of CSF. The challenges of sensitivity to low 
amounts of ctDNA and artifacts are well defined and may be overcome with only small steps in technology 
improvement, including new devices and methods, and then providing the next gold standard. Fast and 
high-quality processing of CSF may improve the ctDNA quality and should be validated in larger clinical 
studies. In contrast, the potential use of CTC detection in medulloblastomas currently appears to be a much 
bigger challenge and most likely only restricted to highly specialized academic environments. Due to the 
low mutation rate in medulloblastomas, epigenetic markers, as well as specific circRNAs, should be 
included as markers for MRD in addition to classical mutation profiles. Ongoing progress in analytical 
methods, including proteomics and the potential role of EVs, as well as the reduction of artifacts, may offer 
new chances to establish liquid biopsy not only from smaller samples of CSF but also from blood or urine. 
After a century of milestones in neurosurgery, irradiation, and chemotherapy, the new molecular 
classification of medulloblastomas will progress with ctDNA from CSF as a promising biomarker for early 
diagnosis and better monitoring for improved clinical management of these childhood brain tumors.

DECLARATIONS
Acknowledgments
We thank Stuart Fraser for helpful comments on the manuscript.

Authors’ contributions
Made substantial contributions to conception and design of the study and performed data analysis, data 
acquisition and interpretation, as well as provided administrative, technical, and material support: Eibl RH, 
Schneemann M

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
Both authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.



Page 289 Eibl et al. Extracell Vesicles Circ Nucleic Acids 2022;3:280-91 https://dx.doi.org/10.20517/evcna.2022.36

REFERENCES
Ashworth A. A case of cancer in which cells similar to those in the tumours were seen in the blood after death. Aust Med J 
1869;14:146.  DOI

1.     

Paget S. The distribution of secondary growths in cancer of the breast. The Lancet 1889;133:571-3.  DOI2.     
Bailey P. Medulloblastoma cerebelli: a common type of midcerebellar glioma of childhood. Arch NeurPsych 1925;14:192.  DOI3.     
Mandel P, Métais P. Nuclear acids in human blood plasma. C R Seances Soc Biol Fil 1948;142:241-3.  PubMed4.     
Paterson E, Farr RF. Cerebellar medulloblastoma: treatment by irradiation of the whole central nervous system. Acta radiol 
1953;39:323-36.  DOI  PubMed

5.     

Fidler IJ. Biological behavior of malignant melanoma cells correlated to their survival in vivo. Cancer Res 1975;35:218-24.  PubMed6.     
Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free DNA in the serum of cancer patients and the effect of therapy. Cancer Res 
1977;37:646-50.  PubMed

7.     

Eibl RH, Wiestler OD. Induction of primitive neuroectodermal tumors following retrovirus-mediated transfer of SV40 large T antigen 
into neural transplants. Zülch symposium on growth control and neoplastic transformation in the brain. Clin Neuropathol 1991;10:248-
9.

8.     

Eibl RH, Kleihues P, Jat PS, Wiestler OD. A model for primitive neuroectodermal tumors in transgenic neural transplants harboring 
the SV40 large T antigen. Am J Pathol 1994;144:556-64.  PubMed  PMC

9.     

Ohgaki H, Eibl RH, Wiestler OD, Yasargil MG, Newcomb EW, Kleihues P. p53 mutations in nonastrocytic human brain tumors. 
Cancer Res 1991;51:6202-5.  PubMed

10.     

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. Nature 2001;414:105-11.  DOI  PubMed11.     
Balaña C, Ramirez JL, Taron M, et al. O6-methyl-guanine-DNA methyltransferase methylation in serum and tumor DNA predicts 
response to 1,3-bis(2-chloroethyl)-1-nitrosourea but not to temozolamide plus cisplatin in glioblastoma multiforme. Clin Cancer Res 
2003;9:1461-8.  PubMed

12.     

Allard WJ, Matera J, Miller MC, et al. Tumor cells circulate in the peripheral blood of all major carcinomas but not in healthy subjects 
or patients with nonmalignant diseases. Clin Cancer Res 2004;10:6897-904.  DOI  PubMed

13.     

Cristofanilli M, Budd GT, Ellis MJ, et al. Circulating tumor cells, disease progression, and survival in metastatic breast cancer. N Engl 
J Med 2004;351:781-91.  DOI  PubMed

14.     

Pantel K, Alix-Panabières C. Circulating tumour cells in cancer patients: challenges and perspectives. Trends Mol Med 2010;16:398-
406.  DOI  PubMed

15.     

Bettegowda C, Sausen M, Leary RJ, et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci Transl 
Med 2014;6:224ra24.  DOI  PubMed  PMC

16.     

Sullivan JP, Nahed BV, Madden MW, et al. Brain tumor cells in circulation are enriched for mesenchymal gene expression. Cancer 
Discov 2014;4:1299-309.  DOI  PubMed  PMC

17.     

Louis DN, Perry A, Reifenberger G, et al. The 2016 world health organization classification of tumors of the central nervous system: a 
summary. Acta Neuropathol 2016;131:803-20.  DOI  PubMed

18.     

Donaldson J, Park BH. Circulating tumor DNA: measurement and clinical utility. Annu Rev Med 2018;69:223-34.  DOI  PubMed19.     
FDA 2018. cobas EGFR Mutation Test v2.  Available from: https://www.fda.gov/drugs/resources-information-approved-drugs/cobas-
egfr-mutation-test-v2 [Last accessed on 27 Sep 2022].

20.     

Garzia L, Kijima N, Morrissy AS, et al. A hematogenous route for medulloblastoma leptomeningeal metastases. Cell 2018;172:1050-
1062.e14.  DOI  PubMed  PMC

21.     

Cohen JD, Li L, Wang Y, et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test. Science 
2018;359:926-30.  DOI  PubMed  PMC

22.     

Lennon AM, Buchanan AH, Kinde I, et al. Feasibility of blood testing combined with PET-CT to screen for cancer and guide 
intervention. Science 2020;369:eabb9601.  DOI  PubMed  PMC

23.     

Louis DN, Perry A, Wesseling P, et al. The 2021 who classification of tumors of the central nervous system: a summary. Neuro Oncol 
2021;23:1231-51.  DOI  PubMed  PMC

24.     

Packer RJ, Zhou T, Holmes E, Vezina G, Gajjar A. Survival and secondary tumors in children with medulloblastoma receiving 
radiotherapy and adjuvant chemotherapy: results of Children’s Oncology Group trial A9961. Neuro Oncol 2013;15:97-103.  DOI  
PubMed  PMC

25.     

Jones DT, Jäger N, Kool M, et al. Dissecting the genomic complexity underlying medulloblastoma. Nature 2012;488:100-5.  DOI  
PubMed  PMC

26.     

Vladoiu MC, El-Hamamy I, Donovan LK, et al. Childhood cerebellar tumours mirror conserved fetal transcriptional programs. Nature 
2019;572:67-73.  DOI  PubMed  PMC

27.     

Hovestadt V, Smith KS, Bihannic L, et al. Resolving medulloblastoma cellular architecture by single-cell genomics. Nature 
2019;572:74-9.  DOI  PubMed  PMC

28.     

Luo W, Lin GN, Song W, et al. Single-cell spatial transcriptomic analysis reveals common and divergent features of developing 
postnatal granule cerebellar cells and medulloblastoma. BMC Biol 2021;19:135.  DOI  PubMed  PMC

29.     

Riemondy KA, Venkataraman S, Willard N, et al. Neoplastic and immune single-cell transcriptomics define subgroup-specific intra-
tumoral heterogeneity of childhood medulloblastoma. Neuro Oncol 2022;24:273-86.  DOI  PubMed  PMC

30.     

https://dx.doi.org/10.1136/bmj.s3-2.103.1140
https://dx.doi.org/10.1016/S0140-6736(00)49915-0
https://dx.doi.org/10.1001/archneurpsyc.1925.02200140055002
http://www.ncbi.nlm.nih.gov/pubmed/18875018
https://dx.doi.org/10.3109/00016925309136718
http://www.ncbi.nlm.nih.gov/pubmed/13057640
http://www.ncbi.nlm.nih.gov/pubmed/1109790
http://www.ncbi.nlm.nih.gov/pubmed/837366
http://www.ncbi.nlm.nih.gov/pubmed/8129041
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1887088
http://www.ncbi.nlm.nih.gov/pubmed/1933879
https://dx.doi.org/10.1038/35102167
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://www.ncbi.nlm.nih.gov/pubmed/12684420
https://dx.doi.org/10.1158/1078-0432.CCR-04-0378
http://www.ncbi.nlm.nih.gov/pubmed/15501967
https://dx.doi.org/10.1056/NEJMoa040766
http://www.ncbi.nlm.nih.gov/pubmed/15317891
https://dx.doi.org/10.1016/j.molmed.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20667783
https://dx.doi.org/10.1126/scitranslmed.3007094
http://www.ncbi.nlm.nih.gov/pubmed/24553385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4017867
https://dx.doi.org/10.1158/2159-8290.CD-14-0471
http://www.ncbi.nlm.nih.gov/pubmed/25139148
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221467
https://dx.doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
https://dx.doi.org/10.1146/annurev-med-041316-085721
http://www.ncbi.nlm.nih.gov/pubmed/28846488
https://www.fda.gov/drugs/resources-information-approved-drugs/cobas-egfr-mutation-test-v2
https://www.fda.gov/drugs/resources-information-approved-drugs/cobas-egfr-mutation-test-v2
https://dx.doi.org/10.1016/j.cell.2018.01.038
http://www.ncbi.nlm.nih.gov/pubmed/29474906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6346737
https://dx.doi.org/10.1126/science.aar3247
http://www.ncbi.nlm.nih.gov/pubmed/29348365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6080308
https://dx.doi.org/10.1126/science.abb9601
http://www.ncbi.nlm.nih.gov/pubmed/32345712
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7509949
https://dx.doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8328013
https://dx.doi.org/10.1093/neuonc/nos267
http://www.ncbi.nlm.nih.gov/pubmed/23099653
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3534419
https://dx.doi.org/10.1038/nature11284
http://www.ncbi.nlm.nih.gov/pubmed/22832583
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662966
https://dx.doi.org/10.1038/s41586-019-1158-7
http://www.ncbi.nlm.nih.gov/pubmed/31043743
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6675628
https://dx.doi.org/10.1038/s41586-019-1434-6
http://www.ncbi.nlm.nih.gov/pubmed/31341285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6754173
https://dx.doi.org/10.1186/s12915-021-01071-8
http://www.ncbi.nlm.nih.gov/pubmed/34210306
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8247169
https://dx.doi.org/10.1093/neuonc/noab135
http://www.ncbi.nlm.nih.gov/pubmed/34077540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8804892


Eibl et al. Extracell Vesicles Circ Nucleic Acids 2022;3:280-91 https://dx.doi.org/10.20517/evcna.2022.36 Page 290

Saylors RL, Sidransky D, Friedman HS, et al. Infrequent p53 gene mutations in medulloblastomas. Cancer Res 1991;51:4721-3.  
PubMed

31.     

Wiestler OD, Aguzzi A, Schneemann M, Eibl R, von Deimling A, Kleihues P. Oncogene complementation in fetal brain transplants. 
Cancer Res 1992;52:3760-7.  PubMed

32.     

Radner H, el-Shabrawi Y, Eibl RH, et al. Tumor induction by ras and myc oncogenes in fetal and neonatal brain: modulating effects of 
developmental stage and retroviral dose. Acta Neuropathol 1993;86:456-65.  DOI  PubMed

33.     

Kleihues P, Ohgaki H, Eibl RH, et al. Type and frequency of p53 mutations in tumors of the nervous system and its coverings. In: 
Wiestler OD, Schlegel U, Schramm J, editors. Molecular neuro-oncology and its impact on the clinical management of brain tumors. 
Berlin: Springer Berlin Heidelberg; 1994. p. 25-31.  DOI  PubMed

34.     

Louis DN, von Deimling A, Chung RY, et al. Comparative study of p53 gene and protein alterations in human astrocytic tumors. J 
Neuropathol Exp Neurol 1993;52:31-8.  DOI  PubMed

35.     

Ohgaki H, Eibl RH, Schwab M, et al. Mutations of the p53 tumor suppressor gene in neoplasms of the human nervous system. Mol 
Carcinog 1993;8:74-80.  DOI  PubMed

36.     

von Deimling A, Eibl RH, Ohgaki H, et al. p53 mutations are associated with 17p allelic loss in grade II and grade III astrocytoma. 
Cancer Res 1992;52:2987-90.  PubMed

37.     

Preuss I, Haas S, Eichhorn U, et al. Activity of the DNA repair protein O6-methylguanine-DNA methyltransferase in human tumor and 
corresponding normal tissue. Cancer Detect Prev 1996;20:130-6.  PubMed

38.     

Preuss I, Eberhagen I, Haas S, et al. O6-methylguanine-DNA methyltransferase activity in breast and brain tumors. Int J Cancer 
1995;61:321-6.  DOI  PubMed

39.     

Wiestler OD, Brüstle O, Eibl RH, Radner H, Aguzzi A, Kleihues P. Retrovirus-mediated oncogene transfer into neural transplants. 
Brain Pathol 1992;2:47-59.  PubMed

40.     

Wiestler OD, Brüstle O, Eibl RH, et al. A new approach to the molecular basis of neoplastic transformation in the brain. Neuropathol 
Appl Neurobiol 1992;18:443-53.  DOI  PubMed

41.     

Martínez-Ricarte F, Mayor R, Martínez-Sáez E, et al. Molecular diagnosis of diffuse gliomas through sequencing of cell-free 
circulating tumor DNA from cerebrospinal fluid. Clin Cancer Res 2018;24:2812-9.  DOI  PubMed

42.     

Miller AM, Shah RH, Pentsova EI, et al. Tracking tumour evolution in glioma through liquid biopsies of cerebrospinal fluid. Nature 
2019;565:654-8.  DOI  PubMed  PMC

43.     

Mouliere F, Mair R, Chandrananda D, et al. Detection of cell-free DNA fragmentation and copy number alterations in cerebrospinal 
fluid from glioma patients. EMBO Mol Med 2018;10:e9323.  DOI  PubMed  PMC

44.     

Pan Y, Long W, Liu Q. Current advances and future perspectives of cerebrospinal fluid biopsy in midline brain malignancies. Curr 
Treat Options Oncol 2019;20:88.  DOI  PubMed

45.     

Wang Y, Springer S, Zhang M, et al. Detection of tumor-derived DNA in cerebrospinal fluid of patients with primary tumors of the 
brain and spinal cord. Proc Natl Acad Sci U S A 2015;112:9704-9.  DOI  PubMed  PMC

46.     

De Mattos-Arruda L, Mayor R, Ng CKY, et al. Cerebrospinal fluid-derived circulating tumour DNA better represents the genomic 
alterations of brain tumours than plasma. Nat Commun 2015;6:8839.  DOI  PubMed  PMC

47.     

SMART. Servier Med Art. Available from: https://smart.servier.com/ [Last accessed on Sep 27 2022].48.     
Creative Commons - Attribution 3.0 Unported - CC BY 3.0. Available from: https://creativecommons.org/licenses/by/3.0/ [Last 
accessed on Sep 27 2022].

49.     

Eibl RH, Schneemann M. Liquid biopsy and primary brain tumors. Cancers (Basel) 2021;13:5429.  DOI  PubMed  PMC50.     
Eibl RH, Schneemann M. Cell-free DNA as a biomarker in cancer. Extracell Vesicles Circ Nucleic Acids 2022;3:178-98.  DOI51.     
Müller C, Holtschmidt J, Auer M, et al. Hematogenous dissemination of glioblastoma multiforme. Sci Transl Med 2014;6:247ra101.  
DOI  PubMed

52.     

Perryman L, Erler JT. Brain cancer spreads. Sci Transl Med 2014;6:247fs28.  DOI  PubMed53.     
Macarthur KM, Kao GD, Chandrasekaran S, et al. Detection of brain tumor cells in the peripheral blood by a telomerase promoter-
based assay. Cancer Res 2014;74:2152-9.  DOI  PubMed  PMC

54.     

Krol I, Castro-Giner F, Maurer M, et al. Detection of circulating tumour cell clusters in human glioblastoma. Br J Cancer 
2018;119:487-91.  DOI  PubMed  PMC

55.     

Gao F, Cui Y, Jiang H, et al. Circulating tumor cell is a common property of brain glioma and promotes the monitoring system. 
Oncotarget 2016;7:71330-40.  DOI  PubMed  PMC

56.     

Eibl RH, Pietsch T, Moll J, et al. Expression of variant CD44 epitopes in human astrocytic brain tumors. J Neurooncol 1995;26:165-
70.  DOI  PubMed

57.     

Eibl RH. Single-molecule studies of integrins by AFM-based force spectroscopy on living cells. In: Bhushan B, editor. Scanning probe 
microscopy in nanoscience and nanotechnology 3. Berlin, Heidelberg: Springer; 2013. p. 137-69.  DOI

58.     

Eibl RH, Benoit M. Molecular resolution of cell adhesion forces. IEE Proc Nanobiotechnol 2004;151:128.  DOI  PubMed59.     
Eibl RH, Moy VT. Atomic force microscopy measurements of protein-ligand interactions on living cells. protein-ligand interactions. 
New Jersey: Humana Press; 2005. p. 439-50.  DOI  PubMed

60.     

Eibl RH. Comment on “A method to measure cellular adhesion utilizing a polymer micro-cantilever” [Appl Phys Lett 
2013;103:123702]. Appl Phys Lett 2014;104:236103.  DOI  PubMed  PMC

61.     

Eibl RH. Cell adhesion receptors studied by AFM-based single-molecule force spectroscopy. In: Bhushan B, editor. Scanning probe 62.     

http://www.ncbi.nlm.nih.gov/pubmed/1873817
http://www.ncbi.nlm.nih.gov/pubmed/1319831
https://dx.doi.org/10.1007/BF00228580
http://www.ncbi.nlm.nih.gov/pubmed/8310796
https://dx.doi.org/10.1007/978-3-642-85039-4_4
http://www.ncbi.nlm.nih.gov/pubmed/8047694
https://dx.doi.org/10.1097/00005072-199301000-00005
http://www.ncbi.nlm.nih.gov/pubmed/8381161
https://dx.doi.org/10.1002/mc.2940080203
http://www.ncbi.nlm.nih.gov/pubmed/8397797
http://www.ncbi.nlm.nih.gov/pubmed/1349850
http://www.ncbi.nlm.nih.gov/pubmed/8706038
https://dx.doi.org/10.1002/ijc.2910610308
http://www.ncbi.nlm.nih.gov/pubmed/7729942
http://www.ncbi.nlm.nih.gov/pubmed/1341947
https://dx.doi.org/10.1111/j.1365-2990.1992.tb00810.x
http://www.ncbi.nlm.nih.gov/pubmed/1333571
https://dx.doi.org/10.1158/1078-0432.CCR-17-3800
http://www.ncbi.nlm.nih.gov/pubmed/29615461
https://dx.doi.org/10.1038/s41586-019-0882-3
http://www.ncbi.nlm.nih.gov/pubmed/30675060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6457907
https://dx.doi.org/10.15252/emmm.201809323
http://www.ncbi.nlm.nih.gov/pubmed/30401727
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6284385
https://dx.doi.org/10.1007/s11864-019-0689-3
http://www.ncbi.nlm.nih.gov/pubmed/31784837
https://dx.doi.org/10.1073/pnas.1511694112
http://www.ncbi.nlm.nih.gov/pubmed/26195750
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4534284
https://dx.doi.org/10.1038/ncomms9839
http://www.ncbi.nlm.nih.gov/pubmed/26554728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5426516
https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://dx.doi.org/10.3390/cancers13215429
http://www.ncbi.nlm.nih.gov/pubmed/34771592
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8582521
https://dx.doi.org/10.20517/evcna.2022.20
https://dx.doi.org/10.1126/scitranslmed.3009095
http://www.ncbi.nlm.nih.gov/pubmed/25080476
https://dx.doi.org/10.1126/scitranslmed.3009920
http://www.ncbi.nlm.nih.gov/pubmed/25080473
https://dx.doi.org/10.1158/0008-5472.CAN-13-0813
http://www.ncbi.nlm.nih.gov/pubmed/24525740
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4144786
https://dx.doi.org/10.1038/s41416-018-0186-7
http://www.ncbi.nlm.nih.gov/pubmed/30065256
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6134152
https://dx.doi.org/10.18632/oncotarget.11114
http://www.ncbi.nlm.nih.gov/pubmed/27517490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5342081
https://dx.doi.org/10.1007/BF01052619
http://www.ncbi.nlm.nih.gov/pubmed/8750182
https://dx.doi.org/10.1007/978-3-642-25414-7_6
https://dx.doi.org/10.1049/ip-nbt:20040707
http://www.ncbi.nlm.nih.gov/pubmed/16475855
https://dx.doi.org/10.1385/1-59259-912-5:439
http://www.ncbi.nlm.nih.gov/pubmed/15940010
https://dx.doi.org/10.1063/1.4882182
http://www.ncbi.nlm.nih.gov/pubmed/34803171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8587856


Page 291 Eibl et al. Extracell Vesicles Circ Nucleic Acids 2022;3:280-91 https://dx.doi.org/10.20517/evcna.2022.36

microscopy in nanoscience and nanotechnology 2. Berlin, Heidelberg: Springer; 2011. p. 197-215.  DOI
Eibl RH. Direct force measurements of receptor-ligand interactions on living cells. In: Bhushan B, Fuchs H, editors. Applied scanning 
probe methods XII: characterization. Berlin, Heidelberg: Springer; 2009. p. 1-31.  DOI

63.     

Eibl RH. First measurement of physiologic VLA-4 activation by SDF-1 at the single-molecule level on a living cell. In: Hinterdorfer P, 
Schütz G, Pohl P, editors. Proceedings of the VIII. Linz Winter Workshop 2006: Advances in Single Molecule Research for Biology 
and Nanoscience. Linz: Trauner; 2006. p. 40-3.

64.     

Eibl RH, Moy VT. AFM-based adhesion measurements of single receptor-ligand bonds on living cells. In: Pandalai SG, editor. Recent 
research developments in biophysics. Trivandrum: Transworld Research Network; 2004. p. 235-46. Available from: https://pascal-
francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=17751719 [Last accessed on Sep 27 2022].

65.     

Chen WW, Balaj L, Liau LM, et al. BEAMing and droplet digital PCR analysis of mutant IDH1 mRNA in glioma patient serum and 
cerebrospinal fluid extracellular vesicles. Mol Ther Nucleic Acids 2013;2:e109.  DOI  PubMed  PMC

66.     

Yasui T, Yanagida T, Ito S, et al. Unveiling massive numbers of cancer-related urinary-microRNA candidates via nanowires. Sci Adv 
2017;3:e1701133.  DOI  PubMed  PMC

67.     

Floyd D, Purow B. Micro-masters of glioblastoma biology and therapy: increasingly recognized roles for microRNAs. Neuro Oncol 
2014;16:622-7.  DOI  PubMed  PMC

68.     

Kitano Y, Aoki K, Ohka F, et al. Urinary microRNA-based diagnostic model for central nervous system tumors using nanowire 
scaffolds. ACS Appl Mater Interfaces 2021;13:17316-29.  DOI  PubMed

69.     

Lee B, Mahmud I, Pokhrel R, et al. Medulloblastoma cerebrospinal fluid reveals metabolites and lipids indicative of hypoxia and 
cancer-specific RNAs. Acta Neuropathol Commun 2022;10:25.  DOI  PubMed  PMC

70.     

Hao X, Guo Z, Sun H, et al. Urinary protein biomarkers for pediatric medulloblastoma. J Proteomics 2020;225:103832.  DOI  PubMed71.     
Gonzalez-Beltran AN, Masuzzo P, Ampe C, et al. Community standards for open cell migration data. Gigascience 2020;9:giaa041.  
DOI  PubMed  PMC

72.     

Escudero L, Llort A, Arias A, et al. Circulating tumour DNA from the cerebrospinal fluid allows the characterisation and monitoring 
of medulloblastoma. Nat Commun 2020;11:5376.  DOI  PubMed  PMC

73.     

Li J, Zhao S, Lee M, et al. Reliable tumor detection by whole-genome methylation sequencing of cell-free DNA in cerebrospinal fluid 
of pediatric medulloblastoma. Sci Adv 2020;6:eabb5427.  DOI  PubMed  PMC

74.     

Liu APY, Smith KS, Kumar R, et al. Serial assessment of measurable residual disease in medulloblastoma liquid biopsies. Cancer Cell 
2021;39:1519-1530.e4.  DOI  PubMed

75.     

Sun Y, Li M, Ren S, et al. Exploring genetic alterations in circulating tumor DNA from cerebrospinal fluid of pediatric 
medulloblastoma. Sci Rep 2021;11:5638.  DOI  PubMed  PMC

76.     

Pagès M, Rotem D, Gydush G, et al. Liquid biopsy detection of genomic alterations in pediatric brain tumors from cell-free DNA in 
peripheral blood, CSF, and urine. Neuro Oncol 2022;24:1352-63.  DOI  PubMed  PMC

77.     

Home - ClinicalTrials. gov. Available from: https://clinicaltrials.gov/ct2/show/NCT03936465?term=NCT03936465&draw=2&rank=1 
[Last accessed on Sep 27 2022].

78.     

https://dx.doi.org/10.1007/978-3-642-10497-8_7
https://dx.doi.org/10.1007/978-3-540-85039-7_1
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=17751719
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=17751719
https://dx.doi.org/10.1038/mtna.2013.28
http://www.ncbi.nlm.nih.gov/pubmed/23881452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3732870
https://dx.doi.org/10.1126/sciadv.1701133
http://www.ncbi.nlm.nih.gov/pubmed/29291244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5744465
https://dx.doi.org/10.1093/neuonc/nou049
http://www.ncbi.nlm.nih.gov/pubmed/24723563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3984565
https://dx.doi.org/10.1021/acsami.1c01754
http://www.ncbi.nlm.nih.gov/pubmed/33793202
https://dx.doi.org/10.1186/s40478-022-01326-7
http://www.ncbi.nlm.nih.gov/pubmed/35209946
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8867780
https://dx.doi.org/10.1016/j.jprot.2020.103832
http://www.ncbi.nlm.nih.gov/pubmed/32474013
https://dx.doi.org/10.1093/gigascience/giaa041
http://www.ncbi.nlm.nih.gov/pubmed/32396199
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7317087
https://dx.doi.org/10.1038/s41467-020-19175-0
http://www.ncbi.nlm.nih.gov/pubmed/33110059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7591522
https://dx.doi.org/10.1126/sciadv.abb5427
http://www.ncbi.nlm.nih.gov/pubmed/33067228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7567591
https://dx.doi.org/10.1016/j.ccell.2021.09.012
http://www.ncbi.nlm.nih.gov/pubmed/34678152
https://dx.doi.org/10.1038/s41598-021-85178-6
http://www.ncbi.nlm.nih.gov/pubmed/33707557
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7952732
https://dx.doi.org/10.1093/neuonc/noab299
http://www.ncbi.nlm.nih.gov/pubmed/34984433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9340641
https://clinicaltrials.gov/ct2/show/NCT03936465?term=NCT03936465&draw=2&rank=1

