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Abstract: Background: Despite significant advances in understanding the molecular pathways of
glioma, translating this knowledge into effective long-term solutions remains a challenge. Indeed,
gliomas pose a significant challenge to neurosurgical oncology because of their diverse histopatho-
logical features, genetic heterogeneity, and clinical manifestations. Relevant sections: This study
focuses on glioma complexity by reviewing recent advances in their management, also considering
new classification systems and emerging neurosurgical techniques. To bridge the gap between new
neurosurgical approaches and standards of care, the importance of molecular diagnosis and the use
of techniques such as laser interstitial thermal therapy (LITT) and focused ultrasound (FUS) are
emphasized, exploring how the integration of molecular knowledge with emerging neurosurgical
approaches can personalize and improve the treatment of gliomas. Conclusions: The choice between
LITT and FUS should be tailored to each case, considering factors such as tumor characteristics
and patient health. LITT is favored for larger, complex tumors, while FUS is standard for smaller,
deep-seated ones. Both techniques are equally effective for small and superficial tumors. Our study
provides clear guidance for treating pediatric low-grade gliomas and highlights the crucial roles of
LITT and FUS in managing high-grade gliomas in adults. This research sets the stage for improved
patient care and future developments in the field of neurosurgery.

Keywords: gliomas; LITT; brain tumors; FUS; classification; functional neurosurgery

1. Introduction

Gliomas, primary brain tumors that originate from glial cells, represent a significant
challenge in the field of neuro-oncology. These intra-axial tumors exhibit high variability in
their histopathological features, genetic profiles, and clinical manifestations, aspects that
make it crucial to take an integrated, multidisciplinary approach to effectively combat their
annihilating effect on patients [1].

Over the years, extensive research has shed light on the molecular basis of gliomas, of-
fering promising possibilities for targeted therapies. In addition, advances in neurosurgical
techniques have opened new horizons in the management of these tumors, providing more
precise and personalized therapeutic options [1,2].

Despite these significant advances in understanding the complexity of glioma molecu-
lar pathways, the current standard of care, which includes maximal safe resection followed
by radiotherapy and chemotherapy, often fails to provide patients with long-term survival
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and optimal quality of life. New therapeutic strategies are still needed to address the
complexity of glioma biology and improve patient outcomes [2].

This study aimed to comprehensively review the most recent advances in the man-
agement of gliomas, focusing on the new classification system and emerging functional
neurosurgical techniques. By integrating cutting-edge molecular knowledge with emerging
and innovative neurosurgical approaches, it will be possible to lay the foundation for a
more holistic and tailored glioma treatment paradigm [2].

2. Epidemiology and Classification of Gliomas

Gliomas account for about 80% of all malignant brain tumors, with an incidence
that increases with age and peaks in individuals older than 65 years. In the United
States, the age-adjusted glioma incidence rate is 6.16 per 100,000 person-years in sub-
jects aged 65 and older, compared with 0.50 per 100,000 person-years in subjects aged
20–44 years [3,4]. Another relevant factor is the origin of the patients. In Europe, the highest
incidence rates have been reported in Denmark and Finland, with age-standardized rates of
6.8 and 5.5 per 100,000 person-years, respectively [5]. In the United States, the incidence
of gliomas is higher among whites compared with other racial/ethnic groups [6]. Genetic
predispositions, such as specific markers associated with glioma susceptibility, contribute
to these disparities [7]. Environmental factors, including exposure to ionizing radiation,
are implicated in the etiology of GBM [8].

Differences in health infrastructure and diagnostic accessibility also influence reported
incidence rates. Developed countries with advanced diagnostic capabilities can detect and
report cases more accurately, potentially contributing to higher incidence rates. Conversely,
underdiagnosis in some regions may lead to biased reporting [9].

Lifestyle and diet-related factors may further contribute to the complex epidemiologi-
cal landscape of GBM. Emerging research suggests potential links between certain dietary
components and glioblastoma risk. [10]

In essence, the global distribution of glioblastoma involves a complex interplay of
genetic, environmental, and health factors. Unraveling these complexities is essential to
advancing our knowledge of glioma epidemiology and ultimately improving prevention
and treatment strategies on a global scale.

Gliomas can be classified into grades based on their histological features and molecular
characteristics. Grade I gliomas are considered benign tumors, while grades II, III, and
IV are malignant. The most common malignant gliomas, approximately 50% of all, are
grade IV glioblastomas (GBMs), which are most frequently diagnosed in individuals older
than 65 years. In the United States, the age-adjusted incidence rate of GBM is 3.21 per
100,000 person-years in subjects aged 65 and older, compared with 0.23 per 100,000 person-
years in individuals aged 20–44 years [3].

Recent advances in molecular profiling have led to a better understanding of the
underlying genetic alterations that drive the development of gliomas and can be used
to classify them into molecular subtypes, which are characterized by different clinical
outcomes and responses to treatment.

Among the most important genetic variants, mutations in the isocitrate dehydro-
genase (IDH) gene identify IDH-mutant gliomas that demonstrate a better prognosis
than wildtype IDH gliomas [11,12]. Other molecular alterations include mutations in the
tumor-suppressor gene tumor protein 53 (TP53), the alpha-thalassemia/mental retardation
x-linked (ATRX) syndrome, and the epidermal growth factor receptor (EGFR) pathway [13].
However, even taking into account this valuable genetic profiling, establishing glioma
prognosis is more complicated because it is associated with a complex network of factors
that contribute to determining the likelihood of patient survival [14].

2.1. Classification of Gliomas

In 2021, the World Health Organization (WHO) provided a new classification of tumors
of the central nervous system, which is based on a more comprehensive understanding of
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the molecular and genetic characteristics of tumors and suggests the use of a combination
of histology and molecular markers to predict patient outcomes and guide the choice of
appropriate treatments (Table 1).

Table 1. Comparison of overall survival and progression-free survival of various types of gliomas.

Glioma Classification Molecular
Markers Histology Malignancy OS PFS References

Diffuse astrocytic and
oligodendroglial tumors IDH-mutant Diffuse astrocytoma Low grade >5 years Variable [15]

Anaplastic astrocytoma Intermediate
grade

2–5
years

6–12
months [15]

Oligodendroglioma with
1p/19q co-deletion Low grade >5 years Variable [15,16]

Anaplastic astrocytic and
oligodendroglial tumors IDH-mutant Anaplastic astrocytoma Intermediate

grade
2–5

years
6–12

months [15,16]

Anaplastic
oligodendroglioma with

1p/19q co-deletion

Intermediate
grade

2–5
years Variable [15,16]

Glioblastoma IDH-wildtype Glioblastoma High grade 15
months

7–9
months [15]

IDH-mutant Glioblastoma High grade 31–46
months

11–20
months [15]

Abbreviations: OS, overall survival; PFS, progression-free survival.

In particular, the document identifies four categories of gliomas: (1) diffuse astrocytic
and oligodendroglial tumors, which include diffuse astrocytoma IDH-mutant, anaplastic
astrocytoma IDH-mutant, oligodendroglioma IDH-mutant, and 1p/19q co-deleted tumors;
(2) anaplastic astrocytic and oligodendroglial tumors, including anaplastic astrocytoma
IDH-mutant, anaplastic oligodendroglioma IDH-mutant, and 1p/19q co-deleted tumors;
(3) GBMs, including GBM IDH-wildtype and GBM IDH-mutant; (4) and other gliomas,
such as ependymoma, choroid plexus tumors, and embryonal tumors.

The WHO classification does not automatically associate histological type with the
grade of malignancy. For example, in the past, anaplastic astrocytoma was automatically
considered a grade III glioma, as was anaplastic meningioma.

Therefore, it was expected that these two tumors, although biologically different,
would have similar survival times. However, this is a simplistic approach, and today, the
method is to stratify the various histological types as much as possible and to study their
characteristics in more detail [15].

2.2. Molecular Signature of Gliomas

Accurately classifying the different types of gliomas by combining specific genetic and
molecular features is critical to mitigating the difficulties of treating such a heterogeneous
group of malignancies [16,17] and maximizing the chances of success [18].

Indeed, the molecular signature is strongly associated with the pathogenesis and
prognosis of several tumors. Glioma pathogenesis is no exception, as it is closely dependent
on genetic and epigenetic alterations, cellular signaling pathways, and the tumor microen-
vironment. The PI3K-Akt-mTOR pathway, which modulates cell growth, proliferation,
survival, and metabolism, is one of the most important signaling pathways in glioma
pathogenesis. As suggested by Wang et al., this pathway leads to increased activity in
downstream effectors that promote glioma growth and progression through the amplifica-
tion of growth factor receptors or the loss of negative regulators, promoting the processes
of invasion and metastasis and resistance to chemotherapy and radiotherapy [19]. Of note,
according to Cancer Genome Atlas (TCGA) data, approximately 88% of diffuse gliomas,
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which include GBM and lower-grade gliomas (LGGs), have genetic alterations in at least
one component of the PI3K-Akt-mTOR pathway [15]. Specifically, mutations in the gene en-
coding the catalytic subunit of PI3K (PIK3CA) and the regulatory subunit of PI3K (PIK3R1)
were found with a frequency of 17% and 18%, respectively. Less frequent are mutations in
the downstream effector Akt (AKT1) and the gene encoding the component of the mTOR
complex (MTOR), identified in 2% and 3% of diffuse gliomas, respectively. In addition,
amplification of the gene encoding the epithelial growth factor receptor (EGFR), a potent
activator of the PI3K-Akt-mTOR pathway, observed in approximately 50% of GBMs, further
underscores the importance of this pathway in glioma pathogenesis [20–22]. As a result,
targeting this signaling pathway is now considered a promising therapeutic strategy for
treating gliomas, with several drugs currently in clinical trials [23,24]. Table 2 summarizes
the most studied mutations in gliomas with their relative frequency and etiopathogenetic
roles. The frequency of each genetic variant is represented by a wide range because of the
different grades and histological types of gliomas considered.

Table 2. Genes affecting GBM tumor growth with their related mutation frequencies.

Gene Role in GBM Tumor Growth Mutation Frequency References

EGFR Amplification or mutation of EGFR leads to increased proliferation
and invasion of tumor cells. 40–60% [22–24]

PTEN Loss of PTEN function promotes tumor cell survival and
proliferation. 20–40% [15,25,26]

TP53 Mutation of TP53 is associated with a more aggressive phenotype. 25–30% [27–29]

IDH1 Mutation of IDH1 is associated with a better prognosis. 5–10% [25,30].

MGMT Methylation of the MGMT promoter is associated with increased
sensitivity to chemotherapy and better patient outcomes. 30–40% [31–33]

VEGF Overexpression of VEGF promotes angiogenesis and tumor growth
in GBM. 50–80% [34–36]

PDGF Overexpression of PDGF and its receptor promotes tumor cell
proliferation and migration. 15–20% [37,38]

CDK4 Amplification of CDK4 promotes cell cycle progression and tumor
growth. 5–10% [39,40]

Abbreviations: OS, overall survival; PFS, progression-free survival; EGFR, epidermal growth factor receptor;
PTEN, phosphatase and tensin homolog; TP53, tumor protein 53; IDH1, isocitrate dehydrogenase 1; MGMT,
O6-methylguanine-DNA methyltransferase; VEGF, vascular endothelial growth factor; PDGF, platelet-derived
growth factor; CDK4, cyclin-dependent kinase 4.

Lei et al. developed a model using transcriptome data from two cohorts of patients
with GBM. They identified 341 metabolic genes that showed significant differences between
normal brain and GBM tissues, among which, 56 genes were found to be correlated
with the patients’ overall survival (OS). In the end, the model was constructed using a
Lasso regression model with 18 genes and showed high accuracy in predicting the OS of
the patients. In particular, the high-risk group of patients included in this model had a
significantly shorter OS than the low-risk group in the training cohort (p < 0.0001) and in
the independent external validation (p < 0.001). The study by Lei et al. showed that the
prognosis of GBM is closely related to metabolic pathways and that, by using a model, it is
possible to predict the prognosis of patients with GBM [41]. As is evident in contemporary
neuro-oncology, searching for better diagnostic and therapeutic strategies for glioblastoma
has led to a deep exploration of prognostic and predictive biomarkers. Increasingly, the
evidence allows us to make a targeted choice regarding the type of treatment in relation to
the molecular profile of the tumor.

In fact, these biomarkers may now influence the choice of therapeutic approach. For
example, the presence of the mutated IDH1 gene is associated with a better prognosis, and
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patients carrying this mutation may benefit from more aggressive surgical resection aimed
at maximal tumor excision [42].

MGMT promoter methylation status is another crucial biomarker. Glioblastoma
patients with MGMT promoter methylation tend to respond better to chemotherapy [43],
and knowledge of this status may influence the decision on the extent of surgical resection
and the subsequent use of adjuvant therapies. The expression of certain molecular markers,
such as EGFR, may also impact the choice of treatment. Elevated EGFR expression may
suggest a more aggressive tumor phenotype, influencing the decision for a more extensive
surgical approach or the inclusion of targeted therapies [44]. Montano et al. observed
significantly longer OS in GBM patients with high levels of EGFR treated with total resection
and standard radiochemotherapy involving temozolomide [45].

An innovative approach to glioblastoma can be achieved not only through research on
new biomarkers but also through new treatment technologies.

Among the innovative avenues gaining traction is the study of PROteolysis TAgeting
Chimeras (PROTACs) as potential game-changers in glioblastoma therapy [46].

PROTACs represent a paradigm shift in drug development, harnessing the cellular
machinery to induce targeted protein degradation. In the context of glioblastoma, this
approach holds the promise of selectively eliminating specific oncogenic proteins, thereby
disrupting key pathways implicated in tumor progression. Yang et al. used a therapeutic
nanosystem created by combining the BRD4-degrading PROTAC ARV-825 with a complex
micelle. This micelle was able to penetrate the blood–brain barrier and target brain tumors.
The drug released by this system shows antitumor effects by reducing cell proliferation,
inducing apoptosis, and suppressing M2 macrophage polarization. These effects are
achieved through the inhibition of IRF4 promoter transcription and the phosphorylation of
STAT6, STAT3, and AKT [47].

To contextualize these advancements, a comprehensive understanding of the molecu-
lar landscape of glioblastoma subtypes is imperative. This molecular intricacy necessitates
a tailored approach, recognizing that one-size-fits-all interventions may fall short in ad-
dressing the diverse manifestations of the disease.

Neurosurgical approaches and treatment modalities are intrinsically linked to the
molecular profile of the glioblastoma, and understanding these connections is pivotal in
optimizing patient outcomes. The choice between maximal safe resection, adjuvant thera-
pies, and targeted interventions hinges on a nuanced appreciation of the specific molecular
signatures at play [48]. Given the complex interplay between biomarkers, neurosurgical
strategies, and other therapeutic options, we approach a future in which personalized and
precise interventions will redefine the trajectory of glioblastoma management.

3. Overview of Treatments for Gliomas

Surgery has been an important component of the management of gliomas since the
late 19th century. The first surgical resection was performed in 1884 by Victor Horsley,
who removed a frontal lobe glioma from a patient who had been experiencing seizures.
On 25 November 1884, Mr. Rickman J. Godlee performed the first recognized resection
of a primary brain tumor. The surgery was performed at the Hospital for Epilepsy and
Paralysis in London, UK. The patient died postoperatively from apparent meningitis, but
postmortem examination revealed no residuals of the excised glioma [49].

In the following decades, surgical techniques have continued to evolve, with the
development of new tools and methods to access and remove brain tumors.

In the early 20th century, Harvey Cushing became one of the most prominent neuro-
surgeons contributing significantly to glioma surgery. He is credited with developing the
transsphenoidal approach, a minimally invasive method of accessing tumors located at the
base of the skull. He also introduced the use of the operating microscope, which enabled
more precise and controlled surgical resections [50].

In the mid-20th century, the use of neuroimaging techniques such as computed to-
mography (CT) and magnetic resonance imaging (MRI) revolutionized the diagnosis and
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management of gliomas. These techniques enabled more accurate preoperative planning
and intraoperative visualization of the tumor and surrounding brain tissue [51].

Many advances in glioma surgery have been made in recent decades, including the
development of intraoperative neurophysiological monitoring, which enables the real-time
monitoring of neurological function during surgery. This technique has helped to minimize
the risk of neurological deficits associated with the surgical resection of gliomas [52].

In addition, image-guided navigation systems and endoscopic techniques have ex-
panded the range of accessible tumors and increased the precision of surgical resec-
tion [53,54].

Despite these advances, surgical resection of gliomas remains a complex and challeng-
ing procedure, particularly for high-grade tumors located in critical or eloquent areas of
the brain. Furthermore, for these cases, the development of new surgical tools, such as
ultrasonic aspirators and lasers, has enabled more effective and efficient tumor removal. In
recent years, interest has grown in the use of less invasive approaches, such as stereotactic
radiosurgery and laser interstitial thermal therapy (LITT). These approaches may offer a
less invasive alternative to surgical resection for certain types of tumors [55,56].

The primary goal of surgery is to safely remove as much of the glioma as possible while
preserving neurological function. The extent of surgical resection is a major determinant of
patient survival and functional outcomes [57].

Several factors should be considered when deciding on the optimal surgical approach
to gliomas, including the location, size, and grade of the tumor, as well as the patient’s
age and general health status [58]. In general, surgical resection is recommended for
patients with low-grade gliomas and for those with high-grade gliomas who can tolerate
the procedure [59].

The goal of surgery for high-grade gliomas is typically to achieve a safe maximal
resection (SMR), which involves removing as much of the visible tumor as possible while
preserving neurological function [60]. The extent of resection is typically assessed using
MRI and is classified as gross total resection (GTR), subtotal resection (STR), or partial
resection (PR) [61,62].

Several studies have demonstrated that achieving a GTR is associated with improved
OS and progression-free survival (PFS) in patients with high-grade gliomas. A meta-
analysis of 37 studies found that patients who underwent GTR probably increased the
likelihood of 1-year survival compared with STR by about 61% and increased the likelihood
of 2-year survival by about 19% (GTR compared with STR at 1 year: RR, 0.62; 95% CI,
0.56–0.69; p < 0.001) [63].

However, achieving a GTR is not always possible or safe. Indeed, in the case of tumors
located in critical or eloquent areas of the brain case, the goal of surgery may be to obtain a
biopsy or to remove the tumor to alleviate symptoms. Increasing evidence has shown that
the use of fluorescence-guided surgery, which involves the administration of a fluorescent
contrast agent that accumulates in tumor tissue, can improve the extent of glioma resection
and increase PFS in patients with high-grade gliomas [64,65]

These studies have demonstrated that patients undergoing fluorescence-guided surgery
have a significantly higher rate of complete tumor resection than those undergoing conven-
tional white-light surgery.

Another recent study investigated the impact of intraoperative MRI (iMRI) on the
extent of resection and patient outcomes in glioma surgery [60]. The study found that
the use of iMRI can improve the extent of tumor resection and increase PFS in patients
with high-grade gliomas. In addition, the use of iMRI is associated with a lower risk of
postoperative neurological deficits.

Advances in imaging technology have also led to the development of new tools for
preoperative planning and intraoperative navigation. For example, diffusion tensor imag-
ing (DTI) has been shown to provide valuable information on the location and orientation
of white matter tracts in the brain, which can help surgeons avoid damaging these critical
structures during tumor resection [66].
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There has also been growing interest in the use of minimally invasive approaches
for the treatment of gliomas, such as LITT and stereotactic radiosurgery (SRS). A recent
study compared the effectiveness of LITT and SRS for the treatment of recurrent high-grade
gliomas and found that both approaches were associated with similar rates of tumor control
and survival [67]. The study suggested that LITT may be a less invasive alternative to SRS
for certain types of recurrent gliomas.

In summary, recent studies have focused on refining surgical techniques for glioma
resection and identifying the most effective surgical strategies to improve patient outcomes.
Advances in imaging technology and the development of new tools for operative navigation
have also provided valuable insights into improving surgical precision and minimizing
damage to surrounding brain tissue.

The Standard of Care for Gliomas

The standard of care for gliomas depends on various factors, including the grade of
the tumor, the location and size of the tumor, and the patient’s health status. However, the
current standard of care typically involves a combination of surgery, radiation therapy, and
chemotherapy.

Surgery is usually the first-line treatment and aims to remove as much of the tumor as
possible while preserving critical brain functions. The extent of tumor resection is an im-
portant predictor of patient outcomes, and efforts to maximize resection while minimizing
damage to the surrounding brain tissue have led to the development of various surgical
techniques and technologies, such as intraoperative imaging and fluorescence-guided
surgery [68].

Radiation therapy is typically used following surgery to kill any remaining tumor cells
and prevent tumor regrowth. Various types of radiation therapy can be used for gliomas, in-
cluding external beam radiation therapy, brachytherapy, and stereotactic radiosurgery [69].
The use of concurrent chemotherapy and radiation therapy has also been shown to improve
outcomes in certain cases, such as for patients with high-grade gliomas [70].

Chemotherapy is usually reserved for cases where surgery and radiotherapy alone are
not sufficient or in cases where the tumor recurs after initial treatment. Several chemother-
apy agents can be used for gliomas, such as the DNA alkylating agents temozolomide
(TMZ) and carmustine (BCNU) [71] TMZ is the most used drug in the treatment of high-risk
gliomas after surgical resection. However, chemoresistance occurs in many patients, repre-
senting a substantial obstacle to successful therapy. A crucial role in chemoresistance is
played by genes encoding for DNA repair proteins, such as DNA mismatch repair (MMR)-
related proteins, O-6-methylguanine-DNA methyltransferase (MGMT), base excision re-
pair (BER)-related proteins, AlkB homolog 2, alpha-ketoglutarate-dependent dioxygenase
(ALKBH2), and proteins involved in homologous recombinational repair/non-homologous
end joining (HRR/NHEJ), all of which correlate with TMZ efficacy [72].

Fortunately, today, it is possible to use a pharmacogenetically guided approach to
predict the degree of sensitivity or resistance to a specific drug [73]. Although there are still
barriers to overcome, pharmacogenetics, which studies responses to drug therapy based on
a patient’s genetic background, is very useful in personalizing drug therapy in all medical
areas [73,74]. Regarding TMZ, pharmacogenetic testing based on the determination of
MGMT methylation status is a useful tool for predicting responses to TMZ [71].

In 2016, Buckner et al. analyzed the clinical outcomes of 254 patients younger than
40 years randomized to receive radiotherapy (n. 128) or radiotherapy with chemotherapy
(n. 126). The patients had astrocytoma, oligodendroglioma, or oligoastrocytoma and, after
STR, were randomly separated into two treatment groups.

The results showed that, regardless of histologic type, patients who received radiother-
apy with chemotherapy had a longer median OS than those who received chemotherapy
alone (13.3 years vs. 7.8 years; p = 0.003). The two OS curves did not separate immediately
but rather after one year in astrocytoma and about three years in oligoastrocytoma and
oligodendroglioma.
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The two curves, in all cases, remained well separated and distinct until the end of
observation, about 12 years. The study showed that disease-free survival was also higher
in patients who received chemotherapy and radiotherapy than those who received only
radiotherapy, but the data are less reliable because these patients were promptly treated in
various ways to improve prognosis [75].

The standard of care for gliomas is continuously evolving as new treatment options
and strategies are developed. Recent studies have investigated the potential benefits of
immunotherapy, targeted therapy, and other therapeutic approaches [76], and clinical trials
are ongoing to determine the safety and efficacy of these new treatment options [77].

We report in Table 3 a brief description of each of the treatments for gliomas.

Table 3. Treatments for gliomas.

Treatment Description Reference

Surgery First-line treatment to remove as much of the tumor as possible while preserving
critical brain functions. [68]

LITT
A minimally invasive procedure that uses laser energy to heat and destroy tumor

cells. It can be used as an alternative to traditional surgery or as a salvage treatment
option for recurrent tumors.

[75]

FUS
A non-invasive procedure that uses focused ultrasound waves to heat and destroy
tumor cells. It can be used as an alternative to traditional surgery or as a salvage

treatment option for recurrent tumors.
[76]

Radiation therapy
Used following surgery to kill any remaining tumor cells and prevent tumor

regrowth. Various types of radiation therapy can be used, including external beam
radiation therapy, brachytherapy, and stereotactic radiosurgery.

[69]

Chemotherapy
Reserved for cases where surgery and radiation therapy alone are insufficient or for

cases where the tumor recurs following initial treatment. Various chemotherapy
agents can be used, such as temozolomide and carmustine (BCNU).

[71]

Concurrent chemotherapy
and radiation therapy

Used in certain cases, such as for patients with high-grade gliomas, to improve
outcomes. [70]

Immunotherapy Investigated as a potential treatment option for gliomas. [77]

Targeted therapy Investigated as a potential treatment option for gliomas. [56]

Abbreviations: LITT, laser interstitial thermal therapy; FUS, magnetic resonance-guided focused ultrasound.

4. Functional Neurosurgery

Functional neurosurgery is a rapidly advancing subspecialty that aims to manage
neurological disorders through precise surgical interventions targeting specific brain circuits
and regions. Unlike conventional neurosurgery, which often focuses on removing lesions
or repairing structural abnormalities, functional neurosurgery primarily aims to modulate
neural activity or disrupt malfunctioning circuits to restore normal brain function or
mitigate symptoms. Two examples of innovative treatments applicable to brain tumors are
focused ultrasound surgery (FUS) and LITT [78].

FUS is a non-invasive medical procedure that uses ultrasound waves to heat and
destroy targeted tissues within the body without the need for traditional surgery. Focused
ultrasound has been researched and developed as a potential treatment option for various
medical conditions, including brain tumors. During the procedure, multiple intersect-
ing beams of ultrasound energy are focused precisely on the tumor, generating enough
heat to destroy the abnormal tissue while leaving surrounding healthy tissue relatively
unharmed [79].

LITT has emerged as a promising treatment option for gliomas, which are difficult
to treat with traditional surgery, radiation, and chemotherapy because they often invade
surrounding brain tissue. LITT for gliomas is a relatively new approach with promising
results. It is often used as an adjunct to traditional treatments, such as surgery and
radiotherapy, or as a primary treatment option for smaller tumors. However, not all
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patients are candidates for LITT, and careful evaluation is necessary to determine the most
appropriate treatment plan [80].

4.1. Laser Interstitial Thermal Therapy (LITT)

LITT is a minimally invasive surgical technique that uses a laser to create a controlled
lesion within the brain and to destroy cancerous or abnormal tissue. It is a type of thermal
ablation therapy that delivers controlled heat to the tumor, causing the cancer cells to die.

LITT is performed under general anesthesia to ensure patient comfort and safety
during the procedure. The head is placed in a rigid frame, and an MRI is performed.
An appropriate trajectory is established, and then, a small incision and straw-sized hole
are made in the skull. A thin, flexible laser probe is inserted into the lesion. The laser is
then used to heat and destroy the tumor while sparing healthy brain tissue. During the
procedure, real-time MRI is used to guide laser placement and monitor treatment progress.
After surgery, the patient is closely monitored for neurological deficits or complications.
Depending on the case, the patient may require further treatment, such as radiotherapy or
chemotherapy [81,82].

The use of lasers for medical applications dates back to the 1960s, but LITT as a
therapeutic technique for brain tumors was first proposed in 1983 [83]. However, its use
is limited because of an inability to monitor tissue temperature during laser treatment
and, thus, control the extent of ablation [84].The first clinical application of LITT for brain
tumors was reported in 1992, and since then, the technique has been increasingly used in
neurosurgical practice [80]. However, it should be mentioned that LITT is used on many
other organs.

The development of LITT has been driven by advancements in laser technology,
imaging technology, and computational modeling. The use of MRI or CT to guide laser
placement and monitor thermal ablation has enabled the accurate and precise treatment
of brain tumors with minimal damage to surrounding tissue. The development of com-
puter simulations of laser–tissue interactions has also improved the safety and efficacy
of LITT [81]. In each laser application, absorbed light is converted into heat, causing
changes in tissues. Wavelengths between 620 and 1200nm provide low absorption and
deep penetration, which are optimal for LITT.

LITT is effective for the treatment of a variety of brain tumors, including GBMs,
metastatic tumors, and low-grade gliomas. Studies have demonstrated that LITT is asso-
ciated with a low complication rate and shorter hospital stays compared with traditional
brain surgery. In addition, LITT has been used in the treatment of epilepsy, Parkinson’s
disease, and other neurological conditions.

Although LITT has shown promise as a minimally invasive alternative to traditional
brain surgery, further research is needed to fully establish its safety and efficacy. Ongoing
clinical trials are exploring the use of LITT for the treatment of other neurological conditions
and recurrent brain tumors [85].

4.2. Indications for LITT

LITT is a relatively new procedure, and guidelines, which vary depending on the
institution and the specific case, are still evolving [86–94]. Table 4 summarizes some
guidelines for LITT.

First, a detailed preoperative evaluation must be performed. On the one hand, it is
mandatory to characterize the tumor. LITT is usually considered for patients with small or
deep brain tumors, which are not good candidates for traditional surgery or radiotherapy.
On the other hand, it is also important to define the patient’s clinical features, paying
special attention to their neurological status. This evaluation usually includes a thorough
history, physical examination, and imaging studies, such as MRI or CT scans [85].
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Table 4. Indications for LITT.

Patient Age and Glioma Grade Indications for LITT References

Pediatric Low-Grade Gliomas

Recurrent or residual tumors that are not amenable to resection or
conventional radiation therapy. [86,87]

Newly diagnosed tumor that is not surgically accessible. [88]

Adult Low-Grade Gliomas Small or deep-seated tumors that are not amenable to resection or as
an adjunct to surgical resection to improve the extent of resection. [89–91]

High-Grade Gliomas
(Grade III/IV)

As a salvage therapy for recurrent tumors or as a palliative therapy
for patients with poor performance status. [92–94]

4.2.1. LITT in Low-Grade Gliomas

Treatments of low-grade gliomas (LGGs) must consider how best to manage symptoms
and remove or shrink the tumor. The optimal treatment of LGGs, particularly the timing,
is controversial, and decision making must balance the benefits of therapy with potential
treatment-related complications.

Although diffuse LGGs account for only 15% of gliomas, they have received increasing
attention in the past decade [95]. The standard of care is surgical resection, but it can be
difficult to perform radical surgery because of the anatomical location and surrounding
functional and vascular structures. Such anatomical complexity often makes nonnegligible
surgical sequelae highly likely, so less invasive techniques may confer a more optimal
balance between cytoreduction and surgical complications [89–91].

In such cases, alternative treatments, including LITT, are preferred. Indeed, even
in recurrences, it has already been evident for several years that LITT, given its minimal
invasiveness, is the therapy of choice and may be preferred over reoperation [96].

In 2013, Patel et al. set out to analyze changes in lesion volume during the period
following LITT using polygonal fusion tracing. Sixteen patients with intracranial neoplasms
participated in the study. Using the OsiriX DICOM Viewer, three evaluators calculated
lesion volumes as follows: pre-ablation (PreA), immediate post-ablation (IPA), 24 h post-
ablation (24PA), and first post-ablation follow-up (FPA), which ranged from 4 to 11 weeks
after ablation. The observed sizes showed an acute increase in volume at IPA with a
decrease in the size at 24PA. Therefore, it is recommended that conclusions about the size
of post-LITT intracranial lesions be drawn at least 24 h after LITT rather than immediately
thereafter [97].

In a 2012 study, Jethwa et al. selected 20 patients who had previously failed con-
ventional therapies; were unable to tolerate an open cranial procedure; or, finally, had a
tumor considered otherwise inoperable. The patients then underwent LITT. The result was
a particularly short hospitalization period of 2.27 days, with most patients going home
on the first day postoperative. Complications, on the other hand, occurred in only four
patients, generally those who were in poor health before surgery. Thus, the study argues
that laser-induced heat therapy is a procedure for difficult intracranial neoplasms. Like any
other procedure, it can provide excellent results if patient and lesion selection is performed
carefully [98].

This evidence suggests that, even in LGGs, LITT plays a nonnegligible role, so it could
not only be an alternative for inoperable cases but also a first choice in the neurosurgical
armamentarium, especially in recurrences.

4.2.2. LITT in GBMs

GBM is the most common and aggressive malignant primary brain tumor. Several
treatment options are available today, but patients have a median survival of
12–15 months [13]. Surgery is generally considered the mainstay of treatment for patients
with surgically accessible tumors; however, GBM has a strong tendency to recur [99].
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GBM recurrence is a major problem because subsequent surgical resection is not
always feasible and, even if possible, does not always benefit the patient. In other circum-
stances, patients are generally managed with chemo-radiotherapy, with a worse prognosis.
The advent of LITT has provided a potentially viable salvage therapy for patients with
recurrent or newly diagnosed lesions inaccessible to conventional surgical approaches.
In a study by Traylor et al., 69 patients with a median age of 56 years with GBMs who
underwent LITT were retrospectively analyzed. OS from the time of LITT was the primary
endpoint measured.

The median tumor volume was 10.4 cm3 (range, 1.0–64.0 cm3). The Kaplan–Meier
estimate from the time of LITT was 12 months (95% confidence interval of 8–16 months).
The median volume uncovered by the ablation beam was 1.31 cm3 (range, 0–41.2 cm3).
The median hospital length of stay was two days (range, 0–47 days), and the median PFS
from the time of LITT was four months (95% confidence interval, 3–7 months). Adjuvant
chemotherapy significantly prolonged PFS and OS (both, p < 0.01). Total gross ablation was
not significantly associated with PFS (p = 0.09).

The results of this study suggest that LITT may confer a survival benefit over the
nonoperative management of newly diagnosed GBM. However, the treatment of traditional
inoperable GBMs with surgical therapy represents a challenge for physicians, and larger
studies are needed to establish the impact of this surgical technique on GBM manage-
ment [94].

5. Focus Ultrasound and LITT: Similarities and Differences

The effectiveness of LITT has already been described, so now, we will report the
evidence related to FUS; the possible limitations of the two techniques; and finally, the
choice between FUS and LITT with their respective indications.

Although FUS and LITT share some similarities in mechanisms of action, there are also
obvious and understandable differences between the two techniques. FUS uses focused
ultrasound waves to generate high levels of thermal energy at a precise location in the
brain, creating a small lesion that can destroy tumor tissue. The procedure is non-invasive
and is performed while the patient is awake, with real-time MRI or ultrasounds to guide
the procedure [100]. The clinical indications for FUS are given in Table 5.

Several studies have examined the effectiveness of these surgical approaches in terms
of PFS and OS in patients with gliomas. The available literature suggests that LITT and
FUS are both safe and effective treatments for such tumors [101].

The literature offers a lot of evidence. Among the most recent, we have selected two
highly indicative studies. A study by Coluccia et al. published in 2020 found that patients
with GBMs who had not received previous chemotherapy had a longer PFS and OS after
treatment with FUS [102].

Furthermore, another study performed in the same years by Deng et al. also reported
that patients who had not received previous bevacizumab therapy had a longer PFS and
OS after FUS treatment [103].

Since both techniques are effective, the therapeutic choice should be based on the
possible difficulties of adopting the techniques. It has emerged from various studies that the
effectiveness of LITT is strongly influenced by the size and location of the tumor, making it
less effective for large and deep tumors and more effective for small and deep tumors. The
location of the tumor means not only a greater or lesser depth within the brain but also
proximity to particularly critical anatomical structures or eloquent areas of the brain.

Regarding tumor dimensions, a study by Chang et al. (2021) found that patients with
tumors larger than 30 cc had significantly worse PFS and OS after FUS treatment compared
with those with smaller tumors [104].

Overall, LITT may be preferable for larger or more diffuse tumors [104], especially
those near critical brain structures [105] or in areas responsible for essential functions [98].
FUS is typically chosen for smaller or deep-seated tumors in anatomically less complex
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regions that cannot be surgically removed [100,106–109]. FUS and LITT show similar
effectiveness for tumors close to the brain’s surface, as well as small ones [100,105].

Table 5. Indications for FUS.

Patient Age and Glioma Grade Indications for FUS References

Pediatric Low-Grade Gliomas Recurrent or residual tumors that are not amenable to resection or
conventional radiation therapy [106,107]

Adult Low-Grade Gliomas Small or deep-seated tumors that are not amenable to resection or as
an adjunct to surgical resection to improve the extent of resection [108]

High-Grade Gliomas (Grade III/IV) As a salvage therapy for recurrent tumors or as a palliative therapy
for patients with poor performance status [109]

In conclusion, both FUS and LITT are generally well tolerated, with relatively low
rates of adverse effects such as infections, hemorrhages, or neurological deficits. However,
as with any medical procedure, there are potential risks associated with each technique.

6. Conclusions and Future Directions

Through advances in molecular diagnosis, clinicians can better understand the un-
derlying genetic and molecular characteristics of gliomas, leading to more personalized
treatment strategies. Targeted therapies and precision medicine offer promising avenues
for improving the effectiveness of glioma treatment while minimizing side effects.

The emergence of functional neurosurgery techniques, particularly FUS and LITT,
represents a significant step forward in the management of gliomas. These minimally
invasive procedures offer the potential for precise and controlled tumor ablation, reducing
damage to surrounding healthy brain tissue and improving patient recovery.

However, while both have shown promise in achieving local tumor control and
improving outcomes for patients with gliomas, further research is needed to determine
their long-term effects on OS and to fully understand their risks and benefits. Ultimately,
the choice of technique to be used should be made on a case-by-case basis, taking into
account several factors such as tumor location, size, and grade, as well as the general health
of the patient and treatment goal. Overall, the literature suggests that LITT is preferred
for larger, diffuse tumors near critical brain structures or essential functions, while FUS is
typically used for smaller, deep-seated tumors in less complex areas. FUS and LITT are
equally effective for superficial and small tumors. As a general guideline, both techniques
are used in the treatment of pediatric low-grade gliomas for recurrent or inoperable cases.

In adults, these techniques can play a crucial role in the management of high-grade
(grade III/IV) gliomas, serving as salvage therapies for recurrent tumors and providing
palliative care for patients with reduced performance status.

Author Contributions: Conceptualization, M.D.S.; methodology, M.D.S. and V.C.; writing—original
draft preparation, M.D.S., V.C. and G.P.; writing—review and editing, V.C. and L.D.M.; supervision,
L.D.M. and G.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We deeply thank Marco Fontanella for his support, vision, and generosity in
building bridges for knowledge and progress in the field of neurosurgery.

Conflicts of Interest: The authors declare no conflict of interest.



Biomedicines 2024, 12, 8 13 of 17

References
1. Weller, M.; Wick, W.; Aldape, K.; Brada, M.; Berger, M.; Pfister, S.M.; Nishikawa, R.; Rosenthal, M.; Wen, P.Y.; Stupp, R.; et al.

Glioma. Nat. Rev. Dis. Prim. 2015, 1, 15017. [CrossRef] [PubMed]
2. Lee, J.H.; Wee, C.W. Treatment of Adult Gliomas: A Current Update. Brain Neurorehabilit 2022, 15, e24. [CrossRef]
3. Kim, M.; Ladomersky, E.; Mozny, A.; Kocherginsky, M.; O’shea, K.; Reinstein, Z.Z.; Zhai, L.; Bell, A.; Lauing, K.L.; Bollu, L.; et al.

Glioblastoma as an age-related neurological disorder in adults. Neuro-Oncol. Adv. 2021, 3, vdab125. [CrossRef] [PubMed]
4. Kim, H.J.; Park, J.W.; Lee, J.H. Genetic Architectures and Cell-of-Origin in Glioblastoma. Front. Oncol. 2021, 10, 615400. [CrossRef]

[PubMed]
5. Crocetti, E.; Trama, A.; Stiller, C.; Caldarella, A.; Soffietti, R.; Jaal, J.; Weber, D.C.; Ricardi, U.; Slowinski, J.; Brandes, A.

Epidemiology of glial and non-glial brain tumours in Europe. Eur. J. Cancer 2012, 48, 1532–1542. [CrossRef]
6. Ostrom, Q.T.; Cote, D.J.; Ascha, M.; Kruchko, C.; Barnholtz-Sloan, J.S. Adult Glioma Incidence and Survival by Race or Ethnicity

in the United States From 2000 to 2014. JAMA Oncol. 2018, 4, 1254–1262. [CrossRef]
7. Mo, Z.; Xin, J.; Chai, R.; Woo, P.Y.; Chan, D.T.; Wang, J. Epidemiological characteristics and genetic alterations in adult diffuse

glioma in East Asian populations. Cancer Biol. Med. 2022, 19, 1440–1459. [CrossRef]
8. Braganza, M.Z.; Kitahara, C.M.; de González, A.B.; Inskip, P.D.; Johnson, K.J.; Rajaraman, P. Ionizing radiation and the risk of

brain and central nervous system tumors: A systematic review. Neuro-Oncology 2012, 14, 1316–1324. [CrossRef]
9. Pramesh, C.S.; Badwe, R.A.; Bhoo-Pathy, N.; Booth, C.M.; Chinnaswamy, G.; Dare, A.J.; de Andrade, V.P.; Hunter, D.J.; Gopal, S.;

Gospodarowicz, M.; et al. Priorities for cancer research in low- and middle-income countries: A global perspective. Nat. Med.
2022, 28, 649–657. [CrossRef]

10. Shu, L.; Yu, D.; Jin, F. Healthy dietary patterns, foods, and risk of glioma: A systematic review and meta-analysis of observational
studies. Front. Nutr. 2023, 9, 1077452. [CrossRef]

11. Villani, V.; Casini, B.; Tanzilli, A.; Lecce, M.; Rasile, F.; Telera, S.; Pace, A.; Piludu, F.; Terrenato, I.; Rollo, F.; et al. The Glioma-IRE
project—Molecular profiling in patients with glioma: Steps toward an individualized diagnostic and therapeutic approach. J.
Transl. Med. 2023, 21, 215. [CrossRef]

12. Cairncross, J.G.; Wang, M.; Jenkins, R.B.; Shaw, E.G.; Giannini, C.; Brachman, D.G.; Buckner, J.C.; Fink, K.L.; Souhami, L.;
Laperriere, N.J.; et al. Benefit From Procarbazine, Lomustine, and Vincristine in Oligodendroglial Tumors Is Associated With
Mutation of IDH. J. Clin. Oncol. 2014, 32, 783–790. [CrossRef]

13. Manjunath, M.; Yan, J.; Youn, Y.; Drucker, K.L.; Kollmeyer, T.M.; McKinney, A.M.; Zazubovich, V.; Zhang, Y.; Costello, J.F.;
Eckel-Passow, J.; et al. Functional analysis of low-grade glioma genetic variants predicts key target genes and transcription
factors. Neuro-Oncology 2021, 23, 638–649. [CrossRef] [PubMed]

14. Lee, K.; Kim, S.-I.; Kim, E.E.; Shim, Y.-M.; Won, J.-K.; Park, C.-K.; Choi, S.H.; Yun, H.; Lee, H.; Park, S.-H. Genomic profiles of
IDH-mutant gliomas: MYCN-amplified IDH-mutant astrocytoma had the worst prognosis. Sci. Rep. 2023, 13, 6761. [CrossRef]
[PubMed]

15. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef] [PubMed]

16. Liu, D.; Chen, J.; Hu, X.; Yang, K.; Liu, Y.; Hu, G.; Ge, H.; Zhang, W.; Liu, H. Imaging-Genomics in Glioblastoma: Combining
Molecular and Imaging Signatures. Front. Oncol. 2021, 11, 699265. [CrossRef] [PubMed]

17. McMahon, D.J.; Gleeson, J.P.; O’reilly, S.; Bambury, R.M. Management of newly diagnosed glioblastoma multiforme: Current
state of the art and emerging therapeutic approaches. Med. Oncol. 2022, 39, 129. [CrossRef]

18. Barthel, L.; Hadamitzky, M.; Dammann, P.; Schedlowski, M.; Sure, U.; Thakur, B.K.; Hetze, S. Glioma: Molecular signature and
crossroads with tumor microenvironment. Cancer Metastasis Rev. 2021, 41, 53–75. [CrossRef]

19. Mohamed, E.; Kumar, A.; Zhang, Y.; Wang, A.S.; Chen, K.; Lim, Y.; Shai, A.; Taylor, J.W.; Clarke, J.; Hilz, S.; et al. PI3K/AKT/mTOR
signaling pathway activity in IDH-mutant diffuse glioma and clinical implications. Neuro-Oncology 2022, 24, 1471–1481. [CrossRef]

20. Hersh, A.M.; Gaitsch, H.; Alomari, S.; Lubelski, D.; Tyler, B.M. Molecular Pathways and Genomic Landscape of Glioblastoma
Stem Cells: Opportunities for Targeted Therapy. Cancers 2022, 14, 3743. [CrossRef]

21. Rudà, R.; Capper, D.; Waldman, A.D.; Pallud, J.; Minniti, G.; Kaley, T.J.; Bouffet, E.; Tabatabai, G.; Aronica, E.; Jakola, A.S.; et al.
EANO—EURACAN—SNO Guidelines on circumscribed astrocytic gliomas, glioneuronal, and neuronal tumors. Neuro-Oncology
2022, 24, 2015–2034. [CrossRef] [PubMed]

22. Gilard, V.; Tebani, A.; Dabaj, I.; Laquerrière, A.; Fontanilles, M.; Derrey, S.; Marret, S.; Bekri, S. Diagnosis and Management of
Glioblastoma: A Comprehensive Perspective. J. Pers. Med. 2021, 11, 258. [CrossRef]

23. Li, X.; Wu, C.; Chen, N.; Gu, H.; Yen, A.; Cao, L.; Wang, E.; Wang, L. PI3K/Akt/mTOR signaling pathway and targeted therapy
for glioblastoma. Oncotarget 2016, 7, 33440–33450. [CrossRef] [PubMed]

24. Colardo, M.; Segatto, M.; Di Bartolomeo, S. Targeting RTK-PI3K-mTOR Axis in Gliomas: An Update. Int. J. Mol. Sci. 2021,
22, 4899. [CrossRef]

25. Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.-H.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.-M.; Gallia, G.L.; et al. An
Integrated Genomic Analysis of Human Glioblastoma Multiforme. Science 2008, 321, 1807–1812. [CrossRef]

https://doi.org/10.1038/nrdp.2015.17
https://www.ncbi.nlm.nih.gov/pubmed/27188790
https://doi.org/10.12786/bn.2022.15.e24
https://doi.org/10.1093/noajnl/vdab125
https://www.ncbi.nlm.nih.gov/pubmed/34647022
https://doi.org/10.3389/fonc.2020.615400
https://www.ncbi.nlm.nih.gov/pubmed/33552990
https://doi.org/10.1016/j.ejca.2011.12.013
https://doi.org/10.1001/jamaoncol.2018.1789
https://doi.org/10.20892/j.issn.2095-3941.2022.0418
https://doi.org/10.1093/neuonc/nos208
https://doi.org/10.1038/s41591-022-01738-x
https://doi.org/10.3389/fnut.2022.1077452
https://doi.org/10.1186/s12967-023-04057-y
https://doi.org/10.1200/JCO.2013.49.3726
https://doi.org/10.1093/neuonc/noaa248
https://www.ncbi.nlm.nih.gov/pubmed/33130899
https://doi.org/10.1038/s41598-023-32153-y
https://www.ncbi.nlm.nih.gov/pubmed/37185778
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.3389/fonc.2021.699265
https://www.ncbi.nlm.nih.gov/pubmed/34295824
https://doi.org/10.1007/s12032-022-01708-w
https://doi.org/10.1007/s10555-021-09997-9
https://doi.org/10.1093/neuonc/noac064
https://doi.org/10.3390/cancers14153743
https://doi.org/10.1093/neuonc/noac188
https://www.ncbi.nlm.nih.gov/pubmed/35908833
https://doi.org/10.3390/jpm11040258
https://doi.org/10.18632/oncotarget.7961
https://www.ncbi.nlm.nih.gov/pubmed/26967052
https://doi.org/10.3390/ijms22094899
https://doi.org/10.1126/science.1164382


Biomedicines 2024, 12, 8 14 of 17

26. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Jill, P.; Alexe, G.;
et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef]

27. Ohgaki, H.; Kleihues, P. Genetic alterations and signaling pathways in the evolution of gliomas. Cancer Sci. 2009, 100, 2235–2241.
[CrossRef]

28. Mellinghoff, I.K.; Wang, M.Y.; Vivanco, I.; Haas-Kogan, D.A.; Zhu, S.; Dia, E.Q.; Lu, K.V.; Yoshimoto, K.; Huang, J.H.Y.; Chute,
D.J.; et al. Molecular Determinants of the Response of Glioblastomas to EGFR Kinase Inhibitors. N. Engl. J. Med. 2005, 353,
2012–2024. [CrossRef]

29. Garcia-Fabiani, M.B.; Haase, S.; Comba, A.; Carney, S.; McClellan, B.; Banerjee, K.; Alghamri, M.S.; Syed, F.; Kadiyala, P.;
Nunez, F.J.; et al. Genetic Alterations in Gliomas Remodel the Tumor Immune Microenvironment and Impact Immune-Mediated
Therapies. Front. Oncol. 2021, 11, 631037. [CrossRef]

30. Cohen, A.L.; Holmen, S.L.; Colman, H. IDH1 and IDH2 Mutations in Gliomas. Curr. Neurol. Neurosci. Rep. 2013, 13, 345.
[CrossRef]

31. Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.-F.; De Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.; Mariani,
L.; et al. MGMT Gene Silencing and Benefit from Temozolomide in Glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. [CrossRef]
[PubMed]

32. Wick, W.; Weller, M.; Van Den Bent, M.; Sanson, M.; Weiler, M.; Von Deimling, A.; Plass, C.; Hegi, M.; Platten, M.; Reifenberger, G.
MGMT testing—The challenges for biomarker-based glioma treatment. Nat. Rev. Neurol. 2014, 10, 372–385. [CrossRef] [PubMed]

33. Weller, M.; Stupp, R.; Reifenberger, G.; Brandes, A.A.; Bent, M.J.V.D.; Wick, W.; Hegi, M.E. MGMT promoter methylation in
malignant gliomas: Ready for personalized medicine? Nat. Rev. Neurol. 2009, 6, 39–51. [CrossRef] [PubMed]

34. Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [CrossRef]
35. Plate, K.H.; Risau, W. Angiogenesis in malignant gliomas. Glia 1995, 15, 339–347. [CrossRef]
36. Folkman, J.; Klagsbrun, M. Angiogenic factors. Science 1987, 235, 442–447. [CrossRef]
37. Lindberg, N.; Holland, E.C. PDGF in gliomas: More than just a growth factor? Upsala J. Med. Sci. 2012, 117, 92–98. [CrossRef]

[PubMed]
38. Cantanhede, I.G.; de Oliveira, J.R.M. PDGF Family Expression in Glioblastoma Multiforme: Data Compilation from Ivy

Glioblastoma Atlas Project Database. Sci. Rep. 2017, 7, 15271. [CrossRef]
39. Rollbrocker, B.; Waha, A.; Louis, D.N.; Wiestler, O.D.; von Deimling, A. Amplification of the cyclin-dependent kinase 4 ( CDK4 )

gene is associated with high cdk4 protein levels in glioblastoma multiforme. Acta Neuropathol. 1996, 92, 70–74. [CrossRef]
40. Higa, N.; Akahane, T.; Yokoyama, S.; Yonezawa, H.; Uchida, H.; Takajo, T.; Otsuji, R.; Hamada, T.; Matsuo, K.; Kirishima, M.;

et al. Prognostic impact of PDGFRA gain/amplification and MGMT promoter methylation status in patients with IDH wild-type
glioblastoma. Neuro-Oncol. Adv. 2022, 4, vdac097. [CrossRef]

41. Lei, C.; Chen, W.; Wang, Y.; Zhao, B.; Liu, P.; Kong, Z.; Liu, D.; Dai, C.; Wang, Y.; Wang, Y.; et al. Prognostic Prediction Model
for Glioblastoma: A Metabolic Gene Signature and Independent External Validation. J. Cancer 2021, 12, 3796–3808. [CrossRef]
[PubMed]

42. Beiko, J.; Suki, D.; Hess, K.R.; Fox, B.D.; Cheung, V.; Cabral, M.; Shonka, N.; Gilbert, M.R.; Sawaya, R.; Prabhu, S.S.; et al. IDH1
mutant malignant astrocytomas are more amenable to surgical resection and have a survival benefit associated with maximal
surgical resection. Neuro-Oncology 2013, 16, 81–91. [CrossRef] [PubMed]

43. Richard, S.; Tachon, G.; Milin, S.; Wager, M.; Karayan-Tapon, L. Dual MGMT inactivation by promoter hypermethylation and loss
of the long arm of chromosome 10 in glioblastoma. Cancer Med. 2020, 9, 6344–6353. [CrossRef]

44. Shinojima, N.; Tada, K.; Shiraishi, S.; Kamiryo, T.; Kochi, M.; Nakamura, H.; Makino, K.; Saya, H.; Hirano, H.; Kuratsu, J.-I.; et al.
Prognostic value of epidermal growth factor receptor in patients with glioblastoma multiforme. Cancer Res. 2003, 63, 6962–6970.

45. Montano, N.; Cenci, T.; Martini, M.; D’alessandris, Q.G.; Pelacchi, F.; Ricci-Vitiani, L.; Maira, G.; De Maria, R.; Larocca, L.M.;
Pallini, R. Expression of EGFRvIII in Glioblastoma: Prognostic Significance Revisited. Neoplasia 2011, 13, 1113–1121. [CrossRef]
[PubMed]

46. Severini, L.L.; Bufalieri, F.; Infante, P.; Di Marcotullio, L. Proteolysis-Targeting Chimera (PROTAC): Is the Technology Looking at
the Treatment of Brain Tumors? Front. Cell Dev. Biol. 2022, 10, 854352. [CrossRef]

47. Yang, T.; Hu, Y.; Miao, J.; Chen, J.; Liu, J.; Cheng, Y.; Gao, X. A BRD4 PROTAC nanodrug for glioma therapy via the intervention
of tumor cells proliferation, apoptosis and M2 macrophages polarization. Acta Pharm. Sin. B 2022, 12, 2658–2671. [CrossRef]

48. Thon, N.; Tonn, J.-C.; Kreth, F.-W. The surgical perspective in precision treatment of diffuse gliomas. OncoTargets Ther. 2019, 12,
1497–1508. [CrossRef]

49. Kirkpatrick, D.B. The first primary brain-tumor operation. J. Neurosurg. 1984, 61, 809–813. [CrossRef]
50. Ellis, H. Harvey Cushing: A founding father of neurosurgery. Br. J. Hosp. Med. 2009, 70, 600. [CrossRef]
51. Ramaglia, A.; Tortora, D.; Mankad, K.; Lequin, M.; Severino, M.; D’arco, F.; Löbel, U.; Benenati, M.; de Leng, W.W.J.; De

Marco, P.; et al. Role of diffusion weighted imaging for differentiating cerebral pilocytic astrocytoma and ganglioglioma BRAF
V600E-mutant from wild type. Neuroradiology 2019, 62, 71–80. [CrossRef] [PubMed]

52. Ghatol, D.; Widrich, J. Intraoperative Neurophysiological Monitoring. In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2022.

https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1111/j.1349-7006.2009.01308.x
https://doi.org/10.1056/NEJMoa051918
https://doi.org/10.3389/fonc.2021.631037
https://doi.org/10.1007/s11910-013-0345-4
https://doi.org/10.1056/NEJMoa043331
https://www.ncbi.nlm.nih.gov/pubmed/15758010
https://doi.org/10.1038/nrneurol.2014.100
https://www.ncbi.nlm.nih.gov/pubmed/24912512
https://doi.org/10.1038/nrneurol.2009.197
https://www.ncbi.nlm.nih.gov/pubmed/19997073
https://doi.org/10.1038/35025220
https://doi.org/10.1002/glia.440150313
https://doi.org/10.1126/science.2432664
https://doi.org/10.3109/03009734.2012.654860
https://www.ncbi.nlm.nih.gov/pubmed/22376240
https://doi.org/10.1038/s41598-017-15045-w
https://doi.org/10.1007/s004010050491
https://doi.org/10.1093/noajnl/vdac097
https://doi.org/10.7150/jca.53827
https://www.ncbi.nlm.nih.gov/pubmed/34093788
https://doi.org/10.1093/neuonc/not159
https://www.ncbi.nlm.nih.gov/pubmed/24305719
https://doi.org/10.1002/cam4.3217
https://doi.org/10.1593/neo.111338
https://www.ncbi.nlm.nih.gov/pubmed/22241957
https://doi.org/10.3389/fcell.2022.854352
https://doi.org/10.1016/j.apsb.2022.02.009
https://doi.org/10.2147/OTT.S174316
https://doi.org/10.3171/jns.1984.61.5.0809
https://doi.org/10.12968/hmed.2009.70.10.44633
https://doi.org/10.1007/s00234-019-02304-y
https://www.ncbi.nlm.nih.gov/pubmed/31667545


Biomedicines 2024, 12, 8 15 of 17

53. Maybody, M.; Stevenson, C.; Solomon, S.B. Overview of Navigation Systems in Image-Guided Interventions. Technol. Vasc. Interv.
Radiol. 2013, 16, 136–143. [CrossRef] [PubMed]

54. Harris, L.W. Endoscopic techniques in neurosurgery. Microsurgery 1994, 15, 541–546. [CrossRef]
55. Ostrom, Q.T.; Patil, N.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and

Other Central Nervous System Tumors Diagnosed in the United States in 2013–2017. Neuro-Oncology 2020, 22 (Suppl. 2), iv1–iv96.
[CrossRef] [PubMed]

56. Wen, P.Y.; Kesari, S. Malignant Gliomas in Adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef]
57. McGirt, M.J.; Chaichana, K.L.; Attenello, F.J.; Weingart, J.D.; Than, K.; Burger, P.C.; Olivi, A.; Brem, H.; Quinoñes-Hinojosa, A.

Extent of surgical resection is independently associated with survival in patients with hemispheric infiltrating low-grade gliomas.
Neurosurgery 2008, 63, 700–708. [CrossRef] [PubMed]

58. Kuhnt, D.; Becker, A.; Ganslandt, O.; Bauer, M.; Buchfelder, M.; Nimsky, C. Correlation of the extent of tumor volume resection
and patient survival in surgery of glioblastoma multiforme with high-field intraoperative MRI guidance. Neuro-Oncology 2011,
13, 1339–1348, Erratum in: Neuro-Oncology 2014, 16, 1429. [CrossRef]

59. Hervey-Jumper, S.L.; Berger, M.S. Role of Surgical Resection in Low- and High-Grade Gliomas. Curr. Treat. Opt. Neurol. 2014, 16,
284. [CrossRef]

60. Bonosi, L.; Marrone, S.; Benigno, U.E.; Buscemi, F.; Musso, S.; Porzio, M.; Silven, M.P.; Torregrossa, F.; Grasso, G. Maximal Safe
Resection in Glioblastoma Surgery: A Systematic Review of Advanced Intraoperative Image-Guided Techniques. Brain Sci. 2023,
13, 216. [CrossRef]

61. Lacroix, M.; Abi-Said, D.; Fourney, D.R.; Gokaslan, Z.L.; Shi, W.; DeMonte, F.; Lang, F.F.; McCutcheon, I.E.; Hassenbusch, S.J.;
Holland, E.; et al. A multivariate analysis of 416 patients with glioblastoma multiforme: Prognosis, extent of resection, and
survival. J. Neurosurg. 2001, 95, 190–198. [CrossRef]

62. Han, Q.; Liang, H.; Cheng, P.; Yang, H.; Zhao, P. Gross Total vs. Subtotal Resection on Survival Outcomes in Elderly Patients With
High-Grade Glioma: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 151. [CrossRef] [PubMed]

63. Brown, T.J.; Brennan, M.C.; Li, M.; Church, E.W.; Brandmeir, N.J.; Rakszawski, K.L.; Patel, A.S.; Rizk, E.B.; Suki, D.; Sawaya, R.;
et al. Association of the Extent of Resection With Survival in Glioblastoma: A systematic review and meta-analysis. JAMA Oncol.
2016, 2, 1460–1469. [CrossRef] [PubMed]

64. Sanai, N.; Eschbacher, J.; Hattendorf, G.; Coons, S.W.; Preul, M.C.; Smith, K.A.; Nakaji, P.; Spetzler, R.F. Intraoperative Confocal
Microscopy for Brain Tumors: A Feasibility Analysis in Humans. Neurosurg. 2011, 68, ons282–ons290. [CrossRef] [PubMed]

65. Falco, J.; Cavallo, C.; Vetrano, I.G.; de Laurentis, C.; Siozos, L.; Schiariti, M.; Broggi, M.; Ferroli, P.; Acerbi, F. Fluorescein
Application in Cranial and Spinal Tumors Enhancing at Preoperative MRI and Operated With a Dedicated Filter on the Surgical
Microscope: Preliminary Results in 279 Patients Enrolled in the FLUOCERTUM Prospective Study. Front. Surg. 2019, 6, 49.
[CrossRef] [PubMed]

66. Shalan, M.E.; Soliman, A.Y.; Nassar, I.A.; Alarabawy, R.A. Surgical planning in patients with brain glioma using diffusion tensor
MR imaging and tractography. Egypt. J. Radiol. Nucl. Med. 2021, 52, 110. [CrossRef]

67. Lee, I.; Kalkanis, S.; Hadjipanayis, C.G. Stereotactic Laser Interstitial Thermal Therapy for Recurrent High-Grade Gliomas.
Neurosurgery 2016, 79, S24–S34. [CrossRef] [PubMed]

68. Sanai, N.; Berger, M.S. Glioma extent of resection and its impact on patient outcome. Neurosurgery 2008, 62, 753–766. [CrossRef]
69. Weller, M.; van den Bent, M.; Hopkins, K.; Tonn, J.C.; Stupp, R.; Falini, A.; Cohen-Jonathan-Moyal, E.; Frappaz, D.; Henriksson,

R.; Balana, C.; et al. EANO guideline for the diagnosis and treatment of anaplastic gliomas and glioblastoma. Lancet Oncol. 2014,
15, e395–e403. [CrossRef]

70. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med. 2005, 352,
987–996. [CrossRef]

71. Bent, M.v.D.; Keime-Guibert, F.; Brandes, A.; Taphoorn, M.; Kros, J.; Eskens, F.; Carpentier, A. Temozolomide chemotherapy in
recurrent oligodendroglioma. Neurology 2001, 57, 340–342. [CrossRef]

72. Nagel, Z.D.; Kitange, G.J.; Gupta, S.K.; Joughin, B.A.; Chaim, I.A.; Mazzucato, P.; Lauffenburger, D.A.; Sarkaria, J.N.; Samson, L.D.
DNA Repair Capacity in Multiple Pathways Predicts Chemoresistance in Glioblastoma Multiforme. Cancer Res. 2017, 77, 198–206.
[CrossRef] [PubMed]

73. Roden, D.M.; McLeod, H.L.; Relling, M.V.; Williams, M.S.; Mensah, G.A.; Peterson, J.F.; Van Driest, S.L. Pharmacogenomics.
Lancet 2019, 394, 521–532. [CrossRef] [PubMed]

74. Conti, V.; Corbi, G.; Manzo, V.; Sellitto, C.; Iannello, F.; Esposito, S.; De Bellis, E.; Iannaccone, T.; Filippelli, A. The Role of
Pharmacogenetics in Antithrombotic Therapy Management: New Achievements and Barriers Yet to Overcome. Curr. Med. Chem.
2021, 28, 6675–6703. [CrossRef]

75. Melnick, K.; Shin, D.; Dastmalchi, F.; Kabeer, Z.; Rahman, M.; Tran, D.; Ghiaseddin, A. Role of Laser Interstitial Thermal Therapy
in the Management of Primary and Metastatic Brain Tumors. Curr. Treat. Opt. Oncol. 2021, 22, 108. [CrossRef] [PubMed]

76. Wei, H.-J.; Upadhyayula, P.S.; Pouliopoulos, A.N.; Englander, Z.K.; Zhang, X.; Jan, C.-I.; Guo, J.; Mela, A.; Zhang, Z.; Wang, T.J.;
et al. Focused Ultrasound-Mediated Blood-Brain Barrier Opening Increases Delivery and Efficacy of Etoposide for Glioblastoma
Treatment. Endocrine 2020, 110, 539–550. [CrossRef] [PubMed]

https://doi.org/10.1053/j.tvir.2013.02.008
https://www.ncbi.nlm.nih.gov/pubmed/23993075
https://doi.org/10.1002/micr.1920150805
https://doi.org/10.1093/neuonc/noaa200
https://www.ncbi.nlm.nih.gov/pubmed/33123732
https://doi.org/10.1056/NEJMra0708126
https://doi.org/10.1227/01.NEU.0000325729.41085.73
https://www.ncbi.nlm.nih.gov/pubmed/18981880
https://doi.org/10.1093/neuonc/nor133
https://doi.org/10.1007/s11940-014-0284-7
https://doi.org/10.3390/brainsci13020216
https://doi.org/10.3171/jns.2001.95.2.0190
https://doi.org/10.3389/fonc.2020.00151
https://www.ncbi.nlm.nih.gov/pubmed/32257941
https://doi.org/10.1001/jamaoncol.2016.1373
https://www.ncbi.nlm.nih.gov/pubmed/27310651
https://doi.org/10.1227/NEU.0b013e318212464e
https://www.ncbi.nlm.nih.gov/pubmed/21336204
https://doi.org/10.3389/fsurg.2019.00049
https://www.ncbi.nlm.nih.gov/pubmed/31475153
https://doi.org/10.1186/s43055-021-00490-5
https://doi.org/10.1227/NEU.0000000000001443
https://www.ncbi.nlm.nih.gov/pubmed/27861323
https://doi.org/10.1227/01.neu.0000318159.21731.cf
https://doi.org/10.1016/S1470-2045(14)70011-7
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1212/WNL.57.2.340
https://doi.org/10.1158/0008-5472.CAN-16-1151
https://www.ncbi.nlm.nih.gov/pubmed/27793847
https://doi.org/10.1016/S0140-6736(19)31276-0
https://www.ncbi.nlm.nih.gov/pubmed/31395440
https://doi.org/10.2174/0929867328666201231124715
https://doi.org/10.1007/s11864-021-00912-6
https://www.ncbi.nlm.nih.gov/pubmed/34687357
https://doi.org/10.1016/j.ijrobp.2020.12.019
https://www.ncbi.nlm.nih.gov/pubmed/33346092


Biomedicines 2024, 12, 8 16 of 17

77. Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev. Clin. Oncol. 2018, 15,
422–442. [CrossRef] [PubMed]

78. Lev-Tov, L.; Barbosa, D.A.N.; Ghanouni, P.; Halpern, C.H.; Buch, V.P. Focused ultrasound for functional neurosurgery. J.
Neuro-Oncology 2021, 156, 17–22. [CrossRef]

79. Bretsztajn, L.; Gedroyc, W. Brain-focussed ultrasound: What’s the “FUS” all about? A review of current and emerging neurological
applications. Br. J. Radiol. 2018, 91, 20170481. [CrossRef]

80. de Groot, J.F.; Kim, A.H.; Prabhu, S.; Rao, G.; Laxton, A.W.; Fecci, P.E.; O’brien, B.J.; Sloan, A.; Chiang, V.; Tatter, S.B.; et al. Efficacy
of laser interstitial thermal therapy (LITT) for newly diagnosed and recurrent IDH wild-type glioblastoma. Neuro-Oncol. Adv.
2022, 4, vdac040. [CrossRef]

81. Torres-Reveron, J.; Tomasiewicz, H.C.; Shetty, A.; Amankulor, N.M.; Chiang, V.L. Stereotactic laser induced thermotherapy (LITT):
A novel treatment for brain lesions regrowing after radiosurgery. J. Neuro-Oncol. 2013, 113, 495–503. [CrossRef]

82. Bown, S.G. Phototherapy of tumors. Mol. Med. 1983, 7, 700–709. [CrossRef] [PubMed]
83. Rosomoff, H.L.; Carroll, F. Reaction of Neoplasm and Brain to Laser. Arch. Neurol. 1966, 14, 143–148. [CrossRef] [PubMed]
84. Hawasli, A.H.; Kim, A.H.; Dunn, G.P.; Tran, D.D.; Leuthardt, E.C. Stereotactic laser ablation of high-grade gliomas. Neurosurg.

Focus 2014, 37, E1. [CrossRef] [PubMed]
85. Muir, M.; Traylor, J.I.; Gadot, R.; Patel, R.; Prabhu, S.S. Repeat laser interstitial thermal therapy for recurrent primary and

metastatic intracranial tumors. Surg. Neurol. Int. 2022, 13, 311. [CrossRef] [PubMed]
86. Sloan, A.E.; Ahluwalia, M.S. Laser interstitial thermal therapy for the management of brain metastases. Neuro-Oncol. Pract. 2019,

6, 169–177.
87. Kuo, C.-H.; Feroze, A.H.; Poliachik, S.L.; Hauptman, J.S.; Novotny, E.J.; Ojemann, J.G. Laser Ablation Therapy for Pediatric

Patients with Intracranial Lesions in Eloquent Areas. World Neurosurg. 2019, 121, e191–e199. [CrossRef]
88. Tovar-Spinoza, Z.; Choi, H. MRI-guided laser interstitial thermal therapy for the treatment of low-grade gliomas in children: A

case-series review, description of the current technologies and perspectives. Child’s Nerv. Syst. 2016, 32, 1947–1956. [CrossRef]
89. Kang, J.Y.; Wu, C.; Tracy, J.; Lorenzo, M.; Evans, J.; Nei, M.; Skidmore, C.; Mintzer, S.; Sharan, A.D.; Sperling, M.R. Laser interstitial

thermal therapy for medically intractable mesial temporal lobe epilepsy. Epilepsia 2016, 57, 325–334. [CrossRef]
90. El Majdoub, F.; Simon, T.; Hoevels, M.; Berthold, F.; Sturm, V.; Maarouf, M. Interstitial Brachytherapy using Stereotactic Implanted

125Iodine Seeds for Recurrent Medulloblastoma. Clin. Oncol. 2011, 23, 532–537. [CrossRef]
91. Hafez, D.M.; Liekweg, C.; Leuthardt, E.C. Staged Laser Interstitial Thermal Therapy (LITT) Treatments to Left Insular Low-Grade

Glioma. Neurosurgery 2019, 86, E337–E342. [CrossRef]
92. Montemurro, N.; Anania, Y.; Cagnazzo, F.; Perrini, P. Survival outcomes in patients with recurrent glioblastoma treated with

Laser Interstitial Thermal Therapy (LITT): A systematic review. Clin. Neurol. Neurosurg. 2020, 195, 105942. [CrossRef]
93. Arsiwala, T.; Sprowls, S.; Blethen, K.; Adkins, C.; Saralkar, P.; Fladeland, R.; Pentz, W.; Gabriele, A.; Kielkowski, B.; Mehta, R.;

et al. Ultrasound-mediated disruption of the blood tumor barrier for improved therapeutic delivery. Neoplasia 2021, 23, 676–691.
[CrossRef]

94. Traylor, J.I.; Patel, R.; Muir, M.; Bastos, D.C.d.A.; Ravikumar, V.; Kamiya-Matsuoka, C.; Rao, G.; Thomas, J.G.; Kew, Y.; Prabhu,
S.S. Laser Interstitial Thermal Therapy for Glioblastoma: A Single-Center Experience. World Neurosurg. 2021, 149, e244–e252.
[CrossRef] [PubMed]

95. Jooma, R.; Waqas, M.; Khan, I. Diffuse low-grade glioma—Changing concepts in diagnosis and management: A review. Asian J.
Neurosurg. 2019, 14, 356–363. [CrossRef]

96. Leonardi, M.A.; Lumenta, C.B. Stereotactic Guided Laser-Induced Interstitial Thermotherapy (SLITT) in Gliomas with Intraoper-
ative Morphologic Monitoring in an Open MR: Clinical Expierence. Minim. Invasive Neurosurg. 2002, 45, 201–207. [CrossRef]
[PubMed]

97. Patel, N.V.; Jethwa, P.R.; Barrese, J.C.; Hargreaves, E.L.; Danish, S.F. Volumetric trends associated with MRI-guided laser-induced
thermal therapy (LITT) for intracranial tumors. Lasers Surg. Med. 2013, 45, 362–369. [CrossRef] [PubMed]

98. Jethwa, P.R.; Barrese, J.C.; Gowda, A.; Shetty, A.; Danish, S.F. Magnetic Resonance Thermometry-Guided Laser-Induced Thermal
Therapy for Intracranial Neoplasms. Neurosurg. 2012, 71, ons133–ons145. [CrossRef]

99. Manrique-Guzmán, S.; Herrada-Pineda, T.; Revilla-Pacheco, F. Surgical Management of Glioblastoma. In Glioblastoma; De
Vleeschouwer, S., Ed.; Codon Publications: Brisbane, Australia, 2017; Chapter 12.

100. Hersh, A.M.; Bhimreddy, M.; Weber-Levine, C.; Jiang, K.; Alomari, S.; Theodore, N.; Manbachi, A.; Tyler, B.M. Applications of
Focused Ultrasound for the Treatment of Glioblastoma: A New Frontier. Cancers 2022, 14, 4920. [CrossRef]

101. Coluccia, D.; Figueiredo, C.A.; Wu, M.Y.; Riemenschneider, A.N.; Diaz, R.; Luck, A.; Smith, C.; Das, S.; Ackerley, C.; O’reilly,
M.; et al. Enhancing glioblastoma treatment using cisplatin-gold-nanoparticle conjugates and targeted delivery with magnetic
resonance-guided focused ultrasound. Nanomedicine 2018, 14, 1137–1148. [CrossRef]

102. Lee-Chang, C.; Miska, J.; Hou, D.; Rashidi, A.; Zhang, P.; Burga, R.A.; Jusué-Torres, I.; Xiao, T.; Arrieta, V.A.; Zhang, D.Y.; et al.
Activation of 4-1BBL+ B cells with CD40 agonism and IFNγ elicits potent immunity against glioblastoma. J. Exp. Med. 2021, 218,
e20200913. [CrossRef]

103. Deng, Z.; Sheng, Z.; Yan, F. Ultrasound-Induced Blood-Brain-Barrier Opening Enhances Anticancer Efficacy in the Treatment of
Glioblastoma: Current Status and Future Prospects. J. Oncol. 2019, 2019, 2345203. [CrossRef]

https://doi.org/10.1038/s41571-018-0003-5
https://www.ncbi.nlm.nih.gov/pubmed/29643471
https://doi.org/10.1007/s11060-021-03818-3
https://doi.org/10.1259/bjr.20170481
https://doi.org/10.1093/noajnl/vdac040
https://doi.org/10.1007/s11060-013-1142-2
https://doi.org/10.1007/BF01655209
https://www.ncbi.nlm.nih.gov/pubmed/6419477
https://doi.org/10.1001/archneur.1966.00470080027004
https://www.ncbi.nlm.nih.gov/pubmed/4952438
https://doi.org/10.3171/2014.9.FOCUS14471
https://www.ncbi.nlm.nih.gov/pubmed/25434378
https://doi.org/10.25259/SNI_418_2022
https://www.ncbi.nlm.nih.gov/pubmed/35928321
https://doi.org/10.1016/j.wneu.2018.09.074
https://doi.org/10.1007/s00381-016-3193-0
https://doi.org/10.1111/epi.13284
https://doi.org/10.1016/j.clon.2011.02.009
https://doi.org/10.1093/neuros/nyz120
https://doi.org/10.1016/j.clineuro.2020.105942
https://doi.org/10.1016/j.neo.2021.04.005
https://doi.org/10.1016/j.wneu.2021.02.044
https://www.ncbi.nlm.nih.gov/pubmed/33610872
https://doi.org/10.4103/ajns.AJNS_24_18
https://doi.org/10.1055/s-2002-36203
https://www.ncbi.nlm.nih.gov/pubmed/12494354
https://doi.org/10.1002/lsm.22151
https://www.ncbi.nlm.nih.gov/pubmed/23765325
https://doi.org/10.1227/NEU.0b013e31826101d4
https://doi.org/10.3390/cancers14194920
https://doi.org/10.1016/j.nano.2018.01.021
https://doi.org/10.1084/jem.20200913
https://doi.org/10.1155/2019/2345203


Biomedicines 2024, 12, 8 17 of 17

104. Fabiano, A.J.; Alberico, R.A. Laser-Interstitial Thermal Therapy for Refractory Cerebral Edema from Post-Radiosurgery Metastasis.
World Neurosurg. 2014, 81, 652.e1–652.e4. [CrossRef]

105. Carpentier, A.; Canney, M.; Vignot, A.; Reina, V.; Beccaria, K.; Horodyckid, C.; Karachi, C.; Leclercq, D.; Lafon, C.; Chapelon, J.-Y.;
et al. Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci. Transl. Med. 2016, 8, 343re2. [CrossRef]

106. Beccaria, K.; Canney, M.; Bouchoux, G.; Desseaux, C.; Grill, J.; Heimberger, A.B.; Carpentier, A. Ultrasound-induced blood-brain
barrier disruption for the treatment of gliomas and other primary CNS tumors. Cancer Lett. 2020, 479, 13–22. [CrossRef] [PubMed]

107. Jung, N.Y.; Chang, J.W. Magnetic Resonance-Guided Focused Ultrasound in Neurosurgery: Taking Lessons from the Past to
Inform the Future. J. Korean Med. Sci. 2018, 33, e279. [CrossRef] [PubMed]

108. Rubino, F.; Eichberg, D.G.; Cordeiro, J.G.; Di, L.; Eliahu, K.; Shah, A.H.; Luther, E.M.; Lu, V.M.; Komotar, R.J.; Ivan, M.E. Robotic
guidance platform for laser interstitial thermal ablation and stereotactic needle biopsies: A single center experience. J. Robot. Surg.
2022, 16, 549–557. [CrossRef]

109. McDannold, N.; Clement, G.T.; Black, P.; Jolesz, F.; Hynynen, K. Transcranial Magnetic Resonance Imaging– Guided Focused
Ultrasound Surgery of Brain Tumors. Neurosurgery 2010, 66, 323–332. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.wneu.2013.10.034
https://doi.org/10.1126/scitranslmed.aaf6086
https://doi.org/10.1016/j.canlet.2020.02.013
https://www.ncbi.nlm.nih.gov/pubmed/32112904
https://doi.org/10.3346/jkms.2018.33.e279
https://www.ncbi.nlm.nih.gov/pubmed/30369860
https://doi.org/10.1007/s11701-021-01278-5
https://doi.org/10.1227/01.NEU.0000360379.95800.2F

	Introduction 
	Epidemiology and Classification of Gliomas 
	Classification of Gliomas 
	Molecular Signature of Gliomas 

	Overview of Treatments for Gliomas 
	Functional Neurosurgery 
	Laser Interstitial Thermal Therapy (LITT) 
	Indications for LITT 
	LITT in Low-Grade Gliomas 
	LITT in GBMs 


	Focus Ultrasound and LITT: Similarities and Differences 
	Conclusions and Future Directions 
	References

