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Currently, most CNS tumors require tissue sampling to discern their molecular/genomic landscape. However, growing research has shown the powerful role imaging can play in non-invasively and accurately detecting the molecular signature of these tumors. The overarching theme of this review article is to provide neuroradiologists and neurooncologists with a framework of several important molecular markers, their associated imaging features and the accuracy of those features. A particular emphasis is placed on those tumors and mutations that have specific or promising imaging correlates as well as their respective therapeutic potentials.
Background/introduction
In the era of molecular analysis of neural axis tumors, there is a greater impetus to non-invasively predict molecular markers to guide therapy and prognostication. Imaging technologies have become essential in this regard. Imaging allows qualitative assessment of tumor burden and extent prior to and following local and systemic therapy. Additionally, it is increasingly utilized as both a qualitative and quantitative biomarker to differentiate tumor types.
The current standard of care imaging relies heavily on conventional MRI with the workhorse FLAIR/T2 and T1-weighted sequences. More advanced MR techniques, including perfusion and diffusion weighted imaging as well as spectroscopy are being increasingly utilized in clinical and research capacities to help predict tumor types. PET imaging with amino acid tracers has been of interest as the physiologic information it provides complements the structural information afforded by MRI.
The current gold standard of tissue sampling is accompanied not only by obvious risks and complications, but by suboptimal sampling as many gliomas can be heterogenous. This in turn may not accurately reflect the tumoral phenotype in its entirety and can potentially miss critical genomic aberrations. The nascent field of radiomics/radiogenomics/artificial intelligence (AI) is of great interest as it can help predict tumoral genotype and/or provide higher yielding targetable biopsy sites within heterogenous tumors. Additionally, the field may prove useful with patient counseling where a conservative approach may be employed if the MR imaging features suggest a low-grade glioma with favorable genomic signature [ 1 ]. Other anticipated clinical roles include reclassifying tumors previously diagnosed before the 2016 WHO update, guiding perioperative management and post-treatment follow-up, as well as predicting non-canonical IDH mutations [ 1 ].
The goal of this review article is to provide neuroradiologists and neurooncologists with an outline of currently known important molecular markers, their associated imaging features, and the accuracy of those features. The selection of CNS tumors described is based on our survey of the current literature for those tumor types that carry targetable mutations with recently completed or ongoing clinical trials. We will emphasize the anticipated role of imaging in patient selection for treatment regimens of several brain tumors including diffuse glioma, medulloblastoma and BRAF-mutant tumors.
Diffuse glioma
Traditionally, tumor histology dominated classification and grading schema. However, 2016 and newly released 2021 updates to the World Health Organization (WHO) classification of central nervous system (CNS) tumors have integrated molecular parameters and in certain instances has emphasized them above histology [ 2 , 3 ]. The most notable changes involved diffuse infiltrative gliomas with regards to glioblastoma classification, isocitrate dehydrogenase (IDH) and 1p19q codeletion statuses.
Previously, tumors harboring an IDH mutation in the absence of a 1p19q codeletion were classified as diffuse or anaplastic astrocytoma and secondary glioblastoma. Those tumors now have a unifying diagnosis of astrocytoma. In the setting of both an IDH mutation and a 1p19q codeletion, the diagnosis is oligodendroglioma [ 3 ]. Glioblastoma on the other hand is now considered a separate entity and must be IDH-wildtype (Fig.  1 ) [ 3 ].

Simplified diagram outlining the general diagnostic tree with regards to adult-type diffuse gliomas
The importance of predicting these molecular statuses has prompted considerable research into imaging correlates for IDH and 1p19q statuses. Additional molecular biomarkers of interest due to their targetable potentials include epidermal growth factor receptor (EGFR) amplification and mutation, histone H3F3A gene (H3 K27-altered), fibroblast growth factor receptor 3-transforming acidic coiled-coil containing protein (FGFR3-TACC3) fusions and telomerase reverse transcriptase (TERT) promoter mutations [ 4 ].
As a testament to the growing reliance on molecular status, if there is discordance between a tumor’s histologic phenotype and genotype, it is the genotype that determines diagnosis and treatment [ 3 ]. For example, if an adult IDH-wildtype diffuse astrocytic tumor shows low-grade histologic features yet harbors one or more of 3 key genetic alterations (TERT promoter mutation, EGFR gene amplification and/or combined gain of entire chromosome 7 and loss of entire chromosome 10 [+ 7/-10]), it is considered glioblastoma [ 3 ].
A salient point that the WHO 2021 update emphasizes is the separation of the prognostically and biologically distinct groups of adult-type and pediatric-type diffuse gliomas [ 3 ]. Some genetic markers are unique to each group. For instance, FGFR3-TACC3 fusion and TERT promoter mutation are more closely associated with adult-type glioma, H3 K27-altered mutation is associated with pediatric-type glioma and EGFR mutation to both.
IDH mutant clinical implications
Gliomas with IDH mutation confer better prognoses (median survival of ~ 31 months), whereas those that are IDH-wildtype have a poor prognosis (median survival of ~ 15 months) [ 5 ]. As IDH-mutant gliomas have a more favorable survival, a less aggressive treatment approach may be utilized [ 6 ]. Additionally, there are ongoing efforts to develop IDH enzyme inhibitors to enhance canonical therapies [ 7 ].
The prediction of 1p19q codeletion has implications on treatment regimens. Patients with anaplastic oligodendrogliomas are commonly treated with radiation and temozolomide as modeled after the standard treatment for glioblastoma. However, analyses of patients carrying the codeletion showed that treatment with radiation plus a PCV (procarbazine, CCNU/lomustine and vinscristine) chemotherapy regimen resulted in a significant improvement in survival curves after ~ 7 years compared to treatment with radiation alone [ 8 , 9 ]. Currently, the comparative efficacy of radiation with temozolomide versus radiation with PCV remains elusive but will be addressed by the ongoing CODEL study [ 10 ].
IDH mutant imaging
While conventional MRI sequences can help distinguish low-grade from high-grade gliomas by assessing for edema, enhancement, hemorrhage, necrosis, multifocality and/or multicentricity, there remains overlap in their appearances [ 11 ]. In turn, several specific imaging signs for molecular prediction of gliomas have surfaced.
For example, imaging features suggestive of oligodendrogliomas (IDH-mutant, 1p19q codeleted) include poorly defined, heterogenous mass with calcifications (Fig.  2 ) [ 12 , 13 , 14 ]. A recent systematic review by Lasocki et al. summarized that frontal lobe location is suggestive of an IDH mutation with oligodendroglioma slightly favored over IDH-mutant astrocytoma. A temporal lobe location is unlikely to be oligodendroglioma [ 15 ]. Diffusion weighted imaging (DWI) can help differentiate oligodendrogliomas from astrocytomas as the former tend to have lower apparent diffusion coefficient (ADC) values [ 13 , 16 ].

A-D 38-Year-Old Patient with Biopsy Proven Right Frontal Lobe Oligodendroglioma. Axial and coronal unenhanced CT ( A / B ) show a hypodense right frontal lobe lesion with gyriform/ribbon calcification. Axial T2-Weighted MRI ( C ) shows a corroborative T2 hyperintense lesion with no substantial enhancement on axial T1-Weighted Post Contrast MRI ( D )
A highly specific, yet insensitive imaging signature for diffuse astrocytoma (IDH-mutant, 1p19q non-codeleted) is the T2/FLAIR mismatch sign (Fig.  3 ) [ 17 , 18 , 19 ]. The specificity of this sign has been validated in multiple studies and is currently gaining traction in clinical practice. In fact, a 2021 meta-analysis showed a pooled specificity and sensitivity of 100% and 42%, respectively [ 20 ]. It is important to note that the strikingly perfect specificity of this sign is contingent upon stringent adherence to imaging criteria including (i) complete or near-complete, homogenous signal of the tumor on T2-weighted sequence with (ii) hypointense signal on FLAIR sequence except for a hyperintense peripheral rim [ 21 ]. Typically there should be minimal to no associated enhancement and this sign should not be applied to pediatric patients [ 21 ].

A-C 26-Year-Old Patient with Biopsy Proven IDH-Mutant Astrocytoma Showing the T2/FLAIR Mismatch Sign. Axial T2-Weighted MRI ( A ) shows a homogenously T2 hyperintense lesion centered within the left insula. Axial FLAIR MRI ( B ) shows the lesion becomes relatively hypointense with peripheral hyperintense rim due to incomplete suppression. Axial T1-Weighted Post Contrast MRI ( C ) shows no substantial enhancement within the lesion
PET imaging utilizing amino acid tracers such as methyl-11C-L-methionine (MET), 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (FDOPA) and 18F-fluoroethyltyrosine (FET) has shown promising influence on treatment of brain tumors. For example, higher-grade gliomas could be classified with a sensitivity and specificity of > 80% by utilizing dynamic FET/PET imaging where they exhibit more rapid uptake and washout compared with lower-grade gliomas [ 22 , 23 ]. FDOPA/PET showed an accuracy of 82% for distinguishing true from pseudo-progression in patients with glioblastoma [ 24 ]. Unfortunately, the ability to predict the IDH and 1p19q codeletion statuses of gliomas by PET has been challenging. For instance, 1p19q co-deletion status has been associated with both lower and higher MET uptake on a series of studies [ 25 , 26 , 27 ].
MR spectroscopy is a quantitative tool that can further differentiate low from high-grade tumors. Higher grade tumors exhibit lower N-acetylaspartate (NAA) and higher choline, which are markers of neuronal viability and cell membrane turnover, respectively. An additional metabolite of interest is 2-hydroxyglutarate (2HG). As a result of the IDH mutation, there is a gain of enzymatic function that generates 2HG within tumor cells and results in DNA hypermethylation [ 28 ]. It is not seen in high concentrations in normal brain tissue or IDH-wildtype tumors [ 29 , 30 ]. Based on meta-analyses, the sensitivity and specificity of 2HG for the presence of IDH mutation is ~ 91% and 95%, respectively [ 31 , 32 ].
The past decade has been dominated by progress in the field of AI and radiomics. This allows image feature characterization and analyzation to extract information that is difficult or impossible to obtain by human vision. Such data includes texture analysis and diffusion kurtosis or the non-Gaussian movement of tissue water molecules. For instance, IDH mutation prediction using an AI approach for feature extraction have shown a pooled sensitivity and specificity of 87% and 90%, respectively. The overall accuracy for predicting IDH-wildtype vs IDH-mutant/1p19q codeletion vs IDH-mutant/1p19q non-codeletion was 78.2% [ 33 , 34 ].
EGFR mutant clinical implications
It has been shown that high EGFR expression correlates with poor prognosis [ 35 ]. This makes it a molecular target with therapeutic, diagnostic and prognostic potentials. The clinical impact has yet to be understood as current EGFRvIII targeting therapies have not yet shown a survival benefit, including the anticipated rindopepimut vaccine [ 35 , 36 ]. However, there is an early promising result with autologous chimeric antigen receptor (CAR) T cells targeted to EGFRvIII. A patient survived 36 months after disease recurrence, which exceeded expected survival for recurrent glioblastoma. Tissue analysis from surgical resection showed long term immunosuppressive adaptive changes in the tumor, reduced EGFRvIII expression and a significant reduction in relative cerebral blood volume (rCBV) following CAR T treatment [ 37 ].
EGFR mutant imaging
With regards to imaging, the EGFRvIII mutation is of particular interest as it is tumor specific and absent in normal tissues. Sensitive and specific EGFRvIII mutation radiomic signatures in glioblastoma have been identified including higher rCBV, lower ADC, higher fractional anisotropy (FA), lower T2-FLAIR, and a more variable spatial pattern (Fig.  4 ) [ 38 ]. The spatial distribution of the tumor was the most distinctive feature of this mutation. Tumors harboring the mutation typically overlapped the frontoparietal lobes, whereas those negative for the mutation were found predominantly in the temporal lobe [ 38 ].

A-E 11-Year-Old Patient with Biopsy Proven Left Thalamic High-Grade Glioma with EGFRvIII Mutation. Axial T2-Weighted ( A ) and FLAIR MRI ( B ) show a large left thalamic mass with overall low signal intensity. MRI perfusion ( C ) shows elevated rCBV. Fractional anisotropy ( D ) and corresponding color-coded vector maps ( E ) show high signal
FGFR3-TACC3 mutant clinical implications
An additional tumorigenic mutation of interest is the FGFR3-TACC3 fusion, which can be seen in up to 3% of gliomas. Di Stefano et al. analyzed the clinical, molecular and radiomic profiles of such gliomas with this mutation and found that it was mutually exclusive with IDH mutation and EGFR amplification [ 39 ]. It is also associated with longer survival and better clinical outcomes. Thus FGFR3-TACC3 fusion has become a new therapeutic target. The effects of the specific FGFR inhibitor, JNJ-42756493, was examined in pre-clinical experiments and was shown to inhibit growth of gliomas harboring the FGFR3-TACC3 in vitro and in vivo. In fact, two patients in the Stefano et al. cohort showed clinical improvement and minor treatment response, respectively [ 40 ].
FGFR3-TACC3 mutant imaging
Radiologic features of these gliomas typically manifest as non-eloquent area involvement with poorly defined margins and reduced enhancement intensity [ 39 ]. Furthermore, radiomic data of this tumor profile shows good accuracy that has been confirmed on both exploratory and validation cohort, which may be advantageous in predicting this tumor type non-invasively [ 39 ].
TERT promoter mutant clinical implications
Telomerase reverse transcriptase (TERT) is the catalytic subunit of telomerase, an enzyme responsible for defining cells’ lifespan and stability. TERT promoter mutations result in an unlimited proliferative capacity of tumor cells and have been reported in up to 80% of glioblastoma [ 41 ]. These mutations are associated with a worse prognosis thus requiring more aggressive treatment [ 42 , 43 ]. As normal cells have a lower telomerase activity compared to cancer cells, targeted telomerase-inhibitor therapy has become an attractive opportunity for exploration.
Since multiple molecular pathways lead to telomerase activation, there are several targeting strategies including vaccines and immunotherapies [ 44 ]. To date, there are no approved TERT promoter glioblastoma therapies. However, there are several supportive in vitro studies and ongoing in vivo trials. For example, eribulin (a microtublublin inhibitor with specific activity against TERT-RNA-dependent RNA polymerase), imetelstat (a TERT inhibitor), and BIBR1532 (a potent telomerase inhibitor) have showed promising results with glioblastoma cell lines [ 45 , 46 , 47 ]. A phase I/II trial on seven glioblastoma patients receiving a TERT activity-targeted vaccine showed that all recipients had statistically significant longer progression free survival compared to historical-matched controls (694 days vs 236 days) [ 44 , 48 ]. Currently, there is an ongoing phase I/II trial on UCPVax, a telomerase-derived vaccine, for treatment of glioblastoma [ 49 ].
TERT promoter mutant imaging
A couple studies utilizing AI/radiomics have shown that high grade gliomas with TERT promoter mutation are associated with higher volumes of necrosis (Fig.  5 ) [ 50 , 51 ]. In a small sample size, Ivanidze et al. demonstrated that glioblastoma with TERT promoter mutation is associated with lower vascular permeability values (K trans and k ep ). Their findings also suggested that there is a greater risk of death with increasing blood–brain barrier dysfunction in TERT-mutated but not TERT-wildtype tumors [ 52 ]. Additionally, Fukuma et al. were able to successfully classify gliomas with IDH-wildtype, IDH/TERT promoter co-mutation as well as IDH-mutant/TERT-wildtype genomic signatures with a 63.1% accuracy utilizing a pre-trained convolutional neural network [ 53 ].

A-B 53-Year-Old Patient with Biopsy Proven Left Frontal Lobe Glioma with TERT Promoter Mutation. Sagittal T1-Weighted Post Contrast MRI ( A ) shows an enhancing lesion with central non-enhancing component that exhibits elevated DWI signal ( B ), in keeping with necrosis
H3 K27-altered clinical implications
A subset of diffuse glioma that frequently occurs at midline predictably carries the H3 K27-alteration. This mutation predominantly affects children and to a lesser degree adults. While prognosis is consistently poor in the pediatric realm, the prognosis in adults is more variable [ 54 , 55 ]. Due to the central location of these tumors, surgical diagnosis can be challenging. To improve our understanding of the molecular pathways driving oncogenesis and progression in these aggressive set of tumors, biopsy is being adopted in cases of suspected H3 K27-altered tumors [ 56 , 57 ].
Currently, standard therapies with radiation and temozolomide have largely failed to improve survival [ 58 ]. Thus candidate target drugs including the epigenetic modifier panobinostat and GSKJ4, an inhibitor of the Jumonji-domain demethylase H3K27, are being explored [ 59 , 60 ].
H3 K27-altered imaging
The characteristics of tumors with this mutation on standard imaging is variable ranging from mass-like, non-enhancing expansion without necrosis to an aggressive, infiltrative, necrotic and enhancing mass [ 61 ]. Lower ADC values at baseline, high skewness on ADC histogram analysis, high volume of enhancing tumor, and rim enhancement are associated with a worse prognosis [ 62 , 63 ]. While these imaging features are not specific for this mutation, recent advances in radiomics/AI have been promising in predicting this mutational status [ 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 ]. For example, Jaimes et al. reported that the volume of enhancing tumor and ADC histogram parameters significantly differed between various types of histone mutant tumors (H3F3A, HIST1H3B, HIST1H3C) [ 73 ]. Further validation and utilization of these radiomic signatures can help translate into a changing treatment paradigm.
	Medulloblastoma

Medulloblastoma is the most common malignant brain tumor of childhood. In keeping with the greater emphasis on tumoral molecular status, the WHO classification initially recognized four principle molecular groups of this tumor including wingless type (WNT), sonic hedgehog (SHH), and groups 3 and 4 [ 74 , 75 ]. The 2021 WHO update further divided SHH on the basis of TP53 status (wildtype vs mutant) due to vastly different clinicopathologic natures. Additionally, groups 3 and 4 are now designated under non-WNT/non-SHH medulloblastomas and multiple more granular subgroups were added (4 of SHH and 8 of non-WNT/non-SHH) [ 3 ].
Medulloblastoma clinical implications
WNT tumors typically have an excellent prognosis, SHH and group 4 have an intermediate prognosis and group 3 tumors have a relatively poor prognosis (> 90%, ~ 75% and 50–60% survival at 5 years, respectively) [ 76 , 77 ]. Risk adapted treatment is based on clinical factors including metastatic disease at presentation and residual disease after surgical resection. Given these divergent prognoses, there is considerable capacity to under- or over-treat a subgroup if the molecular landscape is not accounted for.
In patients with a WNT tumor and no metastatic disease, a de-escalated regimen with reduced dose craniospinal radiation and/or chemotherapy can be considered [ 6 ]. Patients with SHH subgroup γ can be treated with chemotherapy only whereas those with SHH subgroup β may require intraventricular methotrexate in addition to chemotherapy [ 78 ]. Currently, the addition of gemcitabine, a nucleoside analog, and pemetrexed, a folate antimetabolite, are being evaluated in whether they confer an improved prognosis in group 3 and 4 medulloblastoma [ 79 , 80 ].
Medulloblastoma imaging
The majority of medulloblastomas arise in the cerebellum. The epicenter of the tumor has been shown to be predictive of the molecular group. WNT tumors typically are centered at the cerebellar peduncle, adult SHH tumors within the cerebellar hemispheres and group 3/4 tumors at midline [ 74 , 75 , 81 , 82 ]. Additionally, infants with a tumor that exhibits ill-defined margins and prominent enhancement is likely to be of the group 3 or SHH variety. In contrast, children with a tumor that exhibits well-defined margins, but trace to no enhancement is likely to be group 4. Medulloblastomas found in adulthood tend to be of the SHH variety [ 74 ].
MR spectroscopy can help differentiate groups 3 and 4 as these show taurine peaks and high creatine. On the other hand, the SHH group shows low to no taurine or creatine levels [ 83 , 84 ].
Within the past few years, there has been growing literature on utilizing radiomics and machine learning to predict these molecular groups. Dasgupta et al. have shown a model in which medulloblastoma groups could be accurately predicted in 74% cases, the most impressive of which was the SHH group at 95% [ 85 ]. This degree of accuracy has been corroborated on multiple additional analyses [ 86 , 87 , 88 ].
The pattern of tumor dissemination in metastatic medulloblastoma also demonstrates unique radiomic signatures [ 89 ]. Metastases of group 3 tumors have a laminar appearance, metastases of group 4 tumors are nodular, and suprasellar metastatic deposits are highly specific of group 4 tumors [ 90 ].
BRAF mutant tumors
Oncogenesis in pediatric gliomas differs significantly from adult tumors. In children, most tumors of glial origin are low-grade. From a molecular perspective, virtually all of them carry mutations that affect the mitogen activated protein kinase (MAPK) pathway [ 91 ]. The canonical mutations that drive oncogenesis and carry prognostic significance in adult gliomas (e.g. IDH) are not involved in oncogenesis in low-grade tumors of childhood. These biologic differences are believed to drive the diverging clinical course of low-grade gliomas in children and adults [ 92 ].
BRAF is a protooncogene that is part of the MAPK pathway. It is a commonly implicated mutation in several pediatric brain tumors, particularly low-grade gliomas. The two principal alterations are BRAF fusion and the V600E mutant [ 93 ].
The chromosomal fusion alteration involves duplication and insertion of the BRAF oncogene into a fusion target, the most common of which is the K1AA1549 gene [ 93 ]. The BRAF-K1AA1549 fusion has been reported in up to 66% of pilocytic astrocytoma (PA) [ 94 ]. The evidence for specificity of BRAF status in PA remains controversial. Some reports suggest no cases of BRAF fusion in a range of low-grade gliomas, whereas other cohorts report the alteration in up to 15% of non-pilocytic low-grade gliomas [ 95 ]. BRAF V600 mutation has been implicated in high frequencies with pleomorphic xanthoastrocytoma (PXA), ganglioglioma (GG) and extracerebellar PA [ 96 ].
BRAF mutant tumor clinical implication
Harboring the BRAF-K1AA1549 fusion is an independent prognostic marker for significantly improved 5-year progression free survival [ 97 ]. By confirming BRAF fusion status, the therapeutic milieu is expanded to include novel BRAF mitogen-activated protein kinase kinase (MEK) inhibitors such as U0126, PD0325901 and AZD6244. These act by blocking proliferation and arresting growth of glioma cells [ 98 , 99 , 100 ].
While BRAF V600 mutation tumors can be seen in any location in the CNS, over a third are located at midline. Given location, these tumors are less often biopsied and standard treatment with chemoradiation is often initiated blindly under the assumption that pediatric low-grade gliomas have similar prognoses [ 101 ]. However, these tumors confer a poor outcome with increased risk of progression and transformation, particularly when associated with cyclin dependent kinase inhibitor 2A (CDNK2A) [ 101 , 102 ]. This has led to a great interest in selective BRAF V600 therapies.
The 2018 VE-BASKET study, a non-randomized multicohort analysis of BRAF V600 -mutant gliomas, showed that vemurafenib, a selective BRAF V600 inhibitor, exhibited antitumor activity in some patients [ 103 ]. A follow-up study in 2021 by Berzero et al. showed long term clinical benefits to targeted therapy of BRAF V600 -mutant brain tumors in adult patients [ 104 ].
Aside from primary CNS tumors, BRAF mutations have been implicated in several cancers including melanoma, pancreatic acinar carcinoma and papillary thyroid carcinoma [ 105 ]. In particular, 40–60% of melanomas can exhibit the mutation. Melanoma has been shown to metastasize to the brain in ~ 7% of all cases and up to 75% of those with stage IV disease regardless of whether the BRAF mutation is possessed [ 106 , 107 , 108 ].
It has been shown that primary melanoma tumors and their brain metastases do not always share the same mutational status [ 109 ]. This can have treatment altering consequences as intracranial melanoma metastases with BRAF V600 mutation can be targeted with the inhibitors dabrafenib and vemurafenib [ 110 ]. Anti-BRAF therapies for those tumors with BRAF fusions have been limited to date [ 105 ]. Not only may BRAF inhibitors be ineffective against BRAF fusion driven malignancies, but tumor progression and/or BRAF inhibitor resistance may be promoted [ 105 , 106 ].
BRAF mutant tumor imaging
There is considerable overlap in the imaging appearance of pleomorphic xanthoastrocytoma, ganglioglioma and pilocytic astrocytoma, which classically present as a cyst with enhancing nodule [ 111 ]. However, there has been ongoing research in discovering novel imaging manifestations to discern between these tumors as well as predict BRAF status.
For example, Lindsey et al. showed that infratentorial (posterior fossa) gangliogliomas tended to be infiltrative and expansile with “paintbrush” enhancement (Fig.  6 ). In contrast, supratentorial gangliogliomas tended to be well circumscribed with heterogenous enhancement [ 112 ]. A recent study by Ramaglia et al. found that BRAF V600 -mutant pilocytic astrocytoma and gangliogliomas had significantly lower ADC values compared to wildtype regardless of location and tumor histology [ 113 ].

A-B 3-Year-Old Patient with Biopsy Proven Left Cerebellar Ganglioglioma. Axial T2-Weighted MRI ( A ) shows an expansile, infiltrative, homogenously T2 hyperintense lesion centered at the mesial aspect of the left cerebellar hemisphere and left middle/superior cerebellar peduncles. Sagittal T1-Weighted Post Contrast MRI ( B ) shows the classic “paintbrush” enhancement within the lesion
While currently the only way to confirm the molecular landscape is by tissue sampling, there is growing feasibility and supportive evidence behind radiomics-based prediction of BRAF status. Wagner et al. also showed positive exploratory results when they applied radiomics and machine learning on FLAIR images of pediatric low-grade gliomas for the prediction of BRAF status [ 102 ]. Likewise, Shofty et al. showed a proof of concept for virtual biopsy using radiomics analysis for the non-invasive diagnosis of BRAF mutation status in those patients with intracranial melanoma metastases. Radiomic analysis of MRI exams from a small sample of 54 affected patients with known BRAF status was performed and subsequently submitted to machine learning. The results showed an accuracy, positive predictive value and negative predictive value of 78%, 81% and 75.8%, respectively. [ 106 ] Though the results lag that of traditional histology-based results, it may still prove useful in polymetastatic or poor surgical candidate patients [ 106 ].
Currently, most CNS tumors require tissue sampling to discern their molecular/genomic landscape. However, growing research has shown the powerful role imaging can play in non-invasively and accurately detecting the molecular signature of these tumors (Table 1 ). Certainly, the burgeoning fields of AI/radiomics/radiogenomics have buoyed such research and contributed to considerable fanfare. It is important to note that none of the reported AI/radiomic/radiogenomic models have been validated prospectively and thus the clinical implementation remains speculative. Nonetheless, we believe that further supportive work in neuroimaging will have promising longitudinal consequences toward helping select patients who may benefit from novel therapies.
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Primary intracranial tumors of the brain structures, including meninges, are rare with an overall five-year survival rate of 33.4%; they are collectively called primary brain tumors. Proven risk factors for these tumors include certain genetic syndromes and exposure to high-dose ionizing radiation. Primary brain tumors are classified by histopathologic criteria and immunohistochemical data. The most common symptoms of these tumors are headache and seizures. Diagnosis of a suspected brain tumor is dependent on appropriate brain imaging and histopathology. The imaging modality of choice is gadolinium-enhanced magnetic resonance imaging. There is no specific pathognomonic feature on imaging that differentiates between primary brain tumors and metastatic or nonneoplastic disease. In cases of suspected or pathologically proven metastatic disease, chest and abdomen computed tomography may be helpful, although determining the site of the primary tumor is often difficult, especially if there are no clinical clues from the history and physical examination. Using fluorodeoxyglucose positron emission tomography to search for a primary lesion is not recommended because of low specificity for differentiating a neoplasm from benign or inflammatory lesions. Treatment decisions are individualized by a multidisciplinary team based on tumor type and location, malignancy potential, and the patient's age and physical condition. Treatment often includes a combination of surgery, radiotherapy, and chemotherapy. After craniotomy, patients should be followed closely for complications, including deep venous thrombosis, pulmonary embolism, intracranial bleeding, wound infection, systemic infection, seizure, depression, worsening neurologic status, and adverse drug reaction. Hospice and palliative care should be offered when appropriate throughout treatment.
Primary intracranial tumors arising from the meninges, neuroepithelial tissues, pituitary and related structures, cranial nerves, germ cells, blood-forming organs, or a distant subclinical primary tumor are known collectively as primary brain tumors. These tumors in adults are rare with an estimated 23,380 new cases diagnosed in 2014, leading to 14,320 deaths; these accounted for 1.4% of all new cases of cancer and 2.4% of all cancer deaths. The incidence of a new brain tumor is 6.4 per 100,000 persons per year with an overall five-year survival rate of 33.4%. The peak prevalence is between 55 and 64 years of age, with a slightly higher incidence in men than in women. There is an approximate 0.6% lifetime risk of being diagnosed with brain or other nervous system cancer. 1
Risk Factors
There are many hypotheses about the pathogenesis of primary brain tumors; genetics clearly play a role in their development. 2 – 4 Exposure to high-dose ionizing radiation is the only proven environmental risk factor for primary brain tumors. Other investigated toxins and exposures have not been shown to increase the risk. 5 Table 1 includes risk factors for primary brain tumors. 2 – 5
Classification
The World Health Organization classifies primary brain tumors based on histopathologic criteria and immunohistochemical data; a malignancy grade is also assigned to tumors, defined by a combination of morphological features, growth patterns, and molecular profile ( Table 2 ) . 6 , 7 Nonmalignant tumors of the meninges (meningiomas) and tumors of the pituitary gland are often included. When they are included, they account for 50% of primary brain tumors. Glioblastomas, associated with higher malignancy grade and poor prognosis, account for only 15% of primary brain tumors when these nonmalignant tumors are included. 6
Figure 1 is an algorithm for the diagnosis of primary brain tumors in adults.
CLINICAL PRESENTATION
Clinical signs and symptoms of primary brain tumors may be general or focal. General symptoms, such as headache and seizures, are due to increased intracranial pressure. 8 Focal symptoms, such as unilateral weakness or personality changes, are due to tissue destruction or compression of specialized regions ( Table 3 ) . 9 Initial symptoms of low-grade tumors or initial stages of disease are often focal, progressing to generalized symptoms as the tumor increases in size and spreads. 10 , 11
The following have been reported by patients as the first symptom of a primary brain tumor: headache (23.5% of patients); generalized seizures (21.3%); unilateral weakness (7.1%); unsteadiness (6.1%); expressive language disorder (5.8%); visual problems (3.2%); confusion (4.5%); unilateral numbness (2.3%); personality problems (1.6%); diplopia (0.3%); and other symptoms (24.2%), such as anosmia, apraxia, cognitive delay, drowsiness, dysphagia, hallucinations, memory loss, nausea and vomiting, pain, and stiff neck. 8
The headache associated with a tumor is classically thought of as severe, worse in the morning, and occurring with nausea and vomiting. However, patients with a brain tumor more often report a bifrontal, tension-type headache. 12 In addition, a chronic, persistent headache with nausea, vomiting, seizures, changes in headache pattern, neurologic symptoms, or positional worsening should prompt an evaluation for brain tumor. 13 Cognitive dysfunction (e.g., language, attention, executive functioning) is common in persons with brain tumors and may be caused by the tumor, tumor-related epilepsy, treatment, psychological distress, or a combination of these factors. General neurologic symptoms may progress to encephalopathy and dementia, which may be the presenting symptoms. 14 When a tumor is suspected, funduscopy and a focused neurologic examination should be performed in addition to the history and physical examination. This examination should include an assessment of mental status; cranial nerves; and motor, sensory, and cerebellar function.
DIAGNOSTIC IMAGING
Diagnosis of a suspected brain tumor is dependent on appropriate brain imaging and histopathology ( eFigures A and B ) . Gadolinium-enhanced magnetic resonance imaging (MRI) is the preferred modality because of its resolution and enhancement with contrast agents. 15 , 16 If MRI cannot be performed (e.g., in patients with metallic implants, embedded devices, or claustrophobia), head and spine computed tomography (CT) is acceptable, although the resolution is not as high as MRI and it cannot adequately assess lesions in the posterior fossa and spine. 15 Additional imaging such as magnetic resonance perfusion, magnetic resonance spectroscopy, or fluorodeoxyglucose positron emission tomography may be necessary for diagnosis and staging, and should be ordered only under the direction of the treating physician. 16 , 17 Emergent imaging should be performed in patients with red flag symptoms ( Table 4 ) . 18

DIFFERENTIAL DIAGNOSIS
Although imaging significantly narrows the differential diagnosis of primary brain tumors, there is no specific pathognomonic feature on imaging that differentiates between primary brain tumors and metastatic or nonneoplastic disease. In cases of suspected or pathologically proven metastatic disease, chest and abdomen CT may be helpful, although determining the site of the primary tumor is often difficult, especially if there are no clinical clues from the history and physical examination. Using fluorodeoxyglucose positron emission tomography is not recommended initially to search for a primary lesion when a metastatic brain tumor is suspected, unless suggested by history or physical examination findings, because of its low specificity for differentiating neoplasms from benign or inflammatory lesions. 19
Even with the extensive range of imaging available, nonneoplastic diseases often present similarly to brain tumors. Once a neoplastic process has been excluded, a directed investigation based on history and physical examination findings should be pursued ( Table 5 ) . 20
Brain cancers do not conform to a standard staging system. Although they may spread to other parts of the brain or spinal cord, they rarely spread beyond that. 21
Treatment decisions are individualized by an experienced multidisciplinary team consisting of medical oncology, radiation oncology, and neurosurgery. Treatment decisions are based on tumor type and location, malignancy potential, and the patient's age and physical condition. Treatment may require only surveillance but commonly includes surgery, radiotherapy, chemotherapy, or a combination, and enrollment in clinical trials should be offered as an option for some high-grade tumors. 22 This article provides a brief treatment overview; detailed treatment algorithms are available from the National Comprehensive Cancer Network ( http://www.nccn.org , membership required).
The preferred treatment for primary brain tumors is the maximal safe surgical removal of the tumor followed by radiotherapy and chemotherapy. Although extent of resection is a prognostic variable, the extent of safe tumor resection is dependent on tumor location, patient performance status, and, most importantly, patient age. 23 Benefits of maximal resection include relief of mass effect, decreased tumor burden, improved diagnosis, and a trend toward prolonged survival. 24 – 27
RADIOTHERAPY
Radiotherapy can be used as primary treatment or adjunctively following surgical resection. Standard fractionated external beam radiotherapy is the most common approach, although other options include brachytherapy, fractionated stereotactic radiotherapy, and stereotactic radiosurgery. Hypofractionation of radiotherapy may be considered for older or immunocompromised patients. 28 , 29 Radiotherapy can improve progression-free survival and overall survival in patients with high-risk low-grade gliomas, defined as patients younger than 40 years with subtotal resection or biopsy, or patients older than 40 years with any degree of resection. 30
CHEMOTHERAPY
Chemotherapy given in combination with radiation has been shown to improve survival in selected cases. 31 For example, carmustine wafers (Gliadel), or temozolomide (Temodar) in younger patients, placed during surgery have improved survival in patients with high-grade gliomas. 32 , 33 Patients with the O6-methylguanine-DNA methyltransferase ( MGMT ) gene promoter and glioblastomas benefit from temozolomide. 34 Treatment of anaplastic oligodendrogliomas and anaplastic oligoastrocytomas with the combination of procarbazine (Matulane), lomustine (Gleostine), and vincristine delays progression, especially in patients with 1p/19q deletions, but does not prolong survival. 35
PERI- AND POSTOPERATIVE TREATMENTS
After craniotomy, patients should be followed closely for complications in the perioperative period (the first 21 postoperative days). Common complications include deep venous thrombosis, pulmonary embolism, intracranial bleeding, wound infection, systemic infection, seizure, depression, worsening neurologic status, and adverse drug reaction. 36 To help with prognosis and treatment planning, a repeat brain MRI with or without contrast media should be performed within three days of the surgery to determine the extent of resection. 26 , 37
Glucocorticoids, which are the mainstay of postoperative management, help decrease tumor-associated vasogenic edema and prevent postoperative and radiation-associated edema. Because long-term use is often necessary, patients should be monitored for potential adverse effects of glucocorticoids (e.g., hyperglycemia, weight gain, immunosuppression, gastritis and bowel perforation, insomnia, psychological disturbances). Glucocorticoids should be tapered after one week if possible to minimize adverse effects, although an increase in neurologic symptoms may occur with an early taper, requiring a slower taper. 38
Despite perioperative anticoagulation with heparin, thromboembolic disease is common, with an incidence as high as 60% within six weeks after surgery in patients with malignant gliomas. 39 The American Society of Clinical Oncology recommends against routine thromboprophylaxis in the outpatient setting and against the use of novel oral anticoagulants. Patients undergoing surgery should receive prophylaxis before surgery and continuing for at least seven to 10 days. 40
Although approximately 30% of patients with resection of brain tumors will develop seizures, 41 prophylactic use of anticonvulsants is not recommended beyond the initial postoperative period. Anticonvulsants may be tapered and discontinued after the initial week in patients who are medically stable and experiencing anticonvulsant-related adverse effects. 42 , 43
Cognitive deficits are problematic and common post-treatment. Function may be improved with a multifaceted cognitive rehabilitation program, which includes computer-based attention retraining and compensatory skills training of attention, memory, and executive functioning. Mood problems, including depression, may be improved with psychosocial and supportive care. 44 , 45
Hospice and palliative care should be made available when appropriate throughout treatment. Hospice should be offered if life expectancy is less than six months, and in patients who have poor or worsening performance status, who are not candidates for surgery or chemotherapy, who have deteriorating neurologic deficits despite therapy, or who have tumor recurrence. 13 , 46
The five-year survival rate for primary brain tumors is 33.4%, 1 although this rate varies widely among the specific types of tumors: 100% for pilocytic astrocytoma, 58% for low-grade astrocytoma, 11% for anaplastic astrocytoma, and 1.2% for glioblastoma. 47
Prognostic factors associated with better outcomes in low-grade gliomas include age younger than 40 years, a tumor that is less than 6 cm at its largest diameter, a tumor that does not cross the midline of the brain, histology subtype (oligodendroglioma or mixed types have better outcomes than astrocytomas), and no neurologic deficits before surgery. 48 Prognostic factors associated with better outcomes in high-grade gliomas include lower tumor grade, younger age, better functional status, greater extent of resection, and hypermethylation of the MGMT gene promoter. 46 , 49 , 50
Further Information
More information on primary brain tumors is available from the National Cancer Institute ( http://www.cancer.gov/types/brain/hp ) and the National Brain Tumor Society ( http://braintumor.org/brain-tumor-information ).
Data Sources : A PubMed search was completed in Clinical Queries using the key terms primary, brain, and tumor. The search included meta-analyses, randomized controlled trials, and reviews. Also searched were Agency for Healthcare Research and Quality clinical guidelines, Cochrane Database of Systematic Reviews, Google Scholar, National Guideline Clearinghouse database, and Essential Evidence Plus. A scoping review of pertinent articles was used to expand the search of relevant articles. Search dates: November 1, 2014, and November 22, 2015.
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Editorial on the Research Topic Advances in brain tumors diagnosis and treatment
The 2021 WHO (World Health Organization) classification of Central Nervous System (CNS) tumors has integrated the histological findings with molecular characterization ( 1 ). The characterization of brain tumors to predict survival outcomes and treatment response has been significantly improved ( 2 , 3 ). This Research Topic focused on the application of novel discovery in characterizing brain tumors for diagnostic, prognostic, or predictive purposes and draws together a series of reports focusing on different aspects of this important item.
New tumor types and rare entities
The 2021 WHO classification of CNS tumors recognized various new tumor types. PLNTY (Polymorphous low-grade neuroepithelial tumor of the young) is a novel epileptogenic neoplasm, included in the 2021 WHO classification ( 1 ). Fei et al. reported 8 new cases of PLNTY describing its clinical, histopathological, imaging, and molecular profile. The authors observed that all cases exhibited intense labeling of CD34 and the absence of IDH1 / IDH2 mutations and 1p/19q codeletion. The BRAF p.V600E mutation was detected in 66.7% of cases. In this paper, the authors demonstrated that the post-operative seizure-free rate is improved by early surgical intervention and enlarged resection of epilepsy-associated PLNTY.
The skull-base meningiomas with extracranial extensions are a rare type of meningiomas. He et al. summarized the prognostic and clinical features of skull-base meningiomas with extracranial extensions. About 50 cases of skull-based meningiomas were investigated to review clinical symptoms, treatment strategies, radiological characteristics, and prognosis. Patients with communicative meningiomas were younger when compared with those with intracranial meningiomas. Moreover, these patients showed a higher tendency to develop low-grade tumors. Imaging allowed the detection of high bone invasion rate, heterogeneous enhancement, high dural tail sign rate, and high incidence of peritumoral edema.
Internò et al. overviewed the role of molecular aberrations in astrocytomas together with the most effective post-surgical strategies. According to their data, the subgroup of IDH1 / IDH2 mutant astrocytomas showed a demonstrable survival benefit with adjuvant chemoradiotherapy, if compared to the IDH -WT group.
Prediction of post-operative mortality
The relationship between post-operative mortality in patients undergoing craniotomy and pre-operative blood urea nitrogen (BUN) was investigated by Liu Y. et al. . The study showed that post-operative mortality was associated with pre-operative BUN. Data demonstrated that the risk of post-operative mortality may be reduced by proper pre-operative management of BUN.
Radiotherapy in patients with glioblastoma
Chemoradiation followed by maintenance temozolomide (TMZ) with tumor-treating fields (TTFields) is a treatment for patients with newly diagnosed glioblastoma (GBM) ( 4 ). Miller et al. evaluated the safety of chemoradiation used concurrently with TTFields. The Authors evidenced that concurrent scalp-sparing chemoradiation with TTFields is a well-tolerated and feasible treatment option, with only limited toxicity.
Huang Y. et al. proposed an approach to delineate the clinical target volume in GBM, based on the relationship between the neural pathways and the growth patterns, enrolling a total of 69 patients. The clinical target volume (CTV) was delineated using a new approach. The used regimen showed a trend of lower rates of marginal recurrence, and the brain volume of high-dose radiation fields was similar to that of the European Organization for Research and Treatment of Cancer (EORTC).
Kaina et al. discussed the synergistic effect of temozolomide and radiation, proposing an optimal timing of TMZ treatment concurrent with radiotherapy. The authors assert that it could be concluded that the TMZ treatment should initially be carried out for 3 days without radiotherapy.
Immunotherapies in high-grade gliomas
The development of immunotherapies in the treatment of High-Grade Gliomas (HGG), has been limited by several elements, such as the anti-inflammatory tumor microenvironment (TME) ( 5 ). Franson et al. reviewed in depth the TME in HGG (adult and pediatric type), the various drivers of the TME in HGG, and different immunotherapeutic approaches. Namely, they focused on myeloid-derived suppressor cells (MDSCs), glioma-associated macrophages and microglia (GAMs), T cell infiltration and dysfunction, cytokines as a putative driver of tumor immune escape, IDH mutations, and effects on the TME, the actual immunotherapies and the challenges in immunotherapy development for HGG.
Immunotherapy may become a promising approach also for GBM treatment ( 6 ), even if the role of PD-1/PD-L1 expression in GBM is still controversial. Guo et al. performed a meta-analysis to verify the possible link between high/positive PD-L1 expression and overall survival (OS) in GBM. According to this study, in GBM there is a positive correlation between PD-L1 and low OS.
Inflammation is a crucial marker to promote tumorigenesis and tumor progression. However, the role of immune-related genes in GBM remains still unclear. Yu et al. looked for a relationship between the immune microenvironment and GBM. The Authors examined GBM-related RNA sequencing (RNA-seq), clinical data, and survival, acquiring data from four databases. According to their study, three immune-related genes ( PTX3, TNFSF9 , and BMP2 ) may be prognostic factors for patients with GBM.
Brain metastases
CNS metastases are the most common brain tumor type in adults. The extent of resection and the impact of post-operative residual tumor burden (RTB) in brain metastases are still not defined enough. In the study by Aftahy et al. the authors demonstrated that RTB is a predictor for survival.
Barakeh et al. performed NGS (Next-Generation Sequencing) on brain metastases from the following primary tumors: breast carcinomas, colorectal cancers, renal, and thyroid tumors. The Authors identified clinically relevant mutations in brain metastases that were not detected in the corresponding primary tumors, as alterations in the MAPK, PI3K, and CDK pathways. These data highlighted the possibility of having differences between brain metastases and primary cancers regards molecular profile, and thus the importance of performing the molecular analysis on brain metastatic samples for further clinical management.
Leptomeningeal metastases (LM) of lung cancer have been usually associated with poor prognosis. Osimertinib has shown promising efficacy in NSCLC–LM patients, however resistance to osimertinib develops over time. Yang et al. evaluated the clinical effects of EGFR amplification by targeted next-generation sequencing in Cerebrospinal fluid (CSF) samples in patients diagnosed with NSCLC–LM and who had received previous EGFR-TKI treatment. EGFR amplification had been evaluated by targeted next-generation sequencing in Cerebrospinal fluid (CSF) samples. Data suggested that the amplification of the EGFR gene may induce resistance of NSCLC–LM patients to EGFR-TKIs.
Tumor cell infiltration at the macro-metastasis/brain parenchyma interface (MMPI) is usually correlated with poor outcomes. Blazquez et al. identified specific magnetic resonance imaging (MRI) patterns in patients with brain metastasis, and correlated patient outcomes with these MRI patterns. The authors analyzed the preoperative magnetic resonance images of about 260 patients with brain metastasis. Their results indicated that the MRI breakout pattern is an imaging biomarker for particularly poor outcomes in patients with brain metastasis.
New diagnostic technologies
New approaches are increasingly leveraged to better understand complex biological systems. The tricarboxylic acid (TCA) cycle is related to the occurrence and development of glioma, and cuproptosis is closely related to the inhibition of the TCA cycle ( 7 ). Ye et al. developed and validated cuproptosis-associated prognostic signatures in WHO 2/3 gliomas. In their study, the authors found that eight cuproptosis-related genes (CRGs) were differentially expressed between glioma and normal tissues. The Authors constructed a cuproptosis-associated risk signature, able to predict the prognosis of glioma patients.
Ferroptosis, caused by excessive lipid peroxidation, is another form of form cell death ( 8 ). Huang Q. R. et al. have explored the prognostic value of ferroptosis-related lncRNAs (long non-coding RNAs) in low-grade glioma (LGG). Three databases (The Cancer Genome Atlas—TCGA, Chinese Glioma Genome Atlas—CGGA, and Gravendeel) were used to obtain the expression profiles. The analysis led to build a risk signature consisting of 8 lncRNAs, with a good performance in predicting the prognosis of LGG.
Necroptosis is a programmed inflammatory cell death or lysis cell death, playing a fundamental role in killing damaged cells and/or pathogen-infected ( 8 ). Xia et al. analyzed the differentially expressed necroptosis-related lncRNAs and their possible impact on the overall survival of glioma patients. The risk score model developed by the authors according to nine necroptosis-related lncRNAs allowed the prediction of the prognosis of glioma patients.
The detection of circulating tumor cells (CTCs) is a promising technology in tumor management ( 9 ). A karyoplasmic ratio (KR)-based identification method was developed by Zhu X. et al. . An automatic recognition algorithm was constructed, to determine the correlation between patients' clinical characteristics and high-KR circulating tumor cells. This study revealed a correlation between CTCs and patients' clinical characteristics and increased the efficiency of detecting glioma CTCs.
Liquid biopsy is a minimally invasive method of analysis of molecular biomarkers (e.g., circulating tumor cells, cell-free DNA) starting from any type of patient's body fluid (e.g., plasma, urine, bile, pleural effusion, and cerebrospinal fluid). The lack of permeability of the blood-brain barrier (BBB) may limit the release of ctDNA into the blood. However, it has been shown that exosomes microvesicles and apoptotic vesicles can all cross the intact BBB, and then peripheral blood may be sometimes used for analysis of circulating markers in glioma ( 10 ). Balana et al. reviewed several studies using radiogenomics and liquid biopsy in the characterization of gliomas. The authors demonstrated that liquid biopsies and radiogenomics will likely be used initially for additional diagnostic information that could be incorporated into routine clinical practice in the future.
Micro-RNAs are one of the circulating markers that can be analyzed in peripheral blood in patients with gliomas ( 11 ). Xu et al. have studied the potential clinical role of miR-4297 in glioma. The authors observed that miR-4297 levels were higher in females with high-grade glioma, but not in male patients, and a higher level of miR-4297 had been associated with a higher risk of glioma recurrence.
In the study by Liu X. et al. specific urine metabolites of Medulloblastoma (MB) were identified using liquid-chromatography–mass spectrometry (LC–MS)-based metabolomics. MB was distinguished with high diagnostic accuracy from non-MB by the combination of cortolone and tetrahydrocortisone, demonstrating that urine metabolomics might be also used for MB monitoring.
Based on the recent tumor classification, a comprehensive approach to molecular testing in the adolescents and young adults (AYA; aged 15–39) was proposed by Lim-Fat et al. . This review will help in improving the classification and identification of brain tumors in the AYA population.
Liu D. et al. explored tumor habitat characteristics in the peritumoral and intratumoral regions, to help in distinguishing primary central nervous system lymphoma (LMPA), common malignant brain tumors, and brain metastases. Quantitative radiomics features provide a useful tool for the non-invasive assessment of a CNS tumor. The model classifier can preoperatively differentiate GBM from brain metastases and LMPA by incorporating peritumoral information into the model.
High-grade glioma (HGG) and primary central nervous system lymphoma look similar under imaging. Zhang et al. performed a systematic metanalysis to determine the efficacy of 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG-PET/CT) in distinguishing PCNSL and HGG. According to their data, 18F-FDG-PET/CT had high accuracy for the differential diagnosis of HGG and PNCSL.
Artificial intelligence technologies, such as machine learning (ML), have improved radiomics predictive performance. Bahar et al. have systematically reviewed studies describing ML models for glioma grade prediction and evaluated the possibility of bringing ML from bench to clinic. The review highlighted that studies using ML applied to glioma had reported a high predictive accuracy. However, the authors have also demonstrated that to increase the standardization and the reproducibility of this technique in the glioma field, it is crucial to train and test on large, multi-institutional datasets, and adhere to reporting guidelines.
Anti-silencing function-1-B (ASF1B) belongs to the histone chaperone H3/H4 family. This protein is mainly involved in the regulation of cell proliferation and may be a potential prognostic marker in several tumors. Zhu H. et al. evaluated the role of ASF1B expression levels in gliomas. Transcriptomic clinical data were downloaded from three databases (genotypic tissue expression—GTEx, The Cancer Genome Atlas database—TCGA, and the Chinese Gliomas Genome Atlas database) and ASF1B levels were investigated in association with clinical variables. Authors found that high levels of ASF1B were associated with poor outcomes for glioma patients.
Conclusions
Recently we have observed the advent of new advanced methodologies, bioinformatics, and genomic investigations; we are now witnessing the impact of these advances in the study of brain tumors. The collection of articles on this Research Topic encompasses the extent of attempts being done to advance scientific research, clinical diagnosis, and therapeutic development; these efforts are needed to obtain the aim of improving and lengthening the life of brain tumor patients.
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Case presentation – A five-year survival of the patient with glioblastoma brain tumor
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Grzegorz Głowacki
Dariusz lange, leszek miszczyk.
This paper presents an atypical case of a patient with brain tumor of the glioblastoma multiforme (GBM) type who achieved a 5-year survival. Some general information is provided including epidemiology, diagnostic and treatment procedures (surgery and radio-chemo-therapy), and prognosis of survival related to GBM. The course of the disease, including its main symptoms, individual reasons for the delay of adjuvant treatment, after the primary surgical treatment, 37-month period of the decease free survival, as well as comprehensive management after the tumor recurrence are also presented. Histopathology confirming the clinical diagnosis is discussed in a separate chapter.
1. Background
Primary brain tumors account for about 2% of all malignant neoplasms in adults. Approximately a half of them represent gliomas, derived from neuroepithelial cells, among which glioblastoma (GBM) is the most common type.
GBM cases represent about 20% of all primary brain tumors in the adult population, and about 75% of all the anaplastic gliomas. 1 The prevalence of GBM is about 2–4 cases per 100,000. It is more common in men than in women, and its incidence increases with age. 2 Only sporadically, GBM can be found in individuals younger than 20 years of age, and its frequency rapidly increases, starting from the 5-th decade of life.
The treatment results of patients diagnosed with GBM are often unsatisfactory, and the outcome is usually poor. Currently, the main standard therapeutic methods include a radical surgical procedure, combined with radio-chemo-therapy. Some innovative methods of radiotherapy based on the application of novel radiosensitizers of corpuscular irradiation or radio-immune-therapy are now being investigated. A median survival time of patients diagnosed with GBM, treated only with the use of neurosurgical procedures are 3–5 months. The application of conventional adjuvant radiotherapy prolongs this average time about 3-fold, with a three-year survival for only about 6% of patients.
The post-treatment survival time depends on many clinical factors, such as general patient condition, age, and histopathological type of the tumor. Simson et al. demonstrated statistically significant longer survival periods among patients in whom the primary tumor location was in the frontal lobe, in comparison to the ones in whom it was located in the parietal or temporal cerebral region (11.4 months vs. 9.6 months vs. 9.1 months, respectively; p  = 0.01). 3 Severity of neurological symptoms, limits of the performed surgical procedures, and response to the applied therapy, based on imaging tests, also represent prognostic factors.
Etiology of malignant neoplasms of the central nervous system (CNS) is still unknown. The most common of many probable carcinogens include: nitrosamines, pesticides, herbicides, petrochemical substances, polyvinyl chloride, and electromagnetic irradiation. However, the role of these pro-carcinogenic factors has not been unequivocally proven. 4,5 In contrast, it has been documented that patients exposed to ionizing irradiation have an increased risk of the CNS malignant gliomas. According to the current state of knowledge in the field of molecular biology and genetics of these malignancies, two main hypotheses related to their development have been proposed. The first one includes de novo creation which is related to the loss of heterozygotic properties in chromosomes 9p, 10, 17p, and with the amplification of genes for the EGFR and CDK4 (this type of malignant growth occurs more often in older patients). The second one involves the creation of anaplastic gliomas, through the progression of gliomas with a lower malignancy grade (encountered more often in younger patients). 6,7
Currently, a required standard of therapy for patients with GBM is a combined treatment, including tumor resection, with following concomitant radio-chemo-therapy, and adjuvant chemo-therapy, based on Temozolomide. In patients who undergo non-radical surgery, or who are not treated surgically, the palliative whole brain radiotherapy (WBRT), stereotactic radiation surgery (SRS), or combination of both of these therapeutic methods are used. Also, the application of palliative chemotherapy and symptomatic treatment remain important. In addition, alternatively fractionated radiotherapy, brachytherapy, targeted molecular therapy, radio-immune-therapy, hadrone therapy, or radio-sensitizers can be considered in individual cases.
In 2005, Stupp et al. presented results of a randomized study conducted by EORTC ( European Organization for Research and Treatment of Cancer ) and NCIC ( National Cancer Institute of Canada ), comparing the application of combined radio-chemo-therapy based on Temozolomide and radical radiotherapy alone. The combined management in a statistically significant manner prolonged the total survival time from 12.1 to 14.6 months, and the rate of 2-year survival was 26.5%, compared to 10.4% for radiotherapy alone. 8 The follow-up results, after a longer period of observation, confirmed the previous reports. The 2-, 3-, and 4-year survival rates were 27.3%, 16.7%, and 12.9%, respectively ( p  < 0.0001) in the patients’ group treated with a combined therapy, and 11.2%, 4.3%, and 3.8%, in the patients’ group treated with radiotherapy only. 9
Unfortunately, despite the use of Temozolomide, the results are unsatisfactory. The reason for this therapeutic failure is the GBM resistance to most chemotherapeutic agents or rapid development of the GBM as a result of genetic transformations within the tumor cells. The main mechanism of the GBM resistance to alkylating agents, such as temozolomide, procarbazine, or nitrogen mustard derivatives, is the repair of damages caused by these drugs with involvement of protein coded by MGMT ( O 6 -methyl-guanine-DNA methyl-transferase ) gene.
A degree of methylation of the promoter's region of MGMT gene appears to be closely correlated with a therapeutic response of the glioma cells. Hypermethylation of this part of the gene significantly increases treatment efficacy among patients treated with Temozolomide, 10 influencing their survival period, as well. 9
2. Case presentation
The patient is a 38 year old Caucasian male, smoker (about 10–15 cigarettes per day for 20 years), without other relevant family or personal risk factors for neoplasic disease who had suffered from severe headaches and nausea (his first disease symptoms) since August of 2005. He did not seek any medical help until November of 2005, when he presented to his doctor, due to exacerbation of those symptoms. No abnormalities on both physical and neurological examinations were detected at that time.
On December 30th of 2005, the CT scan of his brain was remarkable for the following findings: “An expansive lesion of approximately 5 cm × 3 cm in size, located in the right temporal lobe, with nonhomogenic, post-contrast signal amplification. A large edema surrounding the lesion. A compression of the occipital corner of the right lateral ventricle. A slight enlargement of the supratentorial ventricular system, shifting to the left.”
On January 25th of 2006, the patient underwent surgical therapy, including right temporal craniotomy, with total resection of the tumor. On February 7th of 2006, a histopathology examination (identification number 475,958; Info-Pat, Poznań, Poland), confirmed a diagnosis of the GBM IV stage (according to WHO classification). Microscopic images of the tumor are presented ( Figs. 1–5 ).

Microscopic image of patient's tumor.

After the surgery, the patient was referred to the Institute of Radiation Oncology in Gliwice, Poland, for the post-operative radiotherapy. Although the patient was qualified for this treatment, he did not arrive to the Institute of Radiation Oncology on the day of the scheduled preparatory procedures. The reason for his absence was a simultaneous diagnostic finding of the left lung's tumor, for which the patient underwent a thoracotomy with the wedge tumor resection (for diagnostic purposes). On June 12th of 2006, based on the histopathological examination results, which showed post-tuberculosis lesions, the patient's pulmonary treatment was completed.
In February 2007, approximately 13 months after his brain tumor surgery, the patient again presented to the Institute of Oncology, and according to the follow-up diagnostic work-up, no brain tumor recurrence was found. Due to the absence of tumor, no radiotherapy was considered, and “watchful waiting” was recommended including brain imaging studies (CT or MRI) to be repeated every 3 months. In the face of the atypical disease course, an additional verification of the histopathological diagnosis was also performed, confirming the original findings of the GBM. The patient had remained under close control until February 2009 (37 months from his initial brain tumor surgery), and at that time the brain tumor recurrence was found. His recurrent tumor was located in the primary tumor's bed, and its size was 4 cm × 5.3 cm × 3.5 cm ( Fig. 6 ). However, those findings were not associated with any particular symptoms or abnormalities on subsequent physical or neurological examinations of the patient. On March 16th 2009, the patient underwent another craniotomy with the subtotal tumor resection. (MRI scans after the second craniotomy are shown in Figs. 7 and 8 .) The histopathology examination was again consistent with GBM. During the period from May 11th to June 19th of 2009, the patient received the radiotherapy dose of 60 Gy/30 fractions to the tumor lodge, including the residual tumor, with 2.5 cm of tissue margin. Due to the lack of the patient's consent, no chemotherapy was implemented. During the irradiation period, he had the first seizure episode, and was started on antiepileptic therapy (Depakine 200 mg a day). He continued this therapy for the rest of his life. After the radiotherapy, diagnostic follow-up examinations were conducted every 3 months. At the beginning of March 2010, another recurrence was found, and the tumor was localized in an upper part of the tumor bed, within the previously irradiated area (its size was 3.7 cm × 2.6 cm × 2.3 cm). Surprisingly, the patient had not experienced any symptoms, and his physical and neurological examinations were unremarkable. On March 13th of 2010, the stereotactic radiotherapy, using a single dose of 8 Gy applied to the area of recurrent tumor was performed. Unfortunately, on the control examination, on July 6th of 2010, further progression of the GBM was found. The patient expired on November 15th of 2010, in the local hospital (Zawiercie, Poland), due to the tumor expansion, resulting in cerebral edema, herniation, and multi-organ failure.

CT scan of recurrence tumor.

MRI scan after the second craniotomy.

3. Histopathology examination
On a histopathology specimen, the large areas of thrombotic necrosis, most probably caused by a large tumor size (5 cm × 3 cm) were found. In contrast, no “palisade” necrosis (with the characteristic palisade-like cell arrangements), typical for this type of tumor, was found.
Within vital tumor structures, a high cellular polymorphism was found. Besides some small calls (with hyperchromatic nucleus and scarce amount of cytoplasm), mostly atypical cells (giant, multisided or oval, with numerous nuclei with abnormal shapes, and visible nucleoli) were present. The cells revealed a strongly positive GFAP reaction that can be indicative of their glioma-type origin. Also, some distinctive GBM features, including proliferation of vascular endothelium (focal areas of numerous mitotic figures, in high power field – HPF), were visible. The described microscopic images are presented in Figs. 1–5 (the images of primary and recurrent tumors appear identical).
In this paper, we presented a remarkably long survival period (63 months since the initial onset of symptoms, and 58 months since the primary surgical treatment) of the GBM patient. An important message from our case study that could be useful in the management of many other GBM cases is that the initial complete resection suggests a beneficial role of radical neurosurgery in the early GBM treatment and potential survival period.
Unfortunately, we are unable to indicate the specific reasons for such a long survival of our relatively asymptomatic patient who experienced some disadvantages, including the second malignancy, which caused the delay in the application of his radiotherapy.
Nevertheless, it should be emphasized that personalized, patient-centered approach, using comprehensive diagnostic and therapeutic strategies, as well as vigilant, multi-level follow-up care, should be helpful in explaining different factors, contributing to overall survival. In addition, our single case presentation illustrates several challenges that are common to many GBM patients, and merit further, more individualized research on this devastating disease.
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This contrast-enhanced MRI scan of a person's head shows a meningioma. This meningioma has grown large enough to push down into the brain tissue.

Brain tumor MRI
Brain tumor imaging
If your health care provider thinks you might have a brain tumor, you'll need a number of tests and procedures to be sure. These might include:
	A neurological exam. A neurological exam tests different parts of your brain to see how they're working. This exam may include checking your vision, hearing, balance, coordination, strength and reflexes. If you have trouble in one or more areas, this is a clue for your health care provider. A neurological exam doesn't detect a brain tumor. But it helps your provider understand what part of your brain might be having a problem.
	Head CT scan. A computed tomography scan, also called a CT scan, uses X-rays to make pictures. It's widely available, and results come back quickly. So CT might be the first imaging test that's done if you have headaches or other symptoms that have many possible causes. A CT scan can detect problems in and around your brain. The results give your health care provider clues to decide what test to do next. If your provider thinks your CT scan shows a brain tumor, you might need a brain MRI.

Brain MRI. Magnetic resonance imaging, also called MRI, uses strong magnets to create pictures of the inside of the body. MRI is often used to detect brain tumors because it shows the brain more clearly than do other imaging tests.
Often a dye is injected into a vein in the arm before an MRI . The dye makes clearer pictures. This makes it easier to see smaller tumors. It can help your health care team see the difference between a brain tumor and healthy brain tissue.
Sometimes you need a special type of MRI to create more-detailed pictures. One example is functional MRI . This special MRI shows which parts of the brain control speaking, moving and other important tasks. This helps your health care provider plan surgery and other treatments.
Another special MRI test is magnetic resonance spectroscopy. This test uses MRI to measure levels of certain chemicals in the tumor cells. Having too much or too little of the chemicals might tell your health care team about the kind of brain tumor you have.
Magnetic resonance perfusion is another special type of MRI . This test uses MRI to measure the amount of blood in different parts of the brain tumor. The parts of the tumor that have a higher amount of blood may be the most active parts of the tumor. Your health care team uses this information to plan your treatment.
PET scan of the brain. A positron emission tomography scan, also called a PET scan, can detect some brain tumors. A PET scan uses a radioactive tracer that's injected into a vein. The tracer travels through the blood and attaches to brain tumor cells. The tracer makes the tumor cells stand out on the pictures taken by the PET machine. Cells that are dividing and multiplying quickly will take up more of the tracer.
A PET scan may be most helpful for detecting brain tumors that are growing quickly. Examples include glioblastomas and some oligodendrogliomas. Brain tumors that grow slowly might not be detected on a PET scan. Brain tumors that aren't cancerous tend to grow more slowly, so PET scans are less useful for benign brain tumors. Not everyone with a brain tumor needs a PET scan. Ask your health care provider whether you need at PET scan.
Collecting a sample of tissue. A brain biopsy is a procedure to remove a sample of brain tumor tissue for testing in a lab. Often a surgeon gets the sample during surgery to remove the brain tumor.
If surgery isn't possible, a sample might be removed with a needle. Removing a sample of brain tumor tissue with a needle is done with a procedure called stereotactic needle biopsy.
During this procedure, a small hole is drilled in the skull. A thin needle is inserted through the hole. The needle is used to take a tissue sample. Imaging tests such as CT and MRI are used to plan the path of the needle. You won't feel anything during the biopsy because medicine is used to numb the area. Often you also receive medicine that puts you in a sleep-like state so you're not aware.
You might have a needle biopsy rather than surgery if your health care team is worried that an operation might hurt an important part of your brain. A needle might be needed to remove tissue from a brain tumor if the tumor is in a spot that's hard to reach with surgery.
Brain biopsy has a risk of complications. Risks include bleeding in the brain and damage to the brain tissue.
	Testing the tissue sample in the lab. The biopsy sample is sent to a lab for testing. Tests can see whether the cells are cancerous or not cancerous. The way the cells look under a microscope can tell your health care team how quickly the cells are growing. This is called the brain tumor's grade. Other tests can find out what DNA changes are present in the cells. This helps your health care team create your treatment plan.

Brain tumor grade
A brain tumor's grade is assigned when the tumor cells are tested in a lab. The grade tells your health care team how quickly the cells are growing and multiplying. The grade is based on how the cells look under a microscope. The grades range from 1 to 4.
A grade 1 brain tumor grows slowly. The cells aren't very different from the healthy cells nearby. As the grade gets higher, the cells undergo changes so that they start to look very different. A grade 4 brain tumor grows very fast. The cells don't look anything like nearby healthy cells.
There are no stages for brain tumors. Other types of cancer have stages. For these other types of cancer, the stage describes how advanced the cancer is and whether it has spread. Brain tumors and brain cancers aren't likely to spread, so they don't have stages.
Your health care team uses all the information from your diagnostic tests to understand your prognosis. The prognosis is how likely it is that the brain tumor can be cured. Things that can influence the prognosis for people with brain tumors include:
	The type of brain tumor.
	How quickly the brain tumor is growing.
	Where the brain tumor is within the brain.
	Which DNA changes are present in the brain tumor cells.
	Whether the brain tumor can be removed completely with surgery.
	Your overall health and well-being.

If you'd like to know more about your prognosis, discuss it with your health care team.
	Care at Mayo Clinic

Our caring team of Mayo Clinic experts can help you with your brain tumor-related health concerns Start Here
More Information
Brain tumor care at Mayo Clinic
	Needle biopsy
	Positron emission tomography scan

Treatment for a brain tumor depends on whether the tumor is a brain cancer or if it's not cancerous, also called a benign brain tumor. Treatment options also depend on the type, size, grade and location of the brain tumor. Options might include surgery, radiation therapy, radiosurgery, chemotherapy and targeted therapy. When considering your treatment options, your health care team also considers your overall health and your preferences.
Treatment might not be needed right away. You might not need treatment right away if your brain tumor is small, isn't cancerous and doesn't cause symptoms. Small, benign brain tumors might not grow or might grow so slowly that they won't ever cause problems. You might have brain MRI scans a few times a year to check for brain tumor growth. If the brain tumor grows more quickly than expected or if you develop symptoms, you might need treatment.

Endoscopic transnasal transsphenoidal surgery
In transnasal transsphenoidal endoscopic surgery, a surgical instrument is placed through the nostril and alongside the nasal septum to access a pituitary tumor.
The goal of surgery for a brain tumor is to remove all of the tumor cells. The tumor can't always be removed completely. When it's possible, the surgeon works to remove as much of the brain tumor as can be done safely. Brain tumor removal surgery can be used to treat brain cancers and benign brain tumors.
Some brain tumors are small and easy to separate from surrounding brain tissue. This makes it likely that the tumor will be removed completely. Other brain tumors can't be separated from surrounding tissue. Sometimes a brain tumor is near an important part of the brain. Surgery might be risky in this situation. The surgeon might take out as much of the tumor as is safe. Removing only part of a brain tumor is sometimes called a subtotal resection.
Removal of part of your brain tumor may help reduce your symptoms.
There are many ways of doing a brain tumor removal surgery. Which option is best for you depends on your situation. Examples of types of brain tumor surgery include:
Removing part of the skull to get to the brain tumor. Brain surgery that involves removing part of the skull is called craniotomy. It's the way most brain tumor removal operations are done. Craniotomy is used for treating cancerous brain tumors and benign brain tumors.
The surgeon makes a cut in your scalp. The skin and muscles are moved out of the way. Then the surgeon uses a drill to cut out a section of skull bone. The bone is removed to get access to the brain. If the tumor is deep within the brain, a tool might be used to gently hold healthy brain tissue out of the way. The brain tumor is cut out with special tools. Sometimes lasers are used to destroy the tumor.
During the surgery, you receive medicine to numb the area so you won't feel anything. You're also given medicine that puts you in a sleep-like state during surgery. Sometimes you are awakened during brain surgery. This is called awake brain surgery. When you're awakened, the surgeon might ask questions and monitor the activity in your brain as you respond. This helps lower the risk of hurting important parts of the brain.
When the tumor removal surgery is finished, the part of the skull bone is put back in place.
Using a long, thin tube to get to the brain tumor. Endoscopic brain surgery involves putting a long, thin tube into the brain. The tube is called an endoscope. The tube has a series of lenses or a tiny camera that transmits pictures to the surgeon. Special tools are put through the tube to remove the tumor.
Endoscopic brain surgery is often used to treat pituitary tumors. These tumors grow just behind the nasal cavity. The long, thin tube is put through the nose and sinuses and into the brain.
Sometimes endoscopic brain surgery is used to remove brain tumors in other parts of the brain. The surgeon might use a drill to make a hole in the skull. The long, thin tube is carefully put through the brain tissue. The tube continues until it reaches the brain tumor.
Surgery to remove a brain tumor has a risk of side effects and complications. These can include infection, bleeding, blood clots and injury to the brain tissue. Other risks may depend on the part of the brain where the tumor is located. For instance, surgery on a tumor near nerves that connect to the eyes might have a risk of vision loss. Surgery to remove a tumor on a nerve that controls hearing could cause hearing loss.
	Radiation therapy

Radiation therapy for brain tumors uses powerful energy beams to kill tumor cells. The energy can come from X-rays, protons and other sources. Radiation therapy for brain tumors usually comes from a machine outside the body. This is called external beam radiation. Rarely, the radiation can be placed inside the body. This is called brachytherapy.
Radiation therapy can be used to treat brain cancers and benign brain tumors.
External beam radiation therapy is usually done in short daily treatments. A typical treatment plan might involve having radiation treatments five days a week for 2 to 6 weeks.
External beam radiation can focus just on the area of your brain where the tumor is located, or it can be applied to your entire brain. Most people with a brain tumor will have radiation aimed at the area around the tumor. If there are many tumors, the entire brain might need radiation treatment. When all of the brain is treated, it's called whole-brain radiation. Whole-brain radiation is most often used to treat cancer that spreads to the brain from another part of the body and forms multiple tumors in the brain.
Traditionally, radiation therapy uses X-rays, but a newer form of this treatment uses energy from protons. The proton beams can be more carefully targeted to only hurt the tumor cells. They may be less likely to hurt nearby healthy tissue. Proton therapy may be helpful for treating brain tumors in children. It also may help in treating tumors that are very close to important parts of the brain. Proton therapy isn't as widely available as traditional X-ray radiation therapy.
Side effects of radiation therapy for brain tumors depend on the type and dose of radiation you receive. Common side effects that happen during treatment or right after it are fatigue, headaches, memory loss, scalp irritation and hair loss. Sometimes radiation therapy side effects show up many years later. These late side effects might include memory and thinking problems.

Radiosurgery

Gamma Knife stereotactic radiosurgery
Stereotactic radiosurgery technology uses many small gamma rays to deliver a precise dose of radiation to the target.
Stereotactic radiosurgery for brain tumors is an intense form of radiation treatment. It aims beams of radiation from many angles at the brain tumor. Each beam isn't very powerful. But the point where the beams meet gets a very large dose of radiation that kills the tumor cells.
Radiosurgery can be used to treat brain cancers and benign brain tumors.
There are different types of technology used in radiosurgery to deliver radiation to treat brain tumors. Some examples include:
	Linear accelerator radiosurgery. Linear accelerator machines also are called LINAC machines. LINAC machines are known by their brand names, such as CyberKnife, TrueBeam and others. A LINAC machine aims carefully shaped beams of energy one at a time from several different angles. The beams are made of X-rays.
	Gamma Knife radiosurgery. A Gamma Knife machine aims many small beams of radiation at the same time. The beams are made of gamma rays.
	Proton radiosurgery. Proton radiosurgery uses beams made of protons. This is the newest type of radiosurgery. It's becoming more common but isn't available at all hospitals.

Radiosurgery is typically done in one treatment or a few treatments. You can go home after treatment and don't need to stay in a hospital.
Side effects of radiosurgery include feeling very tired and skin changes on your scalp. The skin on your head may feel dry, itchy and sensitive. You might have blisters on the skin or hair loss. Sometimes the hair loss is permanent.
	Chemotherapy

Chemotherapy for brain tumors uses strong medicines to kill tumor cells. Chemotherapy medicines can be taken in pill form or injected into a vein. Sometimes the chemotherapy medicine is placed in the brain tissue during surgery.
Chemotherapy can be used to treat brain cancers and benign brain tumors. Sometimes it's done at the same time as radiation therapy.
Chemotherapy side effects depend on the type and dose of drugs you receive. Chemotherapy can cause nausea, vomiting and hair loss.
Targeted therapy
Targeted therapy for brain tumors uses medicines that attack specific chemicals present within the tumor cells. By blocking these chemicals, targeted treatments can cause tumor cells to die.
Targeted therapy medicines are available for certain types of brain cancers and benign brain tumors. Your brain tumor cells may be tested to see whether targeted therapy is likely to help you.
Recovering after treatment
After treatment, you might need help to regain function in the part of your brain that had the tumor. You could need help with moving, speaking, seeing and thinking. Based on your specific needs, your health care provider might suggest:
	Physical therapy to help you regain lost motor skills or muscle strength.
	Occupational therapy to help you get back to your typical daily activities, including work.
	Speech therapy to help if speaking is difficult.
	Tutoring for school-age children to help them cope with changes in their memory and thinking.
	Ablation therapy
	Acupuncture
	Brain stereotactic radiosurgery
	Stereotactic radiosurgery
	Brain tumor FAQs
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Clinical trials
Explore Mayo Clinic studies testing new treatments, interventions and tests as a means to prevent, detect, treat or manage this condition.
Alternative medicine
Little research has been done on complementary and alternative brain tumor treatments. No alternative treatments have been proved to cure brain tumors. However, complementary treatments may help you cope with the stress of a brain tumor diagnosis.
Some complementary treatments that may help you cope include:
	Art therapy.
	Meditation.
	Music therapy.
	Relaxation exercises.

Talk with your health care team about your options.
Coping and support
Some people say a brain tumor diagnosis feels overwhelming and frightening. It might make you feel like you have little control over your health. It might help to take steps to understand your condition and talk about your feelings. Consider trying to:
	Learn enough about brain tumors to make decisions about your care. Ask your health care provider about your specific type of brain tumor. Ask about your treatment options and, if you like, your prognosis. As you learn more about brain tumors, you may feel better about making treatment decisions. Seek out information from reliable sources, such as the American Cancer Society and the National Cancer Institute.
	Keep friends and family close. Keeping your close relationships strong will help you deal with your brain tumor. Friends and family can provide the practical support you'll need, such as helping take care of your home if you're in the hospital. And they can serve as emotional support when you feel overwhelmed by cancer.

Find someone to talk with. Find a good listener who is willing to hear you talk about your hopes and fears. This may be a friend, family member or clergy member. Ask your health care team to suggest a counselor or medical social worker you can talk with.
Ask your health care team about brain tumor support groups in your area. It can be helpful to learn how others in your same situation are coping with complicated medical problems.
Preparing for your appointment
Make an appointment with your usual health care provider if you have any symptoms that worry you. If you're diagnosed with a brain tumor, you may be referred to specialists. These might include:
	Doctors who specialize in brain disorders, called neurologists.
	Doctors who use medicine to treat cancer, called medical oncologists.
	Doctors who use radiation to treat cancer, called radiation oncologists.
	Doctors who specialize in nervous system cancers, called neuro-oncologists.
	Surgeons who operate on the brain and nervous system, called neurosurgeons.
	Rehabilitation specialists.
	Providers who specialize in helping with memory and thinking problems that can happen in people with brain tumors. These providers are called psychologists or behavioral psychologists.

It's a good idea to be prepared for your appointment. Here's some information to help you get ready.
What you can do
	Be aware of any pre-appointment restrictions. At the time you make the appointment, be sure to ask if there's anything you need to do in advance, such as restrict your diet.
	Write down any symptoms you're experiencing, including any that may seem unrelated to the reason for which you scheduled the appointment.
	Write down key personal information, including any major stresses or recent life changes.
	Make a list of all medicines, vitamins or supplements that you're taking.
	Consider taking a family member or friend along. Sometimes it can be difficult to remember all the information provided during an appointment. Someone who goes with you may remember something that you missed or forgot. That person can help you understand what your health care team is telling you.
	Write down questions to ask your doctor.

Your time with your health care provider is limited. Prepare a list of questions to help you make the most of your time together. Identify the three questions that are most important to you. List the rest of the questions from most important to least important in case time runs out. For a brain tumor, some basic questions to ask include:
	What type of brain tumor do I have?
	Where is my brain tumor located?
	How large is my brain tumor?
	How aggressive is my brain tumor?
	Is my brain tumor cancerous?
	Will I need additional tests?
	What are my treatment options?
	Can any treatments cure my brain tumor?
	What are the benefits and risks of each treatment?
	Is there one treatment you think is best for me?
	What happens if the first treatment doesn't work?
	What happens if I choose to not have treatment?
	I know that you can't predict the future, but am I likely to survive my brain tumor? What can you tell me about the survival rate of people with this diagnosis?
	Should I see a specialist? What will that cost, and will my insurance cover it?
	Should I seek care at a medical center or hospital that has experience in treating brain tumors?
	Are there brochures or other printed material that I can take with me? What websites do you recommend?
	What will determine whether I should plan for a follow-up visit?

In addition to the questions that you've prepared, don't hesitate to ask other questions that occur to you.
What to expect from your doctor
Your provider is likely to ask you a number of questions. Being ready to answer them may allow time later to cover other points you want to address. Your doctor may ask:
	When did you first begin experiencing symptoms?
	Do your symptoms happen all the time or do they come and go?
	How severe are your symptoms?
	What, if anything, seems to improve your symptoms?
	What, if anything, appears to worsen your symptoms?
	Niederhuber JE, et al., eds. Cancer of the central nervous system. In: Abeloff's Clinical Oncology. 6th ed. Elsevier; 2020. https://www.clinicalkey.com. Accessed Sept. 27, 2022.
	Adult central nervous system tumors treatment (PDQ) — Patient version. National Cancer Institute. https://www.cancer.gov/types/brain/patient/adult-brain-treatment-pdq. Accessed Sept. 27, 2022.
	Brain tumor. Cancer.Net. https://www.cancer.net/cancer-types/brain-tumor/view-all. Accessed Nov. 1, 2022.
	Louis DN, et al. The 2021 WHO classification of tumors of the central nervous system: A summary. Neuro-Oncology. 2021; doi:10.1093/neuonc/noab106.
	Chheda MG, et al. Uncommon brain tumors. https://www.uptodate.com/contents/search. Accessed Nov. 10, 2022.
	Childhood medulloblastoma and other central nervous system embryonal tumors treatment (PDQ) — Patient version. National Cancer Institute. https://www.cancer.gov/types/brain/patient/child-cns-embryonal-treatment-pdq. Accessed Nov. 15, 2022.
	Childhood central nervous system germ cell tumors treatment (PDQ) — Patient version. National Cancer Institute. https://www.cancer.gov/types/brain/patient/child-cns-germ-cell-treatment-pdq. Accessed Nov. 15, 2022.
	Ostrom QT, et al. CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2015-2019. Neuro-Oncology. 2022; doi:10.1093/neuonc/noac202.
	Winn HR, ed. Youmans and Winn Neurological Surgery. 8th ed. Elsevier; 2023. https://www.clinicalkey.com. Accessed Sept. 27, 2022.
	Wong ET, et al. Overview of the clinical features and diagnosis of brain tumors in adults. https://www.uptodate.com/contents/search. Accessed Sept. 27, 2022.
	Edlow JA, et al. Medical and nonstroke neurological causes of acute, continuous vestibular symptoms. Neurology Clinics. 2015; doi:10.1016/j.ncl.2015.04.002.
	Cellphones and cancer risk. National Cancer Institute. https://www.cancer.gov/about-cancer/causes-prevention/risk/radiation/cell-phones-fact-sheet. Accessed Oct. 21, 2022.
	Central nervous system cancers. National Comprehensive Cancer Network. https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1425. Oct. 28, 2022.
	Stereotactic radiosurgery (SRS) and stereotactic body radiotherapy (SBRT). RadiologyInfo.org. https://www.radiologyinfo.org/en/info/stereotactic. Nov. 4, 2022.
	Distress management. National Comprehensive Cancer Network. https://www.nccn.org/guidelines/guidelines-detail?category=3&id=1431. Accessed Sept. 27, 2022.
	Muthupillai R, et al. Magnetic resonance elastography. Nature Medicine. 1996; doi:10.1038/nm0596-601.
	Murphy MC, et al. MR elastography of the brain and its application in neurological diseases. NeuroImage. 2019l doi:10.1016/j.neuroimage.2017.10.008.
	Warner KJ. Allscripts EPSi. Mayo Clinic. Jan. 7, 2021.
	Member institutions. Alliance for Clinical Trials in Oncology. https://www.allianceforclinicaltrialsinoncology.org/main/public/standard.xhtml?path=/Public/Institutions. Accessed Nov. 30, 2022.
	Genetic/familial high-risk assessment: Breast, ovarian and pancreatic. National Comprehensive Cancer Network. https://www.nccn.org/guidelines/guidelines-detail?category=2&id=1503. Accessed Nov. 30, 2022.
	Lynch syndrome management. AskMayoExpert. 2021.
	Living with Brain Tumors
	Long Term Brain Cancer Survivor
	Punk Guitarist Survives Brain Tumor
	What is a brain tumor? A Mayo Clinic expert explains

Associated Procedures
News from mayo clinic.
	Mayo Clinic Minute: Learn about meningioma and glioblastoma brain tumors Aug. 07, 2023, 02:00 p.m. CDT
	Against the odds Sept. 29, 2022, 11:00 a.m. CDT

Products & Services
	A Book: Mayo Clinic Family Health Book, 5th Edition
	Newsletter: Mayo Clinic Health Letter — Digital Edition

Mayo Clinic in Rochester, Minnesota, Mayo Clinic in Phoenix/Scottsdale, Arizona, and Mayo Clinic in Jacksonville, Florida, have been ranked among the best Neurology & Neurosurgery hospitals in the nation for 2023-2024 by U.S. News & World Report.
	Symptoms & causes
	Diagnosis & treatment
	Doctors & departments

Mayo Clinic does not endorse companies or products. Advertising revenue supports our not-for-profit mission.
	Opportunities

Mayo Clinic Press
Check out these best-sellers and special offers on books and newsletters from Mayo Clinic Press .
	Mayo Clinic on Incontinence - Mayo Clinic Press Mayo Clinic on Incontinence
	The Essential Diabetes Book - Mayo Clinic Press The Essential Diabetes Book
	Mayo Clinic on Hearing and Balance - Mayo Clinic Press Mayo Clinic on Hearing and Balance
	FREE Mayo Clinic Diet Assessment - Mayo Clinic Press FREE Mayo Clinic Diet Assessment
	Mayo Clinic Health Letter - FREE book - Mayo Clinic Press Mayo Clinic Health Letter - FREE book

Show the heart some love!
Help us advance cardiovascular medicine.
	U.S. Department of Health & Human Services
	National Institutes of Health


En Español | Site Map | Staff Directory | Contact Us
	News & Events

Bypassing the blood-brain barrier to improve brain tumor diagnosis
First-in-human trial demonstrates safety of sonobiopsy in patients with glioma.
Getting a biopsy is often an important first step for cancer diagnosis and treatment. But brain tumors present unique challenges: to perform a biopsy, a neurosurgeon will likely need to drill into the skull, and removing brain tissue can cause complications, including bleeding, brain swelling, or infection. Promising methods to noninvasively diagnose brain tumors have remained elusive—until now.
A collaborative team of NIH-funded researchers is developing a way to obtain DNA shed from brain tumors using focused ultrasound. Their first-in-human study , reported in the Nature journal npj Precision Oncology , could be an important step towards improving the way brain tumors are diagnosed.
“Focused ultrasound is conventionally used as a therapeutic technique, where high-intensity ultrasound waves are directed at a single focal point to destroy problematic tissue,” explained Randy King, Ph.D., a program director in the Division of Applied Science & Technology at NIBIB. “The method described here turns that paradigm on its head, harnessing focused ultrasound not for treatment, but for a diagnostic purpose.”
Sonobiopsy: focused ultrasound meets liquid biopsy
Traditional biopsy approaches involve cutting into the body to remove a sample of suspicious or cancerous tissue, which is then analyzed to direct treatment approaches. Tumors, nonetheless, can shed bits of their DNA into the bloodstream, which can also be collected and analyzed. This approach, known as a liquid biopsy , is used clinically for some types of cancer and has several advantages, such as the ability to noninvasively sample tumor DNA many times over.
However, it’s very challenging to capture DNA shed from tumors in the brain. The brain is surrounded by a protective vascular network known as the blood-brain barrier, which stops certain substances from passing through. This barrier works in both directions: potentially harmful molecules can’t easily enter, and materials in the brain can’t easily leave, either.
Enter sonobiopsy. This technique uses focused ultrasound to mechanically disrupt the blood-brain barrier, allowing small molecules (like tumor DNA) to pass through. Once in the bloodstream, the tumor DNA can be collected using a simple blood draw and analyzed to gather information about a patient’s cancer.

“The concept of using focused ultrasound to temporarily open the blood-brain barrier is not new—in fact, it has been under development for more than two decades,” explained co-senior study author Hong Chen, Ph.D., associate professor at Washington University in St. Louis. “But these efforts have largely focused on opening the blood-brain barrier to allow drugs in the bloodstream into the brain to treat brain diseases. Our team is trying to get molecules out of the brain—specifically, DNA shed from brain tumors.”
Opening the blood-brain barrier using focused ultrasound relies on the presence of microbubbles. These microbubbles are FDA-approved contrast agents that are traditionally used to enhance ultrasound imaging techniques. They can circulate in the blood vessels throughout the body, including those around the brain. When the microbubbles are exposed to acoustic pressure—such as focused ultrasound waves—they expand and contract. The repeated expansion and contraction of the microbubbles subsequently pushes and pulls on the vessel walls. This mechanical force puts stress on the blood-brain barrier, enhancing the permeability of the blood vessels and ultimately allowing small molecules to pass into or out of the brain.
Evaluating sonobiopsy in a first-in-human clinical trial
In this study, the researchers introduced a compact focused ultrasound device that can be seamlessly integrated into existing clinical workflow. Their first-in-human clinical trial , led by co-senior study author Eric Leuthardt, M.D., Shi Hui Huang Professor of Neurosurgery at Washington University School of Medicine, evaluated the sonobiopsy device in five patients with high-grade glioma s, an aggressive type of tumor that develops in the brain. Each of these patients were scheduled to undergo brain surgery to remove their tumors. Immediately before the surgery, the researchers performed a sonobiopsy by steering focused ultrasound waves directly at the brain tumor. Blood samples were collected before and after the procedure, and then the patients had their tumors removed. Both the blood samples and the removed tumor tissue were analyzed after the surgery.
Using the tumor tissue removed from the brain, the researchers were able to identify tumor-specific DNA sequences for each patient. They used this information to determine if the DNA found in the bloodstream following the sonobiopsy procedure originated from the tumor in the patient’s brain. Their analyses revealed that sonobiopsy significantly enhanced the detection of tumor-specific DNA in the bloodstream in three of the five patients. Notably, for one patient, the amount of tumor DNA detected in the bloodstream nearly doubled.
“We are still in the developmental stage of this technology, and our trial was designed to use the tumor tissue taken from the brain as a benchmark to determine if the DNA found in the bloodstream was shed from the tumor following the sonobiopsy procedure,” explained Leuthardt. “After we fully validate our method, the ultimate goal is to use a sonobiopsy to noninvasively analyze lesions in the brain to understand their molecular and genetic makeup to guide treatment decisions.”
Even though the sonobiopsy did not increase tumor-specific DNA in the bloodstream among all five patients, Chen noted this finding was expected. “Because this is a first-in-human trial, the ultrasound parameters that we used were likely not optimal,” she said. “We erred on the side of caution to make sure that the ultrasound parameters were as safe as possible for our patients. Given this approach, the fact that the procedure resulted in increased circulating tumor DNA for more than half of our patients was very encouraging.”
In terms of safety, the researchers did not observe any detectable tissue damage on the surface of the brain following the sonobiopsy procedure, and microscopic analysis of the removed tumor tissue did not reveal any apparent injury to regions that were exposed to focused ultrasound.
“In addition to demonstrating the feasibility of our approach, this first-in-human prospective trial suggests that sonobiopsy has the potential to transform the precision diagnosis of brain tumors and other neurological disorders,” said Chen. “While our early data is promising, further studies with larger sample sizes are needed to confirm these initial findings and establish the clinical utility of sonobiopsy.”
Study reference: Yuan, Jinyun et al. “First-in-human prospective trial of sonobiopsy in high-grade glioma patients using neuronavigation-guided focused ultrasound.”  NPJ precision oncology  vol. 7,1 92. 16 Sep. 2023, doi:10.1038/s41698-023-00448-y
This study was supported by grants from NIBIB (R01EB027223 and R01EB030102), the National Cancer Institute (NCI; R01CA276174), the National Institute of Mental Health (NIMH; R01MH116981 and UG3MH126861) and the National Institute of Neurological Disorders and Stroke (NINDS; R01NS128461).
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CNS embryonal tumour with concomitant novel BRD4::CTRC1 fusion and BCOR internal tandem duplication – evidence for synergism and non-mutually exclusive alterations in CNS embryonal tumours
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Metrics details
Central nervous system (CNS) embryonal tumours Not Elsewhere Classified/Not Otherwise Specified (NEC/NOS) is a category of CNS embryonal tumours lacking genetic alterations of a defined classification group. Recently, Lebrun et al. described a patient with a CNS embryonal tumour with a BRD4::LEUTX fusion, which matched the methylation profile of ‘CNS embryonal tumour with BRD4::LEUTX fusion’ using the Heidelberg brain classifier v12.8 [ 1 ]. This follows the first case of a CNS embryonal tumour with the BRD4::LEUTX gene fusion described by Wong et al. [ 2 ]. In this report, we describe a 1-year-old girl with a CNS embryonal tumour that had a methylation profile matching to the same group. However, in our case, BRD4 was fused to CTRC1 and in addition, there was a concomitant BCOR internal tandem duplication (ITD) (see Fig.  1 ).

Sequencing results. (a) BRD4::CTRC1 transcript (40.32%) and (b) BCOR ITD transcript (11.48%) with the respective percentage of unique reads spanning the breakpoint and supporting the event. (c) Electropherogram indicating the presence of the ITD breakpoint (located at the blue line). The overlapping peaks are due to the presence of two ITD transcripts, where one lacks an adenosine (‘A’) nucleotide (indicated by the arrow)
Clinically, the patient presented with left-sided weakness. Radiologically, there was a 5.4 cm right fronto-temporal lobe intra-axial brain tumour that enhanced heterogeneously. There were small cystic components and some calcifications.
Excision of the tumour showed predominantly large nests of monomorphic cells bearing minimal cytoplasm with large, hyperchromatic, irregular nuclei. Some areas show a trabeculated arrangement and some areas show cells featuring clear to eosinophilic cytoplasm (see Fig.  2 ). Notable immunohistochemical findings are diffuse positivity for synaptophysin, OLIG2, and BCOR, and loss of H3K27me3. Ki67 stained more than 90% of the cells. The high nuclear-to-cytoplasmic ratio of most tumour cells, positivity for synaptophysin and loss of H3K27me3 bore similarities to the tumour described by Lebrun et. al; however, the trabeculated arrangement, clear to eosinophilic cytoplasm, OLIG2 and BCOR positivity, and high Ki67 proliferative index were unique to our patient’s tumour [ 1 ]. Ampliseq Childhood Cancer Panel, a next-generation sequencing-based targeted gene panel, showed no reportable single nucleotide variants or copy number variants. Archer® Pan Solid Tumour v2 NGS panel, a high-throughput sequencing technique that identifies gene translocations and internal tandem duplications in solid tumours, showed the presence of a BRD4::CRTC1 fusion (40.32% of unique reads), and a BCOR ITD (11.48% of unique reads). The BCOR ITD was identified to be within exon 15 and the duplicated segment was 415 base pairs (bp) long. Polymerase chain reaction and Sanger sequencing of the ITD breakpoint using primers: forward-5’-CACATGCTTTGGGATACGTTTGT-3’ and reverse-5’-AATTTCGTTCGTGAATTC-3’ confirmed the presence of the breakpoint. Interestingly, two ITD transcripts were detected, where one lacked an adenosine (‘A’) nucleotide (see Fig.  1 c). DNA methylation analysis with the Heidelberg brain classifier v12.8 placed the tumour within the category of ‘CNS embryonal tumour with BRD4::LEUTX fusion’ (calibrated score: 0.98) [ 3 ]. Unlike Lebrun et. al’s case, the copy number variation profile did not show any significant chromosomal gains or losses.
The patient was treated with intensive chemotherapy as per Headstart II protocol. Due to fungal ventriculitis and viral reactivations, high dose chemotherapy with autologous transplant was postponed and two months of metronomic chemotherapy was given to bridge her cancer treatment while she was treated with antifungal and antiviral therapies. She subsequently underwent autologous transplant which was complicated by poor bone marrow recovery with viral reactivations. She underwent a successful haploidentical transplant four months later with good bone marrow recovery. Currently she is well and has been in remission for 1 year 11 months from end-of-treatment and 3 years 2 months from diagnosis.

Histopathological features. (a) Tumour cells arranged in large nests (HE, magnification 40x). (b) Trabecular arrangement (HE, magnification 200x). (c) Tumour cells with ample cytoplasm (HE, magnification 400x). (d) Tumour cells showing H3K27me3 loss with retained expression in normal elements (magnification 200x) (e) Tumour cells showing diffuse and strong BCOR positivity with absent staining in normal elements (magnification 200x). (f) Ki67 index of the tumour cells is markedly elevated (> 90%) (magnification 200x). HE, hematoxylin-eosin
This case contributes a third BRD4- rearranged CNS embryonal tumour with a novel BRD4::CRTC1 gene fusion. Noteworthy is the presence of BCOR ITD in a smaller percentage of sequencing reads of the tumour. CNS embryonal tumor with BCOR ITD is a separate category, and the significance of the presence of the BCOR ITD in our case is not clear. The presence of diffuse BCOR immunoreactivity and the methylation result in our tumour makes the possibility of a collision tumour (a BRD4::CTRC1 tumour and a BCOR -ITD tumour) less likely. More likely, we hypothesize that the BCOR- ITD occurs concomitantly in at least a proportion of the BRD4::CTRC1 tumour cells, as suggested by the lower transcript levels. Co-occurring mutations are well-described in cancer, especially when the alterations converge along complementary pathways with resultant synergistic effect on tumourigenesis [ 4 ]. Since BRD4 and BCOR do converge along several pathways (such as their interactions with polycomb repressive complexes and histone modifications), it is tenable that they can co-occur and synergistically impel tumourigenesis as dual oncogenic drivers [ 5 , 6 ]. This may, in part, account for the unusually high Ki67 index we observe in our patient’s tumour (surpassing the rate reported by Lebrun et al. and CNS tumours with BCOR ITD, in general) [ 1 ].
In summary, we report a tumour with a novel BRD4-CTRC1 gene fusion and concomitant BCOR -ITD which had a methylation profile of a ‘CNS embryonal tumour with BRD4-LEUTX fusion’. Identification of this novel fusion adds to the group of BRD4- rearranged tumours, particularly in the CNS. The novel gene partner CTRC1 raises the consideration of renaming the aforementioned methylation category to ‘CNS embryonal tumour with BRD4 -rearrangment’ [ 7 ]. Intriguingly, our tumour also has a concomitant BCOR ITD, suggesting that the molecular alterations in CNS embryonal tumours may not be mutually exclusive.
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The broader clinical use of bispecific T cell engagers for inducing anti-tumour toxicity is hindered by their on-target off-tumour toxicity and the associated neurotoxicity and cytokine-release syndrome. Here we show that the off-tumour toxicity of a supramolecular bispecific T cell engager binding to the T cell co-receptor CD3 and to the human epidermal growth factor receptor 2 on breast tumour cells can be halted by disengaging the T cells from the tumour cells via the infusion of the small-molecule drug amantadine, which disassembles the supramolecular aggregate. In mice bearing human epidermal growth factor receptor 2-expressing tumours and with a human immune system, high intravenous doses of such a ‘switchable T cell nanoengager’ elicited strong tumour-specific adaptive immune responses that prevented tumour relapse, while the infusion of amantadine restricted off-tumour toxicity, cytokine-release syndrome and neurotoxicity. Supramolecular chemistry may be further leveraged to control the anti-tumour activity and off-tumour toxicity of bispecific antibodies.
This is a preview of subscription content, access via your institution
Access options
Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
24,99 € / 30 days
cancel any time
Subscribe to this journal
Receive 12 digital issues and online access to articles
92,52 € per year
only 7,71 € per issue
Rent or buy this article
Prices vary by article type
Prices may be subject to local taxes which are calculated during checkout

Data availability
The data supporting the results in this study are available within the paper and its Supplementary Information . The raw and analysed datasets generated during the study are available for research purposes from the corresponding authors on reasonable request. Source data are provided with this paper.
Huehls, A. M., Coupet, T. A. & Sentman, C. L. Bispecific T‐cell engagers for cancer immunotherapy. Immunol. Cell Biol. 93 , 290–296 (2015).
Article   PubMed   CAS   Google Scholar  
Rader, C. Bispecific antibodies in cancer immunotherapy. Curr. Opin. Biotechnol. 65 , 9–16 (2020).
Weidanz, J. Targeting cancer with bispecific antibodies. Science 371 , 996–997 (2021).
Article   ADS   PubMed   CAS   Google Scholar  
de Miguel, M., Umana, P., de Morais, A. L. G., Moreno, V. & Calvo, E. T-cell-engaging therapy for solid tumors. Clin. Cancer Res. 27 , 1595–1603 (2021).
Article   PubMed   Google Scholar  
Tian, Z., Liu, M., Zhang, Y. & Wang, X. Bispecific T cell engagers: an emerging therapy for management of hematologic malignancies. J. Hematol. Oncol. 14 , 1–18 (2021).
Article   Google Scholar  
Smits, N. C. & Sentman, C. L. Bispecific T-cell engagers (BiTEs) as treatment of B-cell lymphoma. J. Clin. Oncol. 34 , 1131 (2016).
Article   PubMed   PubMed Central   CAS   Google Scholar  
Krishnamurthy, A. & Jimeno, A. Bispecific antibodies for cancer therapy: a review. Pharmacol. Ther. 185 , 122–134 (2018).
Duell, J. et al. Bispecific antibodies in the treatment of hematologic malignancies. Clin. Pharmacol. Ther. 106 , 781–791 (2019).
Article   PubMed   PubMed Central   Google Scholar  
Przepiorka, D. et al. FDA approval: blinatumomab. Clin. Cancer Res. 21 , 4035–4039 (2015).
Kantarjian, H. et al. Blinatumomab versus chemotherapy for advanced acute lymphoblastic leukemia. N. Engl. J. Med. 376 , 836–847 (2017).
Labrijn, A. F., Janmaat, M. L., Reichert, J. M. & Parren, P. W. Bispecific antibodies: a mechanistic review of the pipeline. Nat. Rev. Drug Discov. 18 , 585–608 (2019).
von Stackelberg, A. et al. Phase I/phase II study of blinatumomab in pediatric patients with relapsed/refractory acute lymphoblastic leukemia. J. Clin. Oncol. 34 , 4381–4389 (2016).
Topp, M. S. et al. Safety and activity of blinatumomab for adult patients with relapsed or refractory B-precursor acute lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 16 , 57–66 (2015).
Fadul, C. et al. A phase I study targeting newly diagnosed glioblastoma with anti-CD3× anti-EGFR bispecific antibody armed T cells (EGFR BATs) in combination with radiation and temozolomide. Brain Tumor Res. Treat. 10 , S193 (2022).
Google Scholar  
Fiedler, W. et al. Phase I safety and pharmacology study of the EpCAM/CD3-bispecific BiTE antibody MT110 in patients with metastatic colorectal, gastric, or lung cancer. J. Clin. Oncol. 28 , 2573–2573 (2010).
Hutchings, M. et al. Glofitamab, a novel, bivalent CD20-targeting T-cell–engaging bispecific antibody, induces durable complete remissions in relapsed or refractory B-cell lymphoma: a phase I trial. J. Clin. Oncol. 39 , 1959–1970 (2021).
Heitmann, J. S. et al. Protocol of a prospective, multicentre phase I study to evaluate the safety, tolerability and preliminary efficacy of the bispecific PSMAxCD3 antibody CC-1 in patients with castration-resistant prostate carcinoma. BMJ Open 10 , e039639 (2020).
Lum, L. G. et al. Clinical and immune responses to anti-CD3 x anti-EGFR bispecific antibody armed activated T cells (EGFR BATs) in pancreatic cancer patients. Oncoimmunology 9 , 1773201 (2020).
Lum, L. G. et al. Phase II clinical trial using anti-CD3× anti-HER2 bispecific antibody armed activated T cells (HER2 BATs) consolidation therapy for HER2 negative (0–2+) metastatic breast cancer. J. Immunother. Cancer 9 , e002194 (2021).
Van De Vyver, A. J., Marrer-Berger, E., Wang, K., Lehr, T. & Walz, A.-C. Cytokine release syndrome by T-cell-redirecting therapies: can we predict and modulate patient risk? Clin. Cancer Res . https://doi.org/10.1158/1078-0432.CCR-21-0470 (2021).
Frey, N. V. & Porter, D. L. Cytokine release syndrome with novel therapeutics for acute lymphoblastic leukemia. Hematol. Am. Soc. Hematol. Educ. Program 2016 , 567–572 (2016).
Stein, A. S. et al. Neurologic adverse events in patients with relapsed/refractory acute lymphoblastic leukemia treated with blinatumomab: management and mitigating factors. Ann. Hematol. 98 , 159–167 (2019).
Parker, K. R. et al. Single-cell analyses identify brain mural cells expressing CD19 as potential off-tumor targets for CAR-T immunotherapies. Cell 183 , 126–142. e117 (2020).
Goebeler, M.-E. & Bargou, R. C. T cell-engaging therapies—BiTEs and beyond. Nat. Rev. Clin. Oncol. 17 , 418–434 (2020).
Gross, G. & Eshhar, Z. Therapeutic potential of T cell chimeric antigen receptors (CARs) in cancer treatment: counteracting off-tumor toxicities for safe CAR T cell therapy. Annu. Rev. Pharmacol. Toxicol. 56 , 59–83 (2016).
Kallioniemi, O.-P. et al. ERBB2 amplification in breast cancer analyzed by fluorescence in situ hybridization. Proc. Natl Acad. Sci. USA 89 , 5321–5325 (1992).
Article   ADS   PubMed   PubMed Central   CAS   Google Scholar  
Morgan, R. A. et al. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 18 , 843–851 (2010).
Morris, E. C., Neelapu, S. S., Giavridis, T. & Sadelain, M. Cytokine release syndrome and associated neurotoxicity in cancer immunotherapy. Nat. Rev. Immunol. 22 , 85–96 (2022).
Suurs, F. V., Lub-de Hooge, M. N., de Vries, E. G. & de Groot, D. J. A. A review of bispecific antibodies and antibody constructs in oncology and clinical challenges. Pharmacol. Ther. 201 , 103–119 (2019).
Bai, Y., Luo, Q. & Liu, J. Protein self-assembly via supramolecular strategies. Chem. Soc. Rev. 45 , 2756–2767 (2016).
Sakamoto, S. & Kudo, K. Supramolecular control of split-GFP reassembly by conjugation of β-cyclodextrin and coumarin units. J. Am. Chem. Soc. 130 , 9574–9582 (2008).
Friberg, G. & Reese, D. Blinatumomab (Blincyto): lessons learned from the bispecific T-cell engager (BiTE) in acute lymphocytic leukemia (ALL). Ann. Oncol. 28 , 2009–2012 (2017).
Hubsher, G., Haider, M. & Okun, M. Amantadine: the journey from fighting flu to treating Parkinson disease. Neurology 78 , 1096–1099 (2012).
Schmid, D. et al. T cell-targeting nanoparticles focus delivery of immunotherapy to improve antitumor immunity. Nat. Commun. 8 , 1–12 (2017).
Article   CAS   Google Scholar  
McCall, M. J., Diril, H. & Meares, C. F. Simplified method for conjugating macrocyclic bifunctional chelating agents to antibodies via 2-iminothiolane. Bioconjug. Chem. 1 , 222–226 (1990).
Ding, Y.-F. et al. Host–guest interactions initiated supramolecular chitosan nanogels for selective intracellular drug delivery. ACS Appl. Mater. Interfaces 11 , 28665–28670 (2019).
Estrada, E., Perdomo-López, I. & Torres-Labandeira, J. J. Combination of 2D-, 3D-connectivity and quantum chemical descriptors in QSPR. Complexation of α-and β-cyclodextrin with benzene derivatives. J. Chem. Inf. Comput. Sci. 41 , 1561–1568 (2001).
Liu, L. & Guo, Q.-X. Novel prediction for the driving force and guest orientation in the complexation of α-and β-cyclodextrin with benzene derivatives. J. Phys. Chem. B 103 , 3461–3467 (1999).
Jiang, W., Kim, B., Rutka, J. T. & Chan, W. C. Nanoparticle-mediated cellular response is size-dependent. Nat. Nanotechnol. 3 , 145–150 (2008).
Yuan, H. et al. Multivalent bi-specific nanobioconjugate engager for targeted cancer immunotherapy. Nat. Nanotechnol. 12 , 763–769 (2017).
Selvin, P. R. The renaissance of fluorescence resonance energy transfer. Nat. Struct. Biol. 7 , 730–734 (2000).
Zhang, B. et al. Site-specific PEGylation of interleukin-2 enhances immunosuppression via the sustained activation of regulatory T cells. Nat. Biomed. Eng . 5 , 1288–1305 (2021).
Harris, J. M. & Chess, R. B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2 , 214–221 (2003).
Dreier, T. et al. T cell costimulus-independent and very efficacious inhibition of tumor growth in mice bearing subcutaneous or leukemic human B cell lymphoma xenografts by a CD19-/CD3-bispecific single-chain antibody construct. J. Immunol. 170 , 4397–4402 (2003).
Aoki, F. Y. & Sitar, D. S. Clinical pharmacokinetics of amantadine hydrochloride. Clin. Pharmacokinet. 14 , 35–51 (1988).
Kim, C., Agasti, S. S., Zhu, Z., Isaacs, L. & Rotello, V. M. Recognition-mediated activation of therapeutic gold nanoparticles inside living cells. Nat. Chem. 2 , 962–966 (2010).
Tonga, G. Y. et al. Supramolecular regulation of bioorthogonal catalysis in cells using nanoparticle-embedded transition metal catalysts. Nat. Chem. 7 , 597–603 (2015).
Tokumura, T. et al. Enhancement of bioavailability of cinnarizine from its β‐cyclodextrin complex on oral administration with dl ‐phenylalanine as a competing agent. J. Pharm. Sci. 75 , 391–394 (1986).
Braegelman, A. S. & Webber, M. J. Integrating stimuli-responsive properties in host–guest supramolecular drug delivery systems. Theranostics 9 , 3017 (2019).
Castellarin, M. et al. A rational mouse model to detect on-target, off-tumor CAR T cell toxicity. JCI Insight 5 , e136012 (2020).
Kim, M. J. & Ahituv, N. in Pharmacogenomics (Innocenti, F. & van Schaik, R. H. N. eds) 279–289 (Springer, 2013).
Arteta, M. Y. et al. Successful reprogramming of cellular protein production through mRNA delivered by functionalized lipid nanoparticles. Proc. Natl Acad. Sci. USA 115 , E3351–E3360 (2018).
CAS   Google Scholar  
Zhang, Y., Sun, C., Wang, C., Jankovic, K. E. & Dong, Y. Lipids and lipid derivatives for RNA delivery. Chem. Rev . https://doi.org/10.1021/acs.chemrev.1c00244 (2021).
Min, Y. et al. Antigen-capturing nanoparticles improve the abscopal effect and cancer immunotherapy. Nat. Nanotechnol. 12 , 877–882 (2017).
Zhou, Q. et al. Mannose-derived carbon dots amplify microwave ablation-induced antitumor immune responses by capturing and transferring ‘danger signals’ to dendritic cells. ACS Nano 15 , 2920–2932 (2021).
Norelli, M. et al. Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-release syndrome and neurotoxicity due to CAR T cells. Nat. Med. 24 , 739–748 (2018).
Chen, F. et al. Measuring IL-6 and sIL-6R in serum from patients treated with tocilizumab and/or siltuximab following CAR T cell therapy. J. Immunol. Methods 434 , 1–8 (2016).
Melero, I., Castanon, E., Alvarez, M., Champiat, S. & Marabelle, A. Intratumoural administration and tumour tissue targeting of cancer immunotherapies. Nat. Rev. Clin. Oncol. 18 , 558–576 (2021).
Di, S. et al. Combined adjuvant of poly I: C improves antitumor effects of CAR-T cells. Front. Oncol. 9 , 241 (2019).
Download references
Acknowledgements
M.J.M. acknowledges support from a United States National Institutes of Health Director’s New Innovator Award (DP2 TR002776), a Burroughs Wellcome Fund Career Award at the Scientific Interface, an NSF CAREER Award (CBET-2145491) and the American Cancer Society (RSG-22-122-01-ET).
Author information
Authors and affiliations.
Department of Bioengineering, University of Pennsylvania, Philadelphia, PA, USA
Ningqiang Gong, Xuexiang Han, Lulu Xue, Margaret M. Billingsley, Xisha Huang, Rakan El-Mayta, Jingya Qin & Michael J. Mitchell
Center for Cellular Immunotherapies, University of Pennsylvania, Philadelphia, PA, USA
Neil C. Sheppard, Carl H. June & Michael J. Mitchell
Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
Abramson Cancer Center, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
Michael J. Mitchell
Institute for Immunology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
Cardiovascular Institute, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
Institute for Regenerative Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
Institute for RNA Innovation, University of Pennsylvania, Philadelphia, PA, USA
Center for Precision Engineering for Health, University of Pennsylvania, Philadelphia, PA, USA
You can also search for this author in PubMed   Google Scholar
Contributions
N.G. and M.J.M. conceived and designed the experiments. N.G., L.X., J.Q. and X.H. performed the experiments. N.G., L.X., J.Q., X.H. and R.E. analysed the data. N.G., M.J.M. and M.M.B. wrote and edited the manuscript. N.C.S. and C.H.J. provided materials and were involved in discussions of the work. M.J.M. supervised the project. All authors discussed the results and commented on the manuscript.
Corresponding author
Correspondence to Michael J. Mitchell .
Ethics declarations
Competing interests.
N.G. and M.J.M. have filed a patent application related to this study. The other authors declare no competing interests.
Peer review
Peer review information.
Nature Biomedical Engineering thanks Archana Thakur and the other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are available.
Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Extended data
Extended data fig. 1 amd mediates the in vivo disassembly of site..
SiTE was labelled with Cy7 dye (Cy7 was labelled on CD3 Fab) and was i.v. injected to tumour-bearing mice at 0h. Then, PBS, AMD dispersed in PBS or AMD dispersed in 5% polyoxyethylene castor oil was injected at 18 h post-SiTE-Cy7 injection. 6 h later, mice were euthanized and the Cy7 signal in different organs and tumour was measured using IVIS ( a - c ). d , quantification of the fluorescence in tumour tissues in a-c . Data was shown as mean ± SD (n = 3), statistical differences were analysed using two-tailed unpaired Student’s t -test. e , Half-life of AMD in mouse blood when the AMD is dispersed in PBS or in 5% polyoxyethylene castor oil. When the AMD is dispersed in PBS, the half-life is about 9 hours, which is increased to 24 h when it is dispersed in 5% polyoxyethylene castor oil. f , AMD concentrations in the liver and tumour over time were investigated. g , the distribution of AMD in mouse tumours and major organs after 24h of AMD infusion. h , In order to investigate the clearance of the disassembled SiTE and the AMD, we performed another animal experiment. SiTE-Cy7 was i.v. infused into tumour bearing mice at 0 h. 4 h later, AMD was infused. After 24 h, mice were euthanized and the Cy7 signal distribution in major organs and mouse whole body was observed. Cy7 signal was detected in the spleen, kidneys and bladder. This demonstrates the potential clearance from the kidneys and urine. We then performed a kinetics study to investigate the Cy7 signal ( i ) and AMD level in the urine ( j ).
Source data
Extended data fig. 2 amd controls site activity in vivo ..
a , 10 6 E0771-HER2 cells were s.c. injected into the right flank of C57/BL6 mice. When tumour sizes reached 50 mm 3 (Day 7), mice were given an i.v. injection of 100 μL of their respective treatments—PBS, SiTE, SiTE + 100 μg AMD, SiTE + 5 μg AMD, or 100 μg AMD (in 5% polyoxyethylene castor oil). One group received SiTE on day 7 followed by 100 μg AMD at day 13. All mice were euthanized at day 23. b , Images of mice from all treatment groups on day 23. c , tumour growth curves for different groups. Tumour tissue was isolated on day 23 and observed for immune cell infiltration. d , repeat of the tumour growth inhibition experiment. e , mouse body weight change during the tumour inhibition experiment. f , Percentages of CD45 + , CD45 + CD3 + , CD45 + CD3 + CD4 + /CD8 + cells in the tumour tissues. g , Immunofluorescence images of the tumour tissues in different groups with cell nuclei labeled with DAPI (blue) and T cells labeled with anti-CD3 antibody (green). Scale bar: 100 μm. The statistical significance of tumour volume in c and e was analysed by two-tailed unpaired Student’s t -test. ** P = 0.0013 **** P <0.0001. The statistical significance displayed in f was analysed by two-tailed unpaired Student’s t -test.
Extended Data Fig. 3 T-cell infiltration levels in the tumour tissues before and after SiTE or AMD treatment.
The mice were s.c injected with 10 6 E0771-HER2 cells at day 0, SiTE was injected at day 7, 9, and day 11 and AMD was injected at day 13 a , The tumour tissues at day 6, day 12 and day 14 were collected, digested, and filtered, and the immune cell infiltration in the tumour tissue was analysed using flow (flow gating strategy is shown in b ). c , d , and e are flow dot plots of CD45 + , CD45 + CD3 + , CD45 + CD3 + CD4 + or CD45 + CD3 + CD8 + cells, respectively. f - i are quantifications of c - e , respectively. The statistical significance of tumour volume in f-i was analysed by two-tailed unpaired Student’s t -test. f ,*** P = 0.0007, ** P = 0.0027. g , *** P = 0.0005, * P = 0.0324. h , *** P = 0.0006, * P = 0.0351. i , *** P = 0.0005, * P = 0.0089.
Extended Data Fig. 4 High dose of SiTE elicited antigen-specific immune response to tumours.
C57BL/6 mice with liver expression of HER2 were injected with PBS, SiTE low dose, SiTE high dose, or AMD at days 7, 9 and 11. AMD was administered to SiTE-treated groups once severe toxicity was observed. Mice were euthanized at day 17, and the tumour tissues were collected and analysed by flow cytometry. a , mouse weight during the treatment. b , flow gating strategy. c , CD44 + CD62L + central memory cells in the tumour tissue.
Extended Data Fig. 5 High doses of SiTE enhance DC maturation and antibody production in vivo .
a-c , E0771-HER2 cells were s.c. injected to mice at day 0. E0771-HER2 tumour-bearing mice were treated with low doses (1 mg/kg) or high doses (5 mg/kg) of SiTE at days 7, 9, and 11. AMD was infused at day 13. Mice were euthanized at day 13 and the dendritic cell maturation levels in the tumour draining lymph nodes were evaluated. PBS or AMD-only were used as two control groups. d-f , In order to investigate the humoral immune response induced by SiTE, E0771-HER2 tumour-bearing mice were treated with low doses (1 mg/kg) or high doses (5 mg/kg) of SiTE at days 7, 9, and 11. AMD was infused at day 13. At day 27, the HER2-specific total IgG, IgG2c, and IgG1 levels in mouse blood were determined. P values were indicated in a - c , analysed by two-tailed unpaired Student’s t -test. n = 3.
Extended Data Fig. 6 Tumour-cell-rechallenging experiment.
Tumour-free mice from the high dose group were rechallenged with E0771-HER2 or E0771 cells and compared to mice pre-treated with either PBS or AMD challenged with E0771-HER2 as controls. Group R1: Healthy mice were treated with PBS at days −43, −41, and −39. The mice were i.v. injected with E0771-HER2 cells at day 0; Group R2: E0771-HER2 tumour-bearing mice were treated with a high dose of SiTE at days −43, −41, and −39, AMD was i.v. injected at day −37. The tumour-free mice were rechallenged with E0771-HER2 cells at day 0; Group R3, E0771-HER2 tumour-bearing mice were pre-treated with high dose of SiTE at days −43, −41, and −39. AMD was i.v. injected at day −37. The mice were rechallenged with E0771-HER2 cells at day 0. Group R4, healthy mice were treated with AMD at day −37 and the mice were i.v. injectied with E0771-HER2 cells at day 0. b - e are individual E0771-HER2 or E0771 tumour size curves in the different treatment groups. CR, complete regression (n = 8). The mice were euthanized, and the immune cell infiltration in the tumour tissue was analysed using flow. f - h , Treg percentages, CD44 + CD62L + central memory T cell percentages, and CD44 + CD62L − effector memory T cells in different treatment groups, respectively. Data were shown as mean ± SD, n = 4.
Extended Data Fig. 7 High doses of SiTE generate tumour-specific T-cell immune responses.
E0771-HER2 tumour-bearing mice were treated with high doses of SiTE. 7 days-post the last dose, T cells were collected from the mice and were co-cultured with E0771-HER2 cells (express luciferase) for 24h. E0771-HER2 cell viability was determined ( a ). b and c , E0771-HER2 target cells (labelled with low level of CSFE) and reference cells (B16 cell line, labelled with high level of CSFE) were i.v. infused into the high dose SiTE-treated mice mentioned above. 24 later, target cell killing was determined using flow cytometry ( b ). c , quantification of b . Data in a and c are shown as mean ± SD, n = 4. P values in a and c was determined using two-tailed unpaired student’s t -test.
Extended Data Fig. 8 Proteomics shows that a high dose of SiTE treatment induces damage-associated molecular patterns (DAMPs) and tumour-antigen release.
E0771-HER2 cells were incubated with mouse T cells in serum-free medium and were treated with a low dose (5 ng/mL) or a high dose (20 ng/mL) of SiTE. After 24h, the supernatant was collected and the proteins in the medium were analysed. a , relative abundance of various DAMPs released to cell culture medium in the high dose SiTE, low dose SiTE or PBS-treated group. b , and c , tumour antigen HER2 and tumour neoantigen hmmr and srrm1 abundance in the cell culture medium in different groups.
Extended Data Fig. 9 AMD reduces the on-target off-tumour toxicity of SiTE in vivo .
a , A humanized immune system mouse model was constructed by treating the mice with an i.p. injection of Busulfan at day −50 followed by an i.v. injection of 10 5 human CD34 + foetal liver cells at day −49. Human CD19 antigen was expressed in the livers of the mice using a piggyBac transposon system delivered via lipid nanoparticles (LNPs) encapsulating two plasmids, pCMV-hyPBase and pPB CMV-hCD19:T2A:EGFP, at day −35. At day −14, 10 6 Raji-Luc-GFP tumour cells were i.v. injected. Before using Blinatumomab or SiTE for cancer treatment, Tocilizumab (10 mg/kg) was administered to mice to prevent CRS-related symptoms. PBS, Blinatumomab in vivo bio-similar antibody (5 mg/kg), or SiTE (5 mg/kg) were i.v. injected every two days for three total doses. When an approximate 15% decrease in body weight (indicative of toxicity) was observed on day 7, half of the mice that had received SiTE were given an i.v. injection of AMD (in 5% polyoxyethylene castor oil). Throughout the study, mice were euthanized when body weight decreased more than 20%. IVIS was used to monitor tumour burden in vivo. b , IVIS images of the mice at days 0, 7, 10, and 30. c , and d , Mouse body weight and survival curves, respectively. n = 10 mice. The red stars in b and c indicate that mice were euthanized. e - h , Measurements for markers of toxicity and inflammation including AST, ALT, TNF-α, IFN-γ levels in mouse blood at different time points. n = 10 mice. i , In order to evaluate liver toxicity induced by various treatments, an additional animal experiment was performed and mouse livers were harvested at day 9. H&E staining was conducted to detect liver damage in different groups. Scale bar: 100 μm. j , Immunofluorescence imaging of CD3 + T cells in liver tissue. Blue: DAPI; Red, CD3 + T cells. k , tumour-free mice from the SiTE+AMD group were rechallenged with 10 6 Raji-Luc-GFP cells and the tumour burden post Raji-Luc-GFP cell rechallenging was monitored with IVIS. l - m , T cells in the tumour-free mice from the SiTE+AMD group were sorted and were co-cultured with Raji-Luc-GFP cells for 24 h and tumour cell viability was determined using a luciferase assay kit ( l ). T cells from normal humanized mice co-cultured with Raji-Luc-GFP cells were used as a control group. m , IFN-γ concentrations in the cell culture medium were determined using an ELISA kit. The data in e - h were plotted as mean ± s.d. (n = 10) from three independent experiments. P values indicated in e - h were analysed by two-tailed unpaired Student’s t -test. Pink, Blinatumomab vs SiTE + AMD at day 9; blue, SiTE vs SiTE + AMD at day 9; *** P = 0.0003, **** P <0.0001. P value in d was determined using Log-rank (Mantel-Cox) test, **** P <0.0001. P values in l and m were determined by two-tailed unpaired Student’s t -test, **** P <0.0001, *** P = 0.0006.
Extended Data Fig. 10 AMD reduces SiTE-induced neurotoxicity in vivo .
a , NSG-SGM3 mice were treated with Busulfan at day −50 to remove mouse bone marrow. At day −49, 10 5 human CD34 + foetal liver cells were i.v. injected to allow the mouse develop a human immune system. 10 6 Raji-Luc-GFP tumour cells were i.v. injected at day −14. At days 1, 3, and 5, PBS or SiTE was i.v. injected (in the PBS group, only PBS was injected into tumour-bearing mice). When an approximate 15% decrease in body weight (indicative of toxicity) was observed on day 7, half of the mice that had received SiTE were given an i.v. injection of AMD (10 mg/kg) and half of them were given Tocilizumab (10 mg/kg) for CRS treatment. b , c , d , and e , Mouse body weight, temperature, IL-6 levels, and mouse survival curves, respectively. n = 10 mice. The red stars in b indicate that mice were euthanized. f , Measurements of IL-1 in mouse blood at different time points. n = 10 mice. At around day 33 post-SiTE injection, humanized NSG-SGM3 mice that received either PBS or Tocilizumab treatment developed paralysis ( g ) or experienced a seizure as indicated by movement along the red arrows ( h ), which are signs of lethal neurological syndrome. However, mice treated with AMD did not develop paralysis and were not observed to experience seizures indicative of lethal neurological syndrome. Brain H&E staining ( i ) and human CD68 immunohistochemistry ( j ) images of mice at day 35. The data in b - f were plotted as mean ± s.d. (n = 10) from three independent experiments. P value in f was determined using Log-rank (Mantel-Cox) test, **** P < 0.0001.
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	PDF About Brain Tumors
About Brain Tumors: A Primer is a comprehensive guide to the diagnosis, treatment and management of brain tumors, published by the American Brain Tumor Association. The primer covers topics such as tumor types, symptoms, tests, treatments, side effects, coping strategies and resources. It is designed to help patients and caregivers understand their condition and make informed decisions.




	PDF Standardized Brain Tumor MR Reporting
Standardized report for brain tumor reports. Impression categories tied to expected management decisions. Goals: Simple system which can easily be implemented. Maximize consistency across section. Minimize ambiguity of report outcomes. Easily understandable reports. Legend at end to assist the reader. Score.




	PDF Brain Tumors
learn more about brain tumors . The first half of the handbook includes information about those critical first hours and days when you are struggling to process just having a brain tumor while needing to make treatment decisions . The second half of the handbook provides more general information about brain tumors, the different types




	PDF Current Treatments for Brain Tumors
and biological aggressiveness of the tumor, the extent of possible surgical resection, and the tumor tissue pathology characteristics. Below is a general overview of most current treatment options available for brain tumor patients. Always consult with your doctor or neuro-surgeon concerning the most appropriate treatment options for you.




	(PDF) Incidence, Diagnosis and Treatment of Brain Tumours
Brain tumors have been reported to be among the highest causes of mortality. Based on the information from the Central Brain Tumor Registry of the United States (CBTRUS), it was projected that ...




	PDF NCCN Guidelines for Patients Brain Cancer: Gliomas
healthy parts of the brain. Gliomas are also primary tumors. A primary tumor means it develops in the area of the brain where it began. Secondary brain tumors start in another part of the body and spread to the brain to form new tumors. Gliomas very rarely spread to other parts of the body. Gliomas are very uncommon. An estimated




	PDF Neuro-oncology: Adult Brain Tumors
• Prognosis varies depending on tumor type with high-grade tumors seeing a median survival rate of less than 12 months; there is no cure and treatment focuses on prolonging survival while preserving as much quality of life • Factors affecting prognosis: age, tumor size (extent of resection/residual tumor), Karnofsky




	PDF Primary brain tumours in adults
Primary brain tumours in adults Sarah Lapointe, Arie Perry, Nicholas A Butowski Primary CNS tumours refer to a heterogeneous group of tumours arising from cells within the CNS, and can be benign or malignant. Malignant primary brain tumours remain among the most difficult cancers to treat, with a 5 year overall survival no greater than 35%.




	Brain Tumors
Brain tumors are common, requiring general medical providers to have a basic understanding of their diagnosis and management. The most prevalent brain tumors are intracranial metastases from systemic cancers, meningiomas, and gliomas, specifically, glioblastoma. Central nervous system metastases may occur anywhere along the neuroaxis, and require complex multidisciplinary care with ...




	Imaging diagnosis and treatment selection for brain tumors in the era
Currently, most CNS tumors require tissue sampling to discern their molecular/genomic landscape. However, growing research has shown the powerful role imaging can play in non-invasively and accurately detecting the molecular signature of these tumors. The overarching theme of this review article is to provide neuroradiologists and neurooncologists with a framework of several important ...




	PDF Brain Tumor: An overview of the basic clinical manifestations and treatment
In spite of the fact that clinical manifestations fl uctuate on the basis of category, magnitude and site of tumor, the most common clinical features reported are persistent headache, seizures, nausea and vomiting, loss of consciousness, dizziness, mood fl uctuation, cognitive problems, visual defects, weakness of body parts, diffi culty with ...




	(PDF) Brain Cancer Treatment; A Systematic Review
Results: Statistical analysis showed that 50% of the papers used a virus, 36% used polymers, and 14% used cells as carriers to transfect the genes as a therapeutic agent in brain tumor models ...




	Primary Brain Tumors in Adults: Diagnosis and Treatment
These tumors in adults are rare with an estimated 23,380 new cases diagnosed in 2014, leading to 14,320 deaths; these accounted for 1.4% of all new cases of cancer and 2.4% of all cancer deaths ...




	Editorial: Advances in brain tumors diagnosis and treatment
The 2021 WHO (World Health Organization) classification of Central Nervous System (CNS) tumors has integrated the histological findings with molecular characterization (1). The characterization of brain tumors to predict survival outcomes and treatment response has been significantly improved (2, 3). This Research Topic focused on the application of novel discovery in characterizing brain ...




	(PDF) Brain Tumors: Epidemiology and Current Trends in Treatment
Abstract and Figures. Background: Brain tumors represent a group of neoplasms arising from brain tissue, each with their own unique biology, prognosis, and treatment. Included in this group are ...




	Understanding My Report
The pathology report is a succinct description of all the features encountered by examination of the tumor under the microscope, and the specialized testing performed. Components of the pathology report include location of the operative procedure (e.g. brain, frontal lobe), tumor type (e.g. glioblastoma ), tumor grading (grade IV), and specific ...




	Brain Tumor at Diagnosis: From Cognition and Behavior to Quality of
Primary brain tumors represent 1.6% of all cancers [ 1 ]. Patients with primary and secondary brain tumors often present multiple symptoms such as motor deficits, emotional or cognitive impairment, headache, or somatic changes. Treatment of brain tumors can, in some cases, induce additional cognitive symptoms.




	Case presentation
Abstract. This paper presents an atypical case of a patient with brain tumor of the glioblastoma multiforme (GBM) type who achieved a 5-year survival. Some general information is provided including epidemiology, diagnostic and treatment procedures (surgery and radio-chemo-therapy), and prognosis of survival related to GBM.




	Brain tumor
Brain tumor grade. A brain tumor's grade is assigned when the tumor cells are tested in a lab. The grade tells your health care team how quickly the cells are growing and multiplying. The grade is based on how the cells look under a microscope. The grades range from 1 to 4. A grade 1 brain tumor grows slowly.




	Brain Tumors in Children
Brain Tumors in Children. Brain tumors are the most common solid neoplasms and the leading cause of death from cancer in children. 1-3 Tumors of the central nervous system (CNS) account for 20% of ...




	Brain Tumor Treatment
The Johns Hopkins Comprehensive Brain Tumor Center is one of the largest brain tumor treatment and research centers in the world. We tailor each patient's treatment using an array of advanced approaches, including emerging treatments such as tumor-treating fields and MRI-guided laser ablation. Learn more about the brain tumor center.




	Safe and effective cancer care: how long must we wait?
In January, 2024, a new analysis by the Less Survivable Cancers Taskforce found that the UK has some of the worst cancer survival among countries of similar wealth and income. In a ranking of 5-year survival in 33 countries, the UK was placed 16th for liver cancer, 21st for oesophageal cancer, 25th for brain cancer, 26th for pancreatic cancer, and 28th for lung and stomach cancers, and only 16 ...




	(PDF) Brain Tumor
Treatment strategies, determined by a variety of factors, include surgery, radiotherapy, chemotherapy and indicative therapy. This mini-review summarizes brain tumor biology as regards its ...




	Bypassing the blood-brain barrier to improve brain tumor diagnosis
Focused ultrasound can be used to temporarily open the blood-brain barrier, allowing DNA shed from brain tumors to enter the bloodstream. This tumor DNA can then be collected and analyzed, providing information about a patient's cancer. Credit: Chen lab, Washington University in St. Louis. "The concept of using focused ultrasound to ...




	CNS embryonal tumour with concomitant novel
The patient was treated with intensive chemotherapy as per Headstart II protocol. Due to fungal ventriculitis and viral reactivations, high dose chemotherapy with autologous transplant was postponed and two months of metronomic chemotherapy was given to bridge her cancer treatment while she was treated with antifungal and antiviral therapies.




	Brain Tumor Detection and Localization with YOLOv8
Brain tumor detection plays a crucial role in the early diagnosis as well as treatment planning of neuro-oncological conditions. Accurate localization and identification of brain tumors using magnetic resonance imaging (MRI) images are essential for guiding medical interventions. In this paper, a comprehensive approach for brain tumor detection using the BR35h dataset and the YOLOv8 algorithm ...




	Small-molecule-mediated control of the anti-tumour activity and off
Such toxicity during HER2-based CAR T cell therapy was demonstrated when a patient with colorectal cancer received treatment that resulted in off-tumour targeting of their cardiopulmonary system ...




	(PDF) An Overview of Brain Tumor
Abstract and Figures. Brain tumor is an abnormal growth of mass of cells in (or) around the brain. Brain tumors can be malignant (cancerous) or being non-cancerous. It is the most common malignant ...




	Deep-learning-based reconstruction of undersampled MRI to reduce scan
Deep-learning-based reconstruction of undersampled MRI allows for a substantial reduction of scan times, with a 10-times acceleration demonstrating excellent image quality while preserving the accuracy of derived imaging biomarkers for the assessment of oncological treatment response. Our developments are available as open source software and hold considerable promise for increasing the ...
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