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Abstract
Low-grade gliomas are the most common brain tumor of childhood, and complete resection offers a high likelihood of cure. 
However, in many instances, tumors may not be surgically accessible without substantial morbidity, particularly in regard 
to gliomas arising from the optic or hypothalamic regions, as well as the brainstem. When gross total resection is not feasi-
ble, alternative treatment strategies must be considered. While conventional chemotherapy and radiation therapy have long 
been the backbone of adjuvant therapy for low-grade glioma, emerging techniques and technologies are rapidly changing 
the landscape of care for patients with this disease. This article seeks to review the current and emerging modalities of treat-
ment for pediatric low-grade glioma.
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Introduction

Epidemiology

Low-grade gliomas (LGG) are the most common brain 
tumors in childhood, comprising 35% of all pediatric tumors 
[1]. Given that complete resection offers a high likelihood 
of cure and near-total resection is still associated with a 
reasonable outcome, caring for patients with LGG can be 

very rewarding. In one of the largest observational studies 
of childhood brain tumors, Wisoff et al. demonstrated that, 
regardless of subtype, as many as 80% of children with low-
grade glioma can expect to survive a decade [2]. Throughout 
our first century of neurosurgery as a specialty, complete 
resection of LGGs has offered the best chance for cure. In 
this article, the authors provide an overview of emerging 
technologies which are being studied as treatment alterna-
tives for LGG when surgery is not curative. It should be 
noted that, although there have been numerous advances in 
both diagnostics and therapeutics for LGG, at present, gross 
total resection still offers our patients the best opportunity 
for a cure. That said, there are certain situations in which 
these tumors are not amenable to complete resection, for 
which we must rely on other treatment modalities.

Radiology

Advances in neuroimaging in the hands of an experienced 
neuroradiologist will allow pre-operative diagnosis of LGG 
in over 90% of cases. Furthermore, contemporary MRI 
sequences will allow the neurosurgeon to determine whether 
the tumor displaces normal brain structures versus infiltrat-
ing them. Functional neuroimaging can also determine the 
interface between the LGG and adjacent speech, motor, or 
sensory cortex. Tractography can determine which tumors 
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are infiltrative versus confluent as well as where functional 
connections are displaced. High-field intraoperative MRI 
has also allowed us to double our likelihood of achieving 
a gross total resection or maximal safe resection with less 
morbidity [3, 4].

Molecular classification

In 2021, the fifth edition of the WHO classification of brain 
tumors was based on the genetic alterations common to 
various central nervous system tumors. This classification 
schema classifies gliomas, glioneuronal tumors, and neu-
ronal tumors into six families, three of which include pedi-
atric low-grade gliomas and glioneuronal tumors (pLGG/
GNTs). Included in the new classification are six newly 
defined pLGG/GNTs. These include “diffuse astrocytoma, 
MYB or MYBL1-altered”; “polymorphous low-grade neu-
roepithelial tumor of the young (PLNTY)”; “diffuse low-
grade glioma-MAPK altered”; “diffuse glioneuronal tumor 
with oligodendroglioma-like features and nuclear clusters 
(DGONC)”; “myxoid glioneuronal tumor (MGT)”; and 
“multi-nodular and vacuolating neuronal tumor (MVNT).” 
The article by Bale and Rosenblum is an excellent review 
of the new classification of pLGG/GNTs of childhood [5].

New radiation modalities

Over the decades, radiation therapy has proven effective 
in controlling the progression of low-grade gliomas. In the 
early years, the application of photon therapy through two 
opposing beam fields offered reasonable tumor control but 
at the expense of radiation side effects extending to large 
areas of normal brain and surrounding tissues. Given the 
longevity associated with most low-grade tumors, malignant 
degeneration and secondary neoplasia became a significant 
concern given patients’ long-term survival. With MRI-
directed three-dimensional conformal radiotherapy, more 
precise delivery of photons has allowed improved sparing 
of normal tissues with notable improvements in quality of 
life and with less likelihood of secondary neoplasia. More 
recently, proton therapy has offered the advantage of the 
Bragg peak effect, and, with modern computer modeling, 
has substantially improved radiation delivery to the target 
with very little energy deposition along its trajectory. Carbon 
ion therapy is an emerging technology which, like proton 
therapy, has the advantage of an improved Bragg peak. The 
energy deposition with carbon ions is a steeper curve than 
that of protons. This modality is under investigation at over 
a dozen centers and for a variety of cancers [6]. Stereotactic 
brachytherapy is the local application of radiation-emitting 
isotope seeds implanted into the tumor. Historically, this 
treatment modality has a proven track record but has fallen 
into disuse in the modern era given the improved ability to 

deliver radiation modalities with greater precision through 
non-surgical means [7].

Focused ultrasound

Another emerging modality is the use of high-frequency 
focused ultrasound for the treatment of glioma. This appli-
cation is interesting in that it can provide both an additional 
ablative modality, as well as be capable of opening the 
blood-brain barrier (BBB) to enhance chemotherapeutic 
delivery. Ultrasonic waves are sound waves with a frequency 
of > 20,000 Hz. They have been in use for decades as a non-
invasive imaging modality. Traditional use of intraoperative 
ultrasound has been as an adjunct for real-time intraoperative 
tumor visualization in order to guide resection [8].

Recent advances in high-intensity ultrasound combined 
with stereotactic techniques and transcranial magnetic res-
onance guidance have opened new avenues for the use of 
magnetic resonance-guided focused ultrasound (MRgFUS). 
This high-intensity ultrasound modality uses 650 to 750 kHz 
frequency to induce thermal tissue ablation, providing a 
selective focus of tissue temperature increase up to 65 °C 
[9]. This modality has been widely used in neurosurgery to 
create spatially precise ablations for multiple pathologies, 
including thalamotomy for essential tremor and tremor-
dominant Parkinson’s disease [10, 11].

Early clinical studies of MRgFUS thermo-ablation for 
CNS tumors have predominantly focused on high-grade 
glioma, and no studies have specifically looked at pediat-
ric patients. Multiple phase I trials are actively assessing 
this modality for CNS tumor ablation (NCT01473485, 
NCT00147056, NCT01698437, and NCT04559685), though 
so far no completed randomized controlled trial data is avail-
able and results are limited to preliminary findings and proof 
of concept case series. These have shown promising results, 
though limitations exist with this modality, given small 
treatment areas of effect and time required to ablate larger 
volumes [12, 13]. As such, more work is needed to explore 
this modality for CNS tumor treatment. Currently, the use of 
this modality in glioma treatment has been limited to recur-
rent or residual tumors that are not amenable to resection or 
conventional radiation therapy [14].

Another potentially exciting use of ultrasound technology 
for LGG therapeutics has been demonstrated by the ability 
of low-intensity FUS to disrupt the BBB. This technique 
does not cause thermo-ablation or irreversible tissue dam-
age. Instead, circulating microbubbles are combined with 
low-intensity ultrasound bursts, concentrating the US effects 
on the vasculature and resulting in temporary local disrup-
tion of the BBB, increasing the permeability of large mol-
ecules [8]. Animal models using this modality have shown 
BBB disruption for up to 24 h after a single treatment, 
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depending on the size of administered microbubble contrast 
agents [15]. Further preclinical studies have investigated this 
modality in combination with multiple chemotherapeutic 
agents, including temozolamide, bevacizumab, doxorubicin, 
and carboplatin, to enhance drug delivery to difficult-to-
treat CNS tumors [9]. In addition, this approach has been 
used to deliver viral and T cell-directed therapy as well [16, 
17]. Currently, multiple trials are ongoing to assess FUS as 
a means of increasing chemotherapeutic efficacy in CNS 
tumors, primarily glioblastoma in adults [8]. Although no 
studies are currently exploring this modality for its poten-
tial in pLGG, there are ongoing trials to assess its utility 
for pediatric patients with diffuse midline glioma/DIPG 
(NCT05123534 and NCT04804709) [8]. Another potential 
role for FUS-mediated BBB disruption is in the form of 
enhancing biomarker detection with liquid biopsy, though no 
clinical studies have published results for this to date [18].

Laser interstitial thermal therapy

Laser interstitial thermal therapy (LITT) is one of the recent 
surgical techniques that is being used for the treatment of 
brain tumors. This modality uses real-time MRI thermo-
graphic guidance and targeted thermal energy delivered via 
laser fiberoptic probes surgically implanted into a structure. 
This allows for the delivery of focused thermal energy such 
that degradation of the cell membrane in the core tissue 
occurs. The approach is minimally invasive and, when the 
surgeon obtains a stereotactic needle biopsy of the tumor, 
he or she can introduce the laser ablation catheter through 
the same trajectory.

The first reported case using LITT in a pediatric patient 
was in 2011 [19]. Although more than a decade has passed 
since this report, the literature concerning the treatment 
of pediatric brain tumors using LITT remains relatively 
scarce in comparison to the adult population. The literature 
in adults mainly relates to HGG and metastatic disease, as 
well as radiation necrosis. Preliminarily, these reports show 
promising results regarding disease control with relatively 
low perioperative morbidity [20, 21]. In 2020, a multicenter 
retrospective study regarding the use of LITT in pediatric 
brain tumors showed promising results for pLGG, demon-
strating tumor volume reduction [20]. The question remains 
whether thermal ablation alters the oncologic course of the 
disease [22]. LITT has been shown to reduce the length of 
hospital stay and improve patient satisfaction in several stud-
ies, but the evidence for its benefit over conventional crani-
otomy regarding progression-free survival is lacking [23].

For HGG, it has been shown that LITT has the addi-
tional benefit of disrupting the BBB, thus allowing for 
better delivery of chemotherapy (e.g., doxorubicin), with 
increased overall survival for patients treated [24]. One of 

the interesting emerging uses of LITT is as a substitute for 
other forms of focal energy delivery such as re-irradiation. In 
a case report recently published by Guadix et al., the authors 
showed the clinical benefit of LITT in a patient with Li-
Fraumeni syndrome who had a recurrent glial tumor fol-
lowing prior surgical resection and adjuvant therapy [25]. 
They present LITT as a substitute for radiation therapy with 
relatively low risk for the patient. LITT has been shown 
to benefit patients suffering from tumor-related epilepsy 
as well. The results of seizure control have been shown to 
be comparable to open surgical resection in various adult 
series [26]. From a technical aspect, the use of LITT requires 
fixation of the guidance system to the skull using anchor-
ing bolts, which can be problematic in the young age group 
when the skull is very thin. Some technical modifications 
have been discussed in the literature in a way of allowing 
the use of LITT in young children [27]. In many cases, it has 
been recommended to use the same trajectory for perform-
ing tumor biopsy before insertion of the laser catheter and 
performing the ablation. There is an associated complication 
rate of close to 13% [28]. The most commonly described 
adverse effect is periprocedural edema. In many cases, pre- 
and post-operative high-dose steroid treatment can help miti-
gate this phenomenon [29, 30].

Emerging chemotherapy trials

While FUS and LITT present appealing avenues for mini-
mally invasive ablation, emerging chemotherapy trials are 
exploring the role of new therapeutic regimens for pLGG. 
Chemotherapy has historically been utilized as a mainstay 
treatment for patients who require systemic therapy follow-
ing surgery and has been first-line therapy for patients with 
unresectable tumors or progressive disease [31]. Commonly 
accepted first-line regimens include a combination of vin-
cristine and carboplatin (VC); a combination of thiogua-
nine, procarbazine, lomustine, and vincristine (TPCV); and 
vinblastine or carboplatin monotherapy [32–34]. Studies 
with these regimens have shown overall survival (OS) rates 
between 70 and 95% at 5 years, but progression-free sur-
vival rates (PFS) remain low at around 45–55% [31, 35]. 
Despite reasonable control rates, standard chemotherapeutic 
regimens have many associated toxicities, including mye-
losuppression, peripheral neuropathy, allergic reactions, 
sodium dysregulation, secondary malignancy, and hepatic 
or renal dysfunction. Approximately 50% of children will 
require an alternative second-line chemotherapy regimen 
given the associated toxicities and side effect profiles of 
these regimens [31].

Given the relatively low rates of tumor control asso-
ciated with conventional first-line regimens, additional 
options are currently being explored. One ongoing phase 
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II trial seeks to determine the efficacy of a combination of 
bevacizumab combined with vinblastine in chemotherapy-
naïve patients harboring unresectable or progressive pLGG 
(NCT02840409). The results of this trial are not yet posted, 
and it is expected to conclude in 2026. Other ongoing trials 
seek to compare conventional chemotherapeutic regimens 
in combination with or in comparison to molecularly tar-
geted therapies. For example, the PLGG–MEKTRIC trial 
seeks to compare the efficacy of MEK inhibitor trametinib 
with conventional chemotherapy in the form of mono-
agent vinblastine (NCT05180825). Additionally, the LOG-
GIC/FIREFLY-2 trial (NCT05566795, EudraCT Number: 
2022-001363-27), a phase 3 multicenter global randomized 
trial, is evaluating the efficacy, safety, and tolerability of 
tovorafenib, a pan-RAF inhibitor directed at MAPK activa-
tion signaling, compared to standard regimen combination 
CV or mono-agent vinblastine.

Targeted therapy

The new era of molecular subtyping for tumors, adult and 
pediatric, holds promise for better treatment options for 
pediatric LGG. The current pathways that are being inves-
tigated are primarily MAPK/ERK and mTOR pathways. 
The main challenge now focuses on the efficacy of targeted 
therapy as either the initial treatment or as a second option 
when conventional treatment has failed, also examining the 
safety profile of the different treatment options and com-
binations and monitoring potential side effects. Despite 
encouraging responses to targeted therapy on neuroim-
aging, there is also a recognized rebound effect of tumor 
regrowth once the treatment is stopped [36, 37]. As such, it 
is imperative that patients treated with these agents remain 
on clinical protocols in which long-term side effects and 
efficacy can be documented. The use of targeted therapy as 
first-line therapy remains anecdotal, but preliminary results 
are promising [38].

In the mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase (MAPK/ERK) pathway, a cascade of 
signal changes, including the activation of Ras, triggers the 
activity of the serine/threonine-protein kinase B-raf, which 
ultimately triggers mitogen-activated protein kinase kinase 
(MEK1and MEK2). Eventually, this leads to downstream 
activation of ERK, which then causes feedback inhibition 
of components at the beginning of the pathway [39]. Pedi-
atric LGG often harbors alterations in the BRAF gene such 
as the known point mutation at V600E and the transloca-
tion of KIAA1549. These changes in the BRAF gene lead to 
alterations in the MAPK pathway promoting uncontrolled 
cell division and proliferation [40]. By understanding the 
changes found in the BRAF gene and the MAPK pathway, 
blockade of this aberrant pathway has become possible. 

Several studies have shown that having a pLGG with a 
BRAF mutation leads to significantly lower PFS as com-
pared to the same tumor type absent this mutation (27% vs 
60%), with more than a third of relapsed cases observed 
among patients that had GTR in their initial surgery [41, 
42]. Moreover, it has been shown that pLGGs that harbor 
the V600E mutation have a much higher tendency to trans-
form into HGG. One of the possible explanations is that, in 
25% of the pLGG with  BRAFV600E mutations, there is also 
a deletion of CDKN2A. This may lead to tumor biology 
resembling HGG rather than LGG [43]. Whereas V600E 
mutated pLGG is usually found in supratentorial tumors, 
KIAA1549 fusion gene tumors are more commonly found in 
infratentorial tumors and have much better PFS and OS [39].

This has led to the use of BRAF inhibitors in pLGG treat-
ment, as they can bind to mutated BRAF proteins and block 
the activation of MEK by inhibiting the MAPK/ERK path-
way. In a recent series published by Leclair et al., 8 pediatric 
patients with pLGG were treated as first line with either a 
BRAF inhibitor (dabrafenib), a MEK inhibitor (trametinib), 
or the combination of the two [38]. The results showed satis-
fying efficacy and safety, but in several instances, the com-
bination of these agents was required to achieve a favorable 
treatment outcome. Regarding the BRAF/MEK pathway, 
several trials have shown image response rates with varied 
results, such as 15% for trametinib in a study of recurrent 
disease or a 56% response rate with binimetinib (MEK162 
inhibitor) in another publication [31, 44]. Recent studies 
testing the newer agent tovorafenib (2nd generation RAF 
inhibitor) have shown a 64% response rate for children with 
multiply recurrent pLGG. Children with neurofibromatosis 
type 1 (NF1) can normally be expected to develop low-grade 
gliomas in 10–15% of patients. Although it is quite com-
mon to find genetic alterations in the tumors affecting NF1 
patients, very few of them are found to have BRAF variants 
[45]. Studies have shown that for this population who harbor 
NF1-associated tumors but who lack the BRAF alterations, 
the use of MEK inhibitors is very promising [46]. The major 
toxicities from the use of either MEK inhibitors or BRAF 
inhibitors are hair color changes, dermatologic complica-
tions, anemia, elevated creatinine phosphokinase (CPK), 
diarrhea, hypoalbuminemia, and more [44].

Another commonly altered pathway in pLGG is the 
mTOR pathway. This pathway includes a cascade of steps 
as well. The activation of the phosphatidylinositol 3-kinase/
protein kinase B/mechanistic target of rapamycin (PI3K/
AKT/mTOR) pathway eventually leads to activation of 
mTORC1/2, leading to cell survival, proliferation, and neo-
plasia [39]. Some data have suggested the potential benefit 
of mTOR inhibitors, such as everolimus, in the treatment of 
progressive pLGG [47]. This has led to efforts to character-
ize the benefit of combining mTOR inhibition with other 
inhibitory agents, such as trametinib in the trial of the PNOC 
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(Pacific Pediatric Neuro-Oncology Consortium) for recur-
rent pLGG and pHGG. The major use of mTOR inhibitors 
has been for the treatment of tuberous sclerosis. The mTOR 
pathway was found to be very active in pLGG tumors associ-
ated with genetic syndromes such as NF1 and TS. Currently, 
many studies are ongoing, and with promising preliminary 
results. For TS patients, the use of everolimus has been 
shown to be very successful in treating subependymal giant 
cell astrocytomas (SEGAs) and has been proven useful for 
both tumor control and seizure control [48]. The adverse 
effects of the mTOR inhibitors have been well-characterized 
as relatively mild side effects, but certain populations can 
suffer from severe side effects as well [47].

More recently, trials have been initiated targeting tumors 
that harbor FGFR alterations. The fibroblast growth factor 
receptor (FGFR) family (FGFR1-4) is an important compo-
nent in the MAPK pathway as well. The FGFR1 mutation is 
known to affect both the RAS/MAPK pathway as well as the 
PI3K/AKT/mTOR pathway; hence, there is great potential 
in controlling its activity [49]. One example is erdafitinib, 
used in the MATCH trial (Molecular Analysis for Therapy 
CHoice) of the Children’s Oncology Group (COG). Data has 
shown a partial response in more than half of the patients 
harboring pLGG and glioneural tumors. The possible tox-
icities for FGFR inhibitors are still being realized, with 
varied reports ranging from fingernail changes and hyper-
phosphatemia to more concerning reports of slipped capital 
femoral epiphyses [50].

The current trials of targeted therapies for pLGG include 
BRAF inhibitors, MEK inhibitors, mTOR inhibitors, and 
FGFR inhibitors. Other potential targets for LGG derive 
from the adult LGG studies but currently lack application to 
pediatric tumors. One example is the use of the IDH inhibi-
tor vorasidenib, which has shown promising results in adults 
with LGG with PFS close to 2.5 times higher among the 
treated group vs placebo [51].

As mentioned, the main use of targeted therapy for pLGG 
is still for progressive or recurrent disease. The question 
of whether these should be the first-line treatment raises a 
number of ethical questions, such as the fiscal cost of these 
potentially life-long treatments compared to their efficacy, 
especially as compared to conventional systemic chemother-
apy. The COG is currently running two prospective studies 
comparing selumetinib (MEK inhibitor) to conventional 
CV therapy (carboplatin/vincristine). Other groups across 
the world have suggested different paradigms comparing 
different MEK/BRAF inhibitors or other targeted therapeu-
tic agents in comparison to the standard treatment. These 
include the combination of several agents such as dabrafenib 
and trametinib. One study worthy of mention is a study that 
led the Food and Drug Administration to approve the com-
bination of dabrafenib and trametinib as first-line treatment 
for children 1 year of age and older with newly diagnosed 

 BRAFV600E-mutant pLGG [44]. This study has shown that 
this combination led to a 47% response rate and 20.1 months 
of median PFS as compared to 11% and 7.4 months in the 
CV group, respectively. The results were promising both 
from an efficacy perspective and also from an adverse event 
profile, which was significantly better with the targeted ther-
apy compared to the CV treatment. This, along with FDA 
approval, might be justification for oncologists to consider it 
as first-line therapy, although it is not clear if similar results 
can be achieved with single-agent treatment; hence, ongoing 
investigation is still necessary. The main criticism against 
the widespread use of targeted therapy agents in the West-
ern world and even more so in developing countries is the 
significant increase in care costs, leading to an unbearable 
financial burden, especially in places where the cost of this 
expensive life-long treatment is borne by the family [52, 53]. 
In addition to the cost of the treatment, there is also the cost 
of pathologic analysis to consider. In recent work looking at 
the feasibility of sending samples for outside pathological 
consultation, it was shown in a cohort of 32 patients that the 
median turnaround time from the tumor samples’ shipment 
to the final report of the results was 23.5 days, with a median 
laboratory processing time of 16 days (range, 8–39 days) 
at a cost of US$1,000/sample. As the authors empha-
sized, it is important to include these data in the workup of 
these patients even in low-income countries. Ideally, these 
expenses should be covered by clinical research or compas-
sionate use protocols rather than families [54].

Discussion

Worldwide, the second most common cause of death in 
childhood is cancer [1]. With improvements in managing 
acute lymphoblastic leukemia, brain tumors are now the 
most common etiology of cancer-related mortality in 
childhood. With that in mind, LGG is the most common 
brain tumor in childhood, occurring in 30–40% of patients. 
When patients present with obstructive hydrocephalus, 
intractable seizures, or significant symptoms, the family 
is typically referred first for a neurosurgical opinion. 
It therefore behooves the neurosurgeon to engage in a 
multi-disciplinary team discussion regarding the optimal 
management of these patients.

Improvements in neuroimaging and image-guided resec-
tion now allow for more children to receive a surgical cure 
and with less surgical morbidity than ever before. In fact, in 
most experienced centers, death from brain tumor surgery is 
now a sentinel event. For those patients with diffusely infil-
trative tumors, deep midline tumors, or those deemed unsafe 
for surgical resection, biopsy is also safer than ever before. 
Even with our diffuse brain stem tumors, complications from 
stereotactic biopsy are now less than 5% [55].
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Rapid advances in the understanding of the tumor’s 
molecular biology have allowed for the development of 
a variety of novel treatment options. Although molecu-
lar profiling of tumor tissue is currently expensive and 
available mainly at reference centers, this technology is 
also advancing at a rapid pace. Whereas traditional his-
topathology has relied upon the subjective interpretation 
of what the pathologist sees when looking through the 
microscope, studies have shown that, even among the 
most experienced neuropathologists, there is significant 
discordance in the interpretation of what the pathologist 
sees [56]. With molecular profiling, this subjectivity is 
replaced by the objectivity of these newer technologies. As 
such, it is anticipated that over the next decade, molecular 
profiling will become faster and cheaper, the technology 
will become widely adopted, and molecular diagnosis will 
overshadow conventional histopathology. This underscores 
the importance of obtaining tissue for diagnostics when-
ever feasible.

The study of Wisoff et al., although a decade old, clearly 
demonstrated that in nearly half of patients with LGG, small 
amounts of residual tumor may remain stable on imaging for 
up to a decade following incomplete resection [2]. That said, 
we are all seeing children who are now 2–3 decades out from 
their original surgery in whom that small residual progresses. 
In most instances, new histology at the time of progression 
still mimics the original tumor, but the biology of the pro-
gression is not the same and can prove difficult to cure. 
Whereas in the past we would often dismiss patients with sta-
ble residual as “cured” after a decade of follow-up, we now 
know that they need lifelong clinical and radiographic moni-
toring. At the first sign of progression, new tissue should be 
obtained, and there should be multi-disciplinary discussion 
regarding when and which treatment is optimal.

Regarding low-grade chemotherapy, although response 
rates are high, it should be noted that many LGGs may natu-
rally remain stable or may follow a very indolent course. 
Studies noting “failure to progress” over a 3–5-year period 
may, in some instances, be recapitulating the natural history 
of the disease. In the long run, the chances of conventional 
chemotherapy “curing” a low-grade glioma are less than 
10%. Radiation therapy, on the other hand, has a higher like-
lihood of cure but raises concern in a slow-growing, indolent 
process for the resultant malignant progression or secondary 
neoplasia. With more focal radiation techniques, such risks 
seem to be diminished. In a recent review of 101 children 
treated for posterior fossa ependymoma before the age of 
3 years with surgical resection followed by 3-D conformal 
radiotherapy, at 25 years follow-up, only 6 children devel-
oped malignant progression or secondary neoplasia, whereas 
24 children in the series had died of progression of their 
primary tumor [57].

Targeted therapies, more than immunotherapy trials, have 
shown promising results in selected individuals. Anecdotal 
cases of significant responses to these agents in children who 
were otherwise deemed incurable have become common-
place. For instance, multiple studies have shown dramatic 
responses in high-grade and recurrent low-grade gliomas 
with  BRAFV600E mutations treated with vemurafenib when 
all other standard therapies have failed. Given the poor 
response to conventional chemotherapy and radiation for 
children with gangliogliomas of the brain stem which har-
bor V600e mutations, vemurafenib is now being proposed 
as first-line therapy for these patients [58, 59]. However, 
though study data gives us a picture of what percentage of 
patients may respond to treatment, we have a poor under-
standing of what the duration of the response will be and 
how to predict who will stop responding over time. Fur-
thermore, two-thirds of children on these agents will suf-
fer grade III toxicities which may lead to a discontinuation 
of the drug and subsequent rebound of tumor re-growth. 
Finally, these agents are prohibitively expensive considering 
that a young child will likely be on the drug lifelong. One 
treatment paradigm currently under study for adults with 
papillary craniopharyngioma is to treat with targeted agents 
until maximal tumor response is seen, then apply focal radio-
therapy with discontinuation of the drugs [60]. At present, 
long-term results for this approach are pending. Nonetheless, 
it should be stated that patients being treated with targeted 
therapies, laser ablation, focused ultrasound, or other emerg-
ing technologies should all be enrolled in clinical protocols 
in which they are carefully followed.

Conclusions

For most patients diagnosed with low-grade gliomas, the 
chances of being alive a decade later are over 80% [2]. 
At present, for those amenable to maximal safe surgical 
resection, this is still the best opportunity for cure. Rapid 
advances in both neuroimaging and molecular profiling 
have led to the development of promising treatment alterna-
tives for patients with surgically incurable low-grade glioma 
such as optic pathway gliomas, diffuse cortical tumors, or 
those with diffuse midline tumors. The molecular profiling 
of individual tumors offers information that is more objec-
tive, more predictive, and more precise than traditional 
histopathology, making the importance of obtaining tumor 
tissue in each patient with this disease of critical impor-
tance. Although there may come a day when patients with 
low-grade glioma can be diagnosed and treated based upon 
imaging alone or biopsy only, currently, the management 
of these tumors remains primarily neurosurgical within the 
confines of a multi-disciplinary team.



Child's Nervous System 

Author contributions All authors contributed equally regarding draft-
ing, critically revising, and editing the manuscript.

Funding The authors declare that no funding sources were provided 
or obtained in the production of this article.

Data availability No datasets were generated or analyzed during the 
current study.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Steliarova-Foucher E, Colombet M, Ries LAG, Moreno F, Dolya 
A, Bray F, Hesseling P, Shin HY, Stiller CA (2017) International 
incidence of childhood cancer, 2001–10: a population-based reg-
istry study. Lancet Oncol 18:719–731

 2. Wisoff JH, Sanford RA, Heier LA, Sposto R, Burger PC, Yates AJ, 
Holmes EJ, Kun LE (2011) Neurosurgery 68:1548–1554, discus-
sion 1554-1545

 3. Roder C, Breitkopf M, Ms BS, Freitas Rda S, Dimostheni 
A, Ebinger M, Wolff M, Tatagiba M, Schuhmann MU (2016) 
Beneficial impact of high-field intraoperative magnetic resonance 
imaging on the efficacy of pediatric low-grade glioma surgery. 
Neurosurg Focus 40:E13

 4. Giordano M, Arraez C, Samii A, Samii M, Di Rocco C (2016) 
Neurosurgical tools to extend tumor resection in pediatric hemi-
spheric low-grade gliomas: iMRI. Childs Nerv Syst 32:1915–1922

 5. Bale TA, Rosenblum MK (2022) The 2021 WHO classification of 
tumors of the central nervous system: an update on pediatric low-
grade gliomas and glioneuronal tumors. Brain Pathol 32:e13060

 6. Malouff TD, Mahajan A, Krishnan S, Beltran C, Seneviratne DS, 
Trifiletti DM (2020) Carbon ion therapy: a modern review of an 
emerging technology. Front Oncol 10:82

 7. Suchorska B, Ruge M, Treuer H, Sturm V, Voges J (2011) Ste-
reotactic brachytherapy of low-grade cerebral glioma after tumor 
resection. Neuro Oncol 13:1133–1142

 8. Paun L, Moiraghi A, Jannelli G, Nouri A, DiMeco F, Pallud J, 
Meling TR, Momjian S, Schaller K, Prada F, Migliorini D (2021) 
From focused ultrasound tumor ablation to brain blood barrier 
opening for high grade glioma: a systematic review. Cancers 
(Basel) 13(22):5614. https:// doi. org/ 10. 3390/ cance rs132 25614

 9. Bunevicius A, McDannold NJ, Golby AJ (2020) Focused ultra-
sound strategies for brain tumor therapy. Oper Neurosurg (Hag-
erstown) 19:9–18

 10. Elias WJ, Lipsman N, Ondo WG, Ghanouni P, Kim YG, Lee 
W, Schwartz M, Hynynen K, Lozano AM, Shah BB, Huss D, 
Dallapiazza RF, Gwinn R, Witt J, Ro S, Eisenberg HM, Fishman 

PS, Gandhi D, Halpern CH, Chuang R, Butts Pauly K, Tierney 
TS, Hayes MT, Cosgrove GR, Yamaguchi T, Abe K, Taira T, 
Chang JW (2016) A randomized trial of focused ultrasound 
thalamotomy for essential tremor. N Engl J Med 375:730–739

 11. Bond AE, Shah BB, Huss DS, Dallapiazza RF, Warren A, Harrison 
MB, Sperling SA, Wang XQ, Gwinn R, Witt J, Ro S, Elias WJ 
(2017) Safety and efficacy of focused ultrasound thalamotomy for 
patients with medication-refractory, tremor-dominant Parkinson 
disease: a randomized clinical trial. JAMA Neurol 74:1412–1418

 12. Coluccia D, Fandino J, Schwyzer L, O’Gorman R, Remonda L, 
Anon J, Martin E, Werner B (2014) First noninvasive thermal 
ablation of a brain tumor with MR-guided focused ultrasound. J 
Ther Ultrasound 2:17

 13. McDannold N, Clement GT, Black P, Jolesz F, Hynynen K 
(2010) Transcranial magnetic resonance imaging- guided 
focused ultrasound surgery of brain tumors: initial findings in 
3 patients. Neurosurgery 66:323–332; discussion 332

 14. De Simone M, Conti V, Palermo G, De Maria L, Iaconetta G 
(2023) Advancements in glioma care: focus on emerging neu-
rosurgical techniques. Biomedicines 12(1):8. https:// doi. org/ 10. 
3390/ biome dicin es120 10008

 15. Marty B, Larrat B, Van Landeghem M, Robic C, Robert P, Port 
M, Le Bihan D, Pernot M, Tanter M, Lethimonnier F, Mériaux 
S (2012) Dynamic study of blood-brain barrier closure after 
its disruption using ultrasound: a quantitative analysis. J Cereb 
Blood Flow Metab 32:1948–1958

 16. Noroozian Z, Xhima K, Huang Y, Kaspar BK, Kügler S, Hynynen 
K, Aubert I (2019) MRI-guided focused ultrasound for targeted 
delivery of rAAV to the brain. Methods Mol Biol 1950:177–197

 17. Alkins R, Burgess A, Ganguly M, Francia G, Kerbel R, Wels WS, 
Hynynen K (2013) Focused ultrasound delivers targeted immune 
cells to metastatic brain tumors. Cancer Res 73:1892–1899

 18. Rincon-Torroella J, Khela H, Bettegowda A, Bettegowda C (2022) 
Biomarkers and focused ultrasound: the future of liquid biopsy for 
brain tumor patients. J Neurooncol 156:33–48

 19. Jethwa PR, Lee JH, Assina R, Keller IA, Danish SF (2011) Treat-
ment of a supratentorial primitive neuroectodermal tumor using 
magnetic resonance-guided laser-induced thermal therapy. J Neu-
rosurg Pediatr 8:468–475

 20. Arocho-Quinones EV, Lew SM, Handler MH, Tovar-Spinoza 
Z, Smyth M, Bollo R, Donahue D, Perry MS, Levy ML, Gonda 
D, Mangano FT, Storm PB, Price AV, Couture DE, Oluigbo C, 
Duhaime AC, Barnett GH, Muh CR, Sather MD, Fallah A, Wang 
AC, Bhatia S, Patel K, Tarima S, Graber S, Huckins S, Hafez DM, 
Rumalla K, Bailey L, Shandley S, Roach A, Alexander E, Jenkins 
W, Tsering D, Price G, Meola A, Evanoff W, Thompson EM, 
Brandmeir N (2020) Magnetic resonance-guided stereotactic laser 
ablation therapy for the treatment of pediatric brain tumors: a mul-
tiinstitutional retrospective study. J Neurosurg Pediatr 26:13–21

 21. Chen C, Lee I, Tatsui C, Elder T, Sloan AE (2021) Laser intersti-
tial thermotherapy (LITT) for the treatment of tumors of the brain 
and spine: a brief review. J Neurooncol 151:429–442

 22. Remick M, McDowell MM, Gupta K, Felker J, Abel TJ (2020) 
Emerging indications for stereotactic laser interstitial thermal 
therapy in pediatric neurosurgery. Int J Hyperthermia 37:84–93

 23. Fadel HA, Haider S, Pawloski JA, Zakaria HM, Macki M, Bartlett 
S, Schultz L, Robin AM, Kalkanis SN, Lee IY (2022) Laser inter-
stitial thermal therapy for first-line treatment of surgically acces-
sible recurrent glioblastoma: outcomes compared with a surgical 
cohort. Neurosurgery 91:701–709

 24. Butt OH, Zhou AY, Huang J, Leidig WA, Silberstein AE, 
Chheda MG, Johanns TM, Ansstas G, Liu J, Talcott G, 
Nakiwala R, Shimony JS, Kim AH, Leuthardt EC, Tran DD, 
Campian JL (2021) A phase II study of laser interstitial thermal 
therapy combined with doxorubicin in patients with recurrent 
glioblastoma. Neurooncol Adv 3:vdab164

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13225614
https://doi.org/10.3390/biomedicines12010008
https://doi.org/10.3390/biomedicines12010008


 Child's Nervous System

 25. Guadix SW, Pandey A, Gundlach C, Walsh M, Moss NS, 
Souweidane MM (2024) Laser interstitial thermal therapy as a 
radiation-sparing approach for central nervous system tumors in 
children with cancer predisposition syndromes: report of a child 
with Li-Fraumeni syndrome. Illustrative case. J Neurosurg Case 
Lessons 7(6):CASE23595. https:// doi. org/ 10. 3171/ CASE2 3595

 26. Pelliccia V, Deleo F, Gozzo F, Sartori I, Mai R, Cossu M, Tassi 
L (2017) Early and late epilepsy surgery in focal epilepsies asso-
ciated with long-term epilepsy-associated tumors. J Neurosurg 
127:1147–1152

 27. Berry-Lowe SL, Mc Knight TD, Shah DM, Meagher RB (1982) 
The nucleotide sequence, expression, and evolution of one mem-
ber of a multigene family encoding the small subunit of ribu-
lose-1,5-bisphosphate carboxylase in soybean. J Mol Appl Genet 
1:483–498

 28. Sharma M, Ugiliweneza B, Wang D, Boakye M, Andaluz N, 
Neimat J, Mohammadi A, Barnett GH, Williams BJ (2020) 
National trends and factors predicting outcomes following laser 
interstitial thermal therapy for brain lesions: nationwide inpatient 
sample analysis. World Neurosurg 139:e88–e97

 29. Ashraf O, Patel NV, Hanft S, Danish SF (2018) Laser-induced 
thermal therapy in neuro-oncology: a review. World Neurosurg 
112:166–177

 30. Banerjee C, Snelling B, Berger MH, Shah A, Ivan ME, Komotar 
RJ (2015) The role of magnetic resonance-guided laser ablation 
in neurooncology. Br J Neurosurg 29:192–196

 31. Fangusaro J, Jones DT, Packer RJ, Gutmann DH, Milde T, Witt 
O, Mueller S, Fisher MJ, Hansford JR, Tabori U, Hargrave D, 
Bandopadhayay P (2024) Pediatric low-grade glioma: state-of-
the-art and ongoing challenges. Neuro Oncol 26:25–37

 32. Ater JL, Zhou T, Holmes E, Mazewski CM, Booth TN, Freyer DR, 
Lazarus KH, Packer RJ, Prados M, Sposto R, Vezina G, Wisoff 
JH, Pollack IF (2012) Randomized study of two chemotherapy 
regimens for treatment of low-grade glioma in young children: 
a report from the Children’s Oncology Group. J Clin Oncol 
30:2641–2647

 33. Ater JL, Xia C, Mazewski CM, Booth TN, Freyer DR, Packer RJ, 
Sposto R, Vezina G, Pollack IF (2016) Nonrandomized compari-
son of neurofibromatosis type 1 and non-neurofibromatosis type 1 
children who received carboplatin and vincristine for progressive 
low-grade glioma: a report from the Children’s Oncology Group. 
Cancer 122:1928–1936

 34. Lassaletta A, Scheinemann K, Zelcer SM, Hukin J, Wilson BA, 
Jabado N, Carret AS, Lafay-Cousin L, Larouche V, Hawkins 
CE, Pond GR, Poskitt K, Keene D, Johnston DL, Eisenstat DD, 
Krishnatry R, Mistry M, Arnoldo A, Ramaswamy V, Huang A, 
Bartels U, Tabori U, Bouffet E (2016) Phase II weekly vinblas-
tine for chemotherapy-naïve children with progressive low-grade 
glioma: a Canadian Pediatric Brain Tumor Consortium study. J 
Clin Oncol 34:3537–3543

 35. Al-Jilaihawi S, Lowis S (2023) A molecular update and review of 
current trials in paediatric low-grade gliomas. Pediatr Neurosurg 
58:290–298

 36. Fangusaro J, Onar-Thomas A, Young Poussaint T, Wu S, Ligon 
AH, Lindeman N, Banerjee A, Packer RJ, Kilburn LB, Goldman 
S, Pollack IF, Qaddoumi I, Jakacki RI, Fisher PG, Dhall G, Baxter 
P, Kreissman SG, Stewart CF, Jones DTW, Pfister SM, Vezina G, 
Stern JS, Panigrahy A, Patay Z, Tamrazi B, Jones JY, Haque SS, 
Enterline DS, Cha S, Fisher MJ, Doyle LA, Smith M, Dunkel IJ, 
Fouladi M (2019) Selumetinib in paediatric patients with BRAF-
aberrant or neurofibromatosis type 1-associated recurrent, refrac-
tory, or progressive low-grade glioma: a multicentre, phase 2 trial. 
Lancet Oncol 20:1011–1022

 37. Fangusaro J, Onar-Thomas A, Poussaint TY, Wu S, Ligon AH, 
Lindeman N, Campagne O, Banerjee A, Gururangan S, Kilburn 
LB, Goldman S, Qaddoumi I, Baxter P, Vezina G, Bregman C, 

Patay Z, Jones JY, Stewart CF, Fisher MJ, Doyle LA, Smith M, 
Dunkel IJ, Fouladi M (2021) A phase II trial of selumetinib in 
children with recurrent optic pathway and hypothalamic low-grade 
glioma without NF1: a Pediatric Brain Tumor Consortium study. 
Neuro Oncol 23:1777–1788

 38. Leclair NK, Lambert W, Roche K, Gillan E, Gell JJ, Lau CC, 
Wrubel G, Knopf J, Amin S, Anderson M, Martin JE, Bookland 
MJ, Hersh DS (2022) Early experience with targeted therapy as a 
first-line adjuvant treatment for pediatric low-grade glioma. Neu-
rosurg Focus 53:E15

 39. Cipri S, Del Baldo G, Fabozzi F, Boccuto L, Carai A, Mastronuzzi 
A (2023) Unlocking the power of precision medicine for pediatric 
low-grade gliomas: molecular characterization for targeted 
therapies with enhanced safety and efficacy. Front Oncol 
13:1204829

 40. Ahrendsen JT, Sinai C, Meredith DM, Malinowski SW, Cooney 
TM, Bandopadhayay P, Ligon KL, Alexandrescu S (2021) Molec-
ular alterations in pediatric low-grade gliomas that led to death. J 
Neuropathol Exp Neurol 80:1052–1059

 41. Lassaletta A, Zapotocky M, Mistry M, Ramaswamy V, Honnorat 
M, Krishnatry R, Guerreiro Stucklin A, Zhukova N, Arnoldo A, 
Ryall S, Ling C, McKeown T, Loukides J, Cruz O, de Torres 
C, Ho CY, Packer RJ, Tatevossian R, Qaddoumi I, Harreld JH, 
Dalton JD, Mulcahy-Levy J, Foreman N, Karajannis MA, Wang S, 
Snuderl M, Nageswara Rao A, Giannini C, Kieran M, Ligon KL, 
Garre ML, Nozza P, Mascelli S, Raso A, Mueller S, Nicolaides T, 
Silva K, Perbet R, Vasiljevic A, Faure Conter C, Frappaz D, Leary 
S, Crane C, Chan A, Ng HK, Shi ZF, Mao Y, Finch E, Eisenstat 
D, Wilson B, Carret AS, Hauser P, Sumerauer D, Krskova L, 
Larouche V, Fleming A, Zelcer S, Jabado N, Rutka JT, Dirks P, 
Taylor MD, Chen S, Bartels U, Huang A, Ellison DW, Bouffet 
E, Hawkins C, Tabori U (2017) Therapeutic and prognostic 
implications of BRAF V600E in pediatric low-grade gliomas. J 
Clin Oncol 35:2934–2941

 42. Dahiya S, Haydon DH, Alvarado D, Gurnett CA, Gutmann DH, 
Leonard JR (2013) BRAF(V600E) mutation is a negative prognos-
ticator in pediatric ganglioglioma. Acta Neuropathol 125:901–910

 43. Mistry M, Zhukova N, Merico D, Rakopoulos P, Krishnatry R, 
Shago M, Stavropoulos J, Alon N, Pole JD, Ray PN, Navickiene V, 
Mangerel J, Remke M, Buczkowicz P, Ramaswamy V, Guerreiro 
Stucklin A, Li M, Young EJ, Zhang C, Castelo-Branco P, Bakry 
D, Laughlin S, Shlien A, Chan J, Ligon KL, Rutka JT, Dirks 
PB, Taylor MD, Greenberg M, Malkin D, Huang A, Bouffet E, 
Hawkins CE, Tabori U (2015) BRAF mutation and CDKN2A 
deletion define a clinically distinct subgroup of childhood 
secondary high-grade glioma. J Clin Oncol 33:1015–1022

 44. Bouffet E, Geoerger B, Moertel C, Whitlock JA, Aerts I, Hargrave 
D, Osterloh L, Tan E, Choi J, Russo M, Fox E (2023) Efficacy 
and safety of trametinib monotherapy or in combination with dab-
rafenib in pediatric BRAF V600-mutant low-grade glioma. J Clin 
Oncol 41:664–674

 45. D’Angelo F, Ceccarelli M, Tala GL, Zhang J, Frattini V, Caruso 
FP, Lewis G, Alfaro KD, Bauchet L, Berzero G, Cachia D, 
Cangiano M, Capelle L, de Groot J, DiMeco F, Ducray F, Farah 
W, Finocchiaro G, Goutagny S, Kamiya-Matsuoka C, Lavarino C, 
Loiseau H, Lorgis V, Marras CE, McCutcheon I, Nam DH, Ronchi 
S, Saletti V, Seizeur R, Slopis J, Suñol M, Vandenbos F, Varlet 
P, Vidaud D, Watts C, Tabar V, Reuss DE, Kim SK, Meyronet D, 
Mokhtari K, Salvador H, Bhat KP, Eoli M, Sanson M, Lasorella 
A, Iavarone A (2019) The molecular landscape of glioma in 
patients with Neurofibromatosis 1. Nat Med 25:176–187

 46. Ronsley R, Hounjet CD, Cheng S, Rassekh SR, Duncan WJ, 
Dunham C, Gardiner J, Ghag A, Ludemann JP, Wensley D, 
Rehmus W, Sargent MA, Hukin J (2021) Trametinib therapy 
for children with neurofibromatosis type 1 and life-threatening 

https://doi.org/10.3171/CASE23595


Child's Nervous System 

plexiform neurofibroma or treatment-refractory low-grade glioma. 
Cancer Med 10:3556–3564

 47. Wright KD, Yao X, London WB, Kao PC, Gore L, Hunger S, 
Geyer R, Cohen KJ, Allen JC, Katzenstein HM, Smith A, Boklan 
J, Nazemi K, Trippett T, Karajannis M, Herzog C, Destefano J, 
Direnzo J, Pietrantonio J, Greenspan L, Cassidy D, Schissel D, 
Perentesis J, Basu M, Mizuno T, Vinks AA, Prabhu SP, Chi SN, 
Kieran MW (2021) A POETIC phase II study of continuous oral 
everolimus in recurrent, radiographically progressive pediatric 
low-grade glioma. Pediatr Blood Cancer 68:e28787

 48. French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nabbout R, 
Curatolo P, de Vries PJ, Dlugos DJ, Berkowitz N, Voi M, Peyrard 
S, Pelov D, Franz DN (2016) Adjunctive everolimus therapy for 
treatment-resistant focal-onset seizures associated with tuberous 
sclerosis (EXIST-3): a phase 3, randomised, double-blind, 
placebo-controlled study. Lancet 388:2153–2163

 49. Zhang J, Wu G, Miller CP, Tatevossian RG, Dalton JD, Tang B, 
Orisme W, Punchihewa C, Parker M, Qaddoumi I, Boop FA, Lu 
C, Kandoth C, Ding L, Lee R, Huether R, Chen X, Hedlund E, 
Nagahawatte P, Rusch M, Boggs K, Cheng J, Becksfort J, Ma 
J, Song G, Li Y, Wei L, Wang J, Shurtleff S, Easton J, Zhao D, 
Fulton RS, Fulton LL, Dooling DJ, Vadodaria B, Mulder HL, 
Tang C, Ochoa K, Mullighan CG, Gajjar A, Kriwacki R, Sheer 
D, Gilbertson RJ, Mardis ER, Wilson RK, Downing JR, Baker SJ, 
Ellison DW (2013) Whole-genome sequencing identifies genetic 
alterations in pediatric low-grade gliomas. Nat Genet 45:602–612

 50. Farouk Sait S, Fischer C, Antal Z, Spatz K, Prince DE, Ibanez 
K, Behr GG, Dunkel IJ, Karajannis MA (2023) Slipped capital 
femoral epiphyses: A major on-target adverse event associated 
with FGFR tyrosine kinase inhibitors in pediatric patients. Pediatr 
Blood Cancer e30410. https:// doi. org/ 10. 1002/ pbc. 30410

 51. Mellinghoff IK, van den Bent MJ, Blumenthal DT, Touat M, 
Peters KB, Clarke J, Mendez J, Yust-Katz S, Welsh L, Mason 
WP, Ducray F, Umemura Y, Nabors B, Holdhoff M, Hottinger 
AF, Arakawa Y, Sepulveda JM, Wick W, Soffietti R, Perry JR, 
Giglio P, de la Fuente M, Maher EA, Schoenfeld S, Zhao D, 
Pandya SS, Steelman L, Hassan I, Wen PY, Cloughesy TF (2023) 
Vorasidenib in IDH1- or IDH2-mutant low-grade glioma. N Engl 
J Med 389:589–601

 52. Tran G, Zafar SY (2018) Financial toxicity and implications for 
cancer care in the era of molecular and immune therapies. Ann 
Transl Med 6:166

 53. Bhoo-Pathy N, Ng CW, Lim GC, Tamin NSI, Sullivan R, Bhoo-
Pathy NT, Abdullah MM, Kimman M, Subramaniam S, Saad M, 

Taib NA, Chang KM, Goh PP, Yip CH (2019) Financial toxicity 
after cancer in a setting with universal health coverage: a call for 
urgent action. J Oncol Pract 15:e537–e546

 54. Amayiri N, Al-Hussaini M, Maraqa B, Alyazjeen S, Alzoubi Q, 
Musharbash A, Ibrahimi AK, Sarhan N, Obeidat M, Hawkins C, 
Bouffet E (2024) Next-generation sequencing for pediatric CNS 
tumors: does it add value in a middle-income country setup? Front 
Oncol 14:1329024

 55. Puget S, Beccaria K, Blauwblomme T, Roujeau T, James S, Grill 
J, Zerah M, Varlet P, Sainte-Rose C (2015) Biopsy in a series of 
130 pediatric diffuse intrinsic pontine gliomas. Childs Nerv Syst 
31:1773–1780

 56. Ellison DW, Kocak M, Figarella-Branger D, Felice G, Catherine 
G, Pietsch T, Frappaz D, Massimino M, Grill J, Boyett JM, 
Grundy RG (2011) Histopathological grading of pediatric 
ependymoma: reproducibility and clinical relevance in European 
trial cohorts. J Negat Results Biomed 10:7

 57. Howe GN, Edmonston DY, Dirks GC, Boop FA, Merchant TE 
(2023) Conformal radiation therapy for ependymoma at age 
≤3 years: a 25-year experience. Int J Radiat Oncol Biol Phys 
116:869–877

 58. del Bufalo F, Carai A, Figà-Talamanca L, Pettorini B, Mallucci 
C, Giangaspero F, Antonelli M, Badiali M, Moi L, Bianco G, 
Cacchione A, Locatelli F, Ferretti E, Mastronuzzi A (2014) 
Response of recurrent BRAFV600E mutated ganglioglioma to 
vemurafenib as single agent. J Transl Med 12:356

 59. Bautista F, Paci A, Minard-Colin V, Dufour C, Grill J, Lacroix L, 
Varlet P, Valteau-Couanet D, Geoerger B (2014) Vemurafenib in 
pediatric patients with BRAFV600E mutated high-grade gliomas. 
Pediatr Blood Cancer 61:1101–1103

 60. Brastianos PK, Twohy E, Geyer S, Gerstner ER, Kaufmann TJ, 
Tabrizi S, Kabat B, Thierauf J, Ruff MW, Bota DA, Reardon DA, 
Cohen AL, De La Fuente MI, Lesser GJ, Campian J, Agarwalla 
PK, Kumthekar P, Mann B, Vora S, Knopp M, Iafrate AJ, Curry 
WT Jr, Cahill DP, Shih HA, Brown PD, Santagata S, Barker FG 
2nd, Galanis E (2023) BRAF-MEK inhibition in newly diagnosed 
papillary craniopharyngiomas. N Engl J Med 389:118–126

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/pbc.30410

	How modern treatments have modified the role of surgery in pediatric low-grade glioma
	Abstract
	Introduction
	Epidemiology
	Radiology
	Molecular classification
	New radiation modalities

	Focused ultrasound
	Laser interstitial thermal therapy
	Emerging chemotherapy trials
	Targeted therapy
	Discussion
	Conclusions
	References


