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Abstract: Glioblastoma (GBM) is the most common primary intracranial neoplasia, and is characterized
by its extremely poor prognosis. Despite maximum surgery, chemotherapy, and radiation,
the histological heterogeneity of GBM makes total eradication impossible, due to residual cancer
cells invading the parenchyma, which is not otherwise seen in radiographic images. Even with
gross total resection, the heterogeneity and the dormant nature of brain tumor initiating cells allow
for therapeutic evasion, contributing to its recurrence and malignant progression, and severely
impacting survival. Visual delimitation of the tumor’s margins with common surgical techniques is
a challenge faced by many surgeons. In an attempt to achieve optimal safe resection, advances in
approaches allowing intraoperative analysis of cancer and non-cancer tissue have been developed
and applied in humans resulting in improved outcomes. In addition, functional paradigms based
on stimulation techniques to map the brain’s electrical activity have optimized glioma resection in
eloquent areas such as the Broca’s, Wernike’s and perirolandic areas. In this review, we will elaborate
on the current standard therapy for newly diagnosed and recurrent glioblastoma with a focus on
surgical approaches. We will describe current technologies used for glioma resection, such as awake
craniotomy, fluorescence guided surgery, laser interstitial thermal therapy and intraoperative mass
spectrometry. Additionally, we will describe a newly developed tool that has shown promising
results in preclinical experiments for brain cancer: optical coherence tomography.

Keywords: brain tumor surgery; laser therapy; awake craniotomy; novel treatments for glioma;
optical coherence tomography

1. Introduction

Glioblastoma (GBM), a grade IV glioma, according to World Health Organization (WHO)
classification, is the most lethal primary glioma in adults. Several studies have shown that patients
with GBM have poor survival [1-3]. GBM has a prevalence of 26,000 cases, with a mortality rate
of 15,000 cases yearly in the US, and an incidence of two to three per 100,000 adults per year. GBM
accounts for 52% of all primary brain tumors in the US, as stated by the National Cancer Institute [4].
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Standard therapy, including surgery along with chemotherapy and radiation, has insignificantly
improved GBM patient’s survival. Newly diagnosed GBM patients with favorable Karnofsky
performance scale (>70%) (KPS) and who undergo the standard of care including surgical resection,
chemotherapy and radiation, have a survival mean of approximately 15 months, with only 10% of
patients living more than 5 years [5]. Furthermore, the mean survival for those patients who undergo
surgical resection alone is significantly longer than those who have only undergone biopsy, 7 versus
3.5 months, respectively [6]. Hence, the main prognostic factor for these patients’ survival with GBM is
the extent of resection of the tumor [3,7-9]. Furthermore, the infiltrative capacity of GBM cells makes
complete eradication of cancer cells impossible to achieve. Due to the pattern of glioma cell infiltration,
their migratory capacity allows them to collect below the pial margins, surround the vasculature,
and migrate through white matter tracts. Their diffusive nature over long distances allows for a more
aggressive disease, making recurrence 100% [10]. Among the histological characteristics that contribute
to GBM propagation are the high proliferative rate, necrosis, angiogenesis, and the existence of a
specific subgroup of cells named Brain Tumor Initiating Cells (BTIC), which have the ability to survive
even the most eradicative treatments [11]. BTICs have been associated to tumor development, and are
responsible for tumor recurrence secondary to their self-renewing ability. Their migratory capacity
allow them to cross the corpus callosum where they could be found at least 3 cm away from their
primary site [12]. In addition, they can maintain an undifferentiated state due to the expression of
several transcription factors (e.g., Oct4, Sox1, Wnt/ 3 catenin, SOX2 and STAT3) commonly present
in normal somatic or embryonic cells, which are fundamental for cellular stemness [13,14]. Genetic
mutations in tumor suppressor genes such as TP53, Rb, and deletion of chromosome 1p19q are
contributors for tumor resistance [15]. The genetic signature exhibited by each tumor, allowed its
classification into neural, proneural, mesenchymal and classical molecular subtypes. The neural
subtype commonly expresses markers such as NEFL, GABRA1, SYT1 and SLC12A5. The proneural
subtype is associated with PDGFRA abnormalities and IDH1 and TP53 mutations. The classical
subtype is related with EGFR mutations; while high expression of CHI3L1 and mutations in MET
and NF1 genes are common findings in the mesenchymal class. Interestingly, patients with classical
and mesenchymal subtypes exhibit better therapy response to chemo- and radiotherapy or repeated
cycles of chemotherapy than those with the proneural genotype [16,17]. Furthermore, earlier studies
suggested a shift in the molecular subtype of the primary mass after recurrence, most likely towards a
mesenchymal subtype [18]. However, a mutual agreement among researchers has not been reached.

Among many therapeutic strategies against GBM, surgical excision and extent of resection are
essential components for determining both tumor diagnosis and patient prognosis, all of which
depend on the surgeon’s capability to discriminate between cancer and non-cancer tissues. Therefore,
techniques that facilitate a well-demarcated differentiation between normal versus cancer-invaded
parenchyma are essential in order to achieve a maximal surgical excision.

In this review, we will briefly describe the current standard of care for newly diagnosed GBM,
as well as strategies for recurrent GBM. We will also describe several techniques that have improved
glioma surgery through a physiological delineation enhancement of the tumor (cortical mapping for
awake craniotomies), through tumor anatomy delineation (fluorescence-guided surgery and laser
interstitial thermal therapy) or through metabolite depiction of the samples (intraoperative mass
spectrometry). The ability to diagnose tumors intraoperatively has considerably advanced the field of
brain tumor surgery; the review will specifically take account of widely used practical technologies
that have enabled reliability in identifying lesions at the tumor-brain interface such as (i) Confocal
Intraoperative Microscopy, which can facilitate spatial selection of highly heterogeneous tissue for
molecular and tissue diagnosis; (ii) Fluorescence Guided Surgery, which allows the selective uptake of
a compound by tumor cells mitigating the difficulties associated with a brain tumors infiltrative nature;
(iii) Laser Interstitial Therapy, which allows the treatment of tumor in patients who do not respond
to stereotactic radiosurgery or have radiation-treatment associated necrosis; and (iv) Intraoperative
Mass Spectrometry, which provides another avenue of extent of tumor resection and immediate
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feedback, since biopsies are often the only source of intraoperative diagnostic information leaving
much predictive, prognostic, and diagnostic information undiscovered. Finally, we will discuss optical
coherence tomography, an evolving technology in preclinical stages, which has shown promising
results for intraoperative identification of cancer samples that will enhance tumor resection.

Although many more techniques exist within the realm of intraoperative therapy, such as
Intraoperative Focused Ultrasound and Computed Tomography, these techniques require a more
comprehensive review considering the limitations of the technique in identifying the entirety of glioma
in the absence of a suitable adjuvant. Furthermore, contrast-enhanced areas in such highly invasive
disease pathology is limited to cases in specific areas. Such drawbacks are corrected by photodynamic
diagnostics such as 5-ALA and others, which will be carefully reviewed in this paper.

2. Newly Diagnosed and Recurrent GBM: Treatment & Management

De novo GBMs occur in 60% of lesions, whereas secondary GBMs (a progression from low-grade
to high-grade lesions) occur in 40% [19,20]. Several factors are attributed to GBM prognosis, depending
on clinical and biological patient parameters (e.g., age and KPS), or based on the characteristics of the
tumor (e.g., Ki67-mitotic index, necrosis, vascular proliferation, location-proximity to eloquent areas or
the sub ventricular zone, and genetic alterations, such as IDH mutation and MGMT methylation) [19].
The current standard therapy for newly diagnosed GBM consists of maximal tumor resection plus daily
administration of temozolamide (TMZ) at a dose of 75 mg/m? and 60 Gy of radiotherapy (2 Gy daily)
for 4-6 weeks, followed by a TMZ maintenance dose of 150-200 mg/m? for five days every 28 days
for six cycles [5]. This treatment paradigm has improved the median survival from 12.1 months to
14.6 months [15]. Still, at least 50% of GBM patients are resistant to TMZ treatment due to either an
overexpression of methylguanin-DNA-methyltransferase (MGMT), which is responsible for initiating
DNA repair against alkylating chemotherapeutic agents such as TMZ, or a methylation of the promoter
site stifling protein expression [21]. Interestingly, an extended administration of the TMZ scheme for
12 cycles has led to an improvement in progression-free survival (PFS) from 12.8 to 16.8 months [22].
However, despite multimodal approaches, the recurrence rate in GBM is almost 100% [23].

GBM tends to infiltrate normal parenchyma through diverse growth patterns and, although less
common, it may spread in the ventricles, neither of which emit any growth signals [24]. Due to this
infiltrative nature, the remaining cancer cells in the post-surgical cavity can form a new mass within
2-3 cm from the border of the original lesion [24]. Additionally, the resilient nature of these cells to
previous treatments displays a worse panorama, exhibiting a survival period between 3 to 9 months
(progression-free survival (PFS) of 6 months in 25% of the cases) and a treatment-response rate of only
5 to 10% [25].

Currently, there are no universal treatments for patients with recurrent GBM. Strategies for
facing this situation vary among venues, where present options include repeated resections with
probed prolonged survival, as demonstrated in patients subjected to a second, third, or fourth
intervention, who show an improved survival of 15.4, 22.4, and 26.6 months, respectively [26],
as well as systemic application of a second or third line of cytotoxic treatments (TMZ or bevacizumab
(BVZ) respectively), modified irradiation schemes, radiosurgery, and more recently, tumor treatment
fields [27,28]. The first-line pharmacological option is BVZ, a monoclonal antibody against vascular
endothelial growth factor (VEGF) FDA approved [29], that has shown benefits in combination with
cytotoxic agents such as irinotecan, as demonstrated in clinical trials developed by Vredenburgh et al.,
2007 and Firedman et al., 2009 [30,31]. Another current strategy for recurrent GBM is the local
intraoperative chemotherapeutic agent carmustine (BCNU) [32-36]. Despite its local application
directly into the tumor bed and some improved survival results, BCNU has been shown in some
studies to have a 43% complication rate, in addition to the high cost of the treatment ($7800, in addition
to $20,000 for surgery and radiation), as reported in some studies [18].

Additional agents used against GBM include other nitrosoureas such as fotemustine, which can
be administered as a single agent or in combination with PCV (P: procarbazine, C: lomustine and
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V: vincristine). Carboplatin, etoposide and irinotecan are other regimens that have shown modest
efficacy after single or combined administration [37]. Clinical trials with cediranib, gefitinib and
erlotinib for recurrent GBM have not shown an improvement in prolonging survival so far [38—40].

Thus, chemotherapy, either for GBM of recent diagnosis or for a recurrent mass, is not a resolutive
solution. GBM cells’ ability to escape to cytotoxic agents through different venues (overexpression
of proteins related to cellular cycle and angiogenesis, as well as drug-excision pumps) prompt
surgeons to eliminate as much cancer tissue as possible, without compromising patient stability,
during surgery [41].

The TTF (Tumor Treating Fields) device is a novel concept for treating GBM. This technology is
based on the delivery of low- to intermediate-frequency electrical fields that selectively kill proliferating
cells when placed on the scalp [42]. The effect is mediated through the disruption of mitotic spindle
formation during mitosis. TTF prolonged the median PFS survival (3 months approximately) when
used in combination with the adjuvant temozolamide [43].

3. Surgery for Glioblastoma: Advances and Challenges

Despite the available adjuvant options for GBM, survival rates have not dramatically changed,
compared with other types of cancers, such as breast cancer, according to the Centers for Disease
Control and Prevention, (CDC) [44].

Hence, surgery is an important modality for establishing diagnosis (through histopathological
confirmation after tissue examination), and improving prognosis while maintaining patient
pre-intervention functional activity, since the extent of resection is the main decisive factor for
survival [1,45,46]. Indeed, surgery serves as a curative means for the disease, as evident through the
treatment of low grade gliomas [47].

Gross total resection (GTR) of high grade gliomas (HGG) and low grade gliomas (LGG) increases
the median survival rate by 200% and 160% respectively, when compared to survival rates for patients
subjected to a subtotal resection (STR) [7,48]. In a retrospective systematic meta-analysis study
performed on over 41,000 newly diagnosed GBM patients, it was found that GTR proved superior
over STR with a 61% increase in likelihood of a one-year survival and a 51% likelihood of a 12-month
progression free survival [49].

Although a complete eradication of HGG due to the microscopic infiltrative cells is an
unachievable task, a 90% threshold of resection without compromising functional pathways remains
as the realistic desired goal of every neurosurgeon. In fact, even STR of 70% has shown statistically
significant improvement in overall survival and seizure control [7]. When maximal resection is not
feasible, supramarginal resection (SMR) of the tumor is an option, which is defined as doing resection
beyond tumor mass enhancement displayed by the imaging techniques (Figure 1).

Throughout the years, innovations in neurosurgical oncology have led to the possibility of
obtaining a maximal cytoreduction while preserving functional pathways [50]. Radiographic analysis
such as Intraoperative magnetic resonance imaging (iMRI) for defining the tumor’s location, edema,
and involvement of eloquent areas are crucial tools to determine the appropriate surgical intervention
in every patient. Furthermore, imaging has also a placed in determining the prognosis in patients such
as cases with a butterfly glioblastoma (a tumor involving both hemispheres via invasion of the corpus
callosum) [8], where poor prognosis is expected as demonstrated by Chaichana et al., who showed
significant decreased overall survival of butterfly GBM of 7.0 months versus non-butterfly GBM of
11.6 months that were matched for age, KPS tumor size, extent of resection (EoR), and post-op adjuvant
therapy [8].
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Figure 1. Kaplan Meyer curves of extent of resection in high grade gliomas (HGG). (A) The median
survival for patients with >70% tumor resection was 14.4 months compared with 10.5 months for
patients with <70% resection (p = 0.0003); (B) The median percent free survival for patients with >70%
tumor resection was 9.0 months compared with 7.1 months for patients with <70% resection (p = 0.01).
(Reproduced from Chaichana et al. [7]).

Thus, iMRI has become an essential tool that involves the obtainment of real-time images of the
patient’s brain during the surgical procedure, enabling the surgeons to evaluate if a complete resection
was achieved or further resection is needed before closing the surgical field [9]. This tool also decreases
the risk of damaging principal areas in the brain during surgery, allowing an extent of resection of
99.78% in gliomas adjacent to eloquent areas [51]. Despite the probed benefits exhibited by this tool,
high cost (variable among institutions) and time consumption (30—40 min approximately) are strong
disadvantages to consider [51,52].

Techniques such as cortical mapping of the brain, fluorescence-guided surgery, laser interstitial
thermal therapy and intraoperative mass spectrometry are used nowadays in the operating room for
tumor resection. In the near future, evolving technologies such as an optical coherence tomography
will revolutionize the surgical field of central nervous system(CNS) gliomas, allowing real-time tumor
delineation in a short period of time.

4. Current Trends in Glioblastoma Surgery

Awake Craniotomy: Awake craniotomy (AC) is a useful anesthetic and surgical technique that
allows for the identification of eloquent areas in tumors involving cortical and subcortical regions,
especially for tumors that would otherwise be considered inoperable [47,53-57]. There are cases during
repeat awake craniotomy where the tumor can displace the eloquent areas due to brain plasticity;
thus, the surgeon cannot rely on the magnetic resonance imaging (MRI) and the anatomy itself for
the extent of resection [58]. For this reason, AC also permits the surgeon to monitor and rely on the
functionality of patient while the patient is awake, and thereby increase the extent of resection. Cortical
mapping of these areas (through a set of direct electrodes that stimulate or inhibit cortical functions)
remains the optimal option to delineate the relationship of tumor to eloquent cortex in order to avoid
damage of tissue that can compromise language or movement skills in patients (Figure 2). Advantages
of AC include local sedation, better postoperative KPS status, lower length of hospitalization, and a
decreased economic burden for hospital stay [55].

In a 2017 clinical report by Quinones et al., patients subjected to AC had more gross total
resection, as well as exhibiting an improved postoperative functional status and reduced postoperative
morbidities in comparison to patients subjected to general anesthesia (GA) for resection of gliomas
located in eloquent areas (93.3% vs. 81.1% respectively) [54].
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Figure 2. Awake craniotomy for cortical mapping and tumor resection. Electrode placement for
monitoring and localization of eloquent areas. (Original image).

Interestingly, Quinones et al. also observed better resections in the AC group compared to
the GA group (25.9% vs. 6.5%, respectively). Regarding the length of hospitalization, the statistics
showed a three-day reduction in the AC group when compared with the GA group (4.2 days vs.
7.9 days, respectively) [54] (Table 1). This study thus highlights the various benefits of AC and
suggested the power of this operative approach to replace traditional methods. Kim et al. recently
evaluated the neurological status of 309 patients subjected to AC or standard procedures to treat tumors
near or involving eloquent areas. The results demonstrated enhanced neurological status in the early
postoperative state, and at three months after resection when safe margins of resection were determined
through cortical mapping; 9% neurological deficits were seen with mapping vs. 21% neurological
deficits without mapping [59]. Additionally, Lau et al. in 2017 assessed the accuracy of the surgical
limits provided by AC, and found a 79.6% overall precision of intraoperative perception of gross
total or subtotal resection achieved under AC. Interestingly, they also described higher quantitative
perception accuracy when 1p19q co-deletion was absent (96.9% with negative vs. 81.5% with positive
1p19q co-deletion) [60]. Following the same premise, a clinical trial led by Bebawy et al. investigating
the quality of recovery in the immediate postoperative state and 30 and 90 days after surgery with AC
and asleep craniotomy. No data has been released yet; however, it is expected that the results will be
consistent with previous findings supporting AC over general anesthesia [61].

Table 1. Achieved resection of patients undergoing awake craniotomy (AC) for resection gliomas
located in eloquent regions.

Type of Surge
Percentage of Resection P gery p Value
Asleep n=31) Awake (n =27)
100% 2 (6.5%) 7 (25.9%) 0.041
>95%, <100% 11 (35.5%) 10 (37.0%) 0.902
<95% 18 (58.1%) 10 (37.0%) 0.110

Boldface values indicate significance p < 0.05. (Reproduced from: Eseonu et al. [54]).



Brain Sci. 2017, 7, 166 7 of 16

Due to the complexity of AC, however, a multidisciplinary team composed of surgeons,
anesthesiologists, and neurologists is required, as well as a meticulous selection and preparation
process for patients undergoing surgery. Further evidence has demonstrated that AC is not a
traumatic experience for the patients. A study developed by Khalid et al. in 2015, demonstrated that
patients did not express any more discomfort than anticipated, reinforcing that AC is a well-tolerated
procedure [62].

Confocal Intraoperative Microscopy: Near infrared (NIR) confocal endomicroscopy was first
used to delineate infiltrative GBM in vivo as a preclinical model in rodents in 2011 [63]. The study
determined that NIR wavelength with this microscopic technique joined with indocyanine green (ICG)
detects fluorescence of tumor cells. Compared to NIR and ICG macroscopic imaging, NIR confocal
endomicroscopy with ICG improved the sensitivity of tumor visualization, as it revealed not only
discrete tumor cells and satellite peritumoral cells, but also subcellular and microvascular fluorescent
structures in these regions. These findings elucidate the complex information that macroscopic
and microscopic in vivo ICG imaging could offer with regard to brain tumor cell infiltration.
Such structures have also been identified in clinical models in the past decade; the first report on
confocal microscopy in neurosurgery 2010, known as neurolasermicroscopy (NLM), was used to assess
cell density, mitotic features, necrosis, and microvascular cell proliferation of GBM; all of which highly
facilitate tumor diagnosis during neurosurgery. Eschbacher et al. performed 50 microsurgeries of brain
tumors including a hemangioblastoma, several grades of gliomas, meningiomas, and schwannomas,
using confocal microscopy to visualize the regions in vivo with fluorescein sodium (FS) contrast.
He also performed neuropathological traditional analysis of a subset of images, separately [64].
The identification of various cytoarchitectures of the different tumors from intraoperative confocal
imaging was found to be consistent with the results from pathology, further demonstrating the potential
of this powerful novel approach to diagnose brain tumors.

As with the previously described novel techniques, NIR technology and the more general
microscopic techniques need to be further developed in order to expand the microscopic window with
minimal interruption to the surgical workflow.

Fluorescence-Guided Surgery (FGS): The first application of an exogenous fluorescent marker used
to resect brain tumors was performed by Moore et al. in 1948 [65]. Soon thereafter, several researchers
supported the benefits of fluorescence for brain cancer surgical guidance, such as Stummer et al., 1997,
who showed a 100% specificity and 85% sensitivity in brain tumor removal using 5-aminolevulinic
acid-induced porphyrin fluorescence (5-ALA-PpIX) [66].

5-ALA is a photosensitive substance precursor of protoporphyrin IX (PpIX) (mainly visible with
a wavelength of 375475 nm) that turns into a red fluorescent emission signal after mitochondrial
metabolization. 5-ALA is the only fluorophore that has been utilized in different clinical trials to
identify tumor location, histopathological features, investigate pre- and post-operative MRI findings,
and delineate eloquent areas in GBM surgery, with promising results augmenting patient survival.
To date, 44 clinical studies have used 5-ALA for glioma surgery; these have demonstrated a GTR of
65% with 5-ALA compared to GTR of 35% for the group without the fluorophore. In addition, an
increase in PFS of 3.8 months in the 5-ALA group was achieved (8.6 vs. 4.8 months, respectively) [67].
The real-time visualization of tumor presence or absence provided by this fluorophore offers immediate
feedback to the surgeon who decides the delimitations of the tumor.

However, adverse effects after 5-ALA systemic administration have limited its application
(nausea, mild hypotension, elevated liver enzymes, photosensitivity, and neurological deficits) [68,69].
Other common exogenous agents implemented in neurosurgery are ICG, FS which are described
in Table 2.

Although the beneficial impact of FGS for tumor resection is evident, the burden of cost for its
implementation, including equipment purchase, dose determination, and training of specific personnel
must be considered. Additional evidence is necessary to consolidate the advantages obtained from
this technology.
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Table 2. Extrinsic fluorescent contrast agents.

Name Specifications

FDA approved for injection in cardiology and ophthalmology
Used to determine tumor angiogenesis or vascular malformations (i.e., Hemangioblastoma)
ICG [59] Emission peak of 820 nm
Depth approximately of >350 um [55]
AE: anaphylactic reactions

A red-colored fluorophore with a sensitivity of 94% and a specificity of 100% for glioma
surgery [60]

Hypericin Emits signal at 590 nm
AE: anaphylactic reactions
Green fluorophore, used in glioma surgery to improve gross total resection (30-80% of tumor
FS removal)

Excited at 480 nm
AE: anaphylactic reactions and yellow pigmentation of skin, mucosa and urine [54,61-63].

FDA: Food and Drug Administration, ICG: indocyanine green, FS: fluorescein sodium, AE: adverse effects.
(Modified from Senders et al. [67]).

Laser Interstitial Thermal Therapy for GBM Ablation: Laser-interstitial thermal therapy (LITT),
as a cancer treatment, is a thermocoagulative therapy in which laser irradiation is percutaneously
delivered by an optical fiber into tissue which causes heat-generated necrosis of the tissue and hence,
ablation of the targeted lesion [70]. Specifically, LITT coagulates tissue by selectively transmitting
focal laser energy with interstitial hyperthermia and calculating a precise region of ablation based
on the Arrhenius equation [71,72]. The delivery technique of laser therapy has thus allowed greater
reachability to various tissue types or deeper-seated lesions.

LITT has been used to treat a wide range of brain tumors, such as resistant metastatic
tumors [73,74], astrocytoma, chordoma, meningioma, and GBM [70]. Due to their aggressiveness,
HGG are undoubtedly of keen interest for treatment with LITT as demonstrated by several studies.
A multicenter study evaluated 34 consecutive difficult-to-access HGGs treated with LITT (under the
NeuroBlate® System, Monteris Medical Group, Plymouth, UK) at three different institutions in the US
found a significant relationship between the cytoreductive effect of hyperthermia and PFS. Evidently,
it has thus become useful to equivalently compare the surgical resection with the extent of ablation
regarding patient overall survival [75]. Likewise, in their clinical review, Norred & Johnson compared
the extension of survival of conventional resection techniques with LITT therapy, reinforcing the
relatively short procedure and the amenability this therapy gives not to only multiple treatments, but
also to inoperable or deep-seated tumors. Moreover, they also highlighted the potential adaptability
LITT may have with nanotherapeutic models as a more advanced therapy, both diminishing the
thermal damage to tissues and allowing for deeper optical penetration when considering the value of
the cooling catheter [70]. Recurrent GBM treatment with LITT accompanied by MR thermal imaging
(MRTI) has been recently explored in a 16-patient clinical report that compared overall survival of
traditional chemotherapy to LITT. All patients had received TMZ and exhibited a median survival of
9.4 months; however, with LITT, their median survival increased to 11.2 months [73]. Carpentier et al.
later showed the significant potential of LITT as one-day procedure salvage therapy in patients with
recurrent GBM. They observed that the patients’ PFS had a mean/median of 37/30 days, whereas
mean/median overall survival after LITT was 10.5/10 months [74].

The limitations of the small number of studies investigating LITT and HGGs should be carefully
considered. As the evident heterogeneity of HGGs, and notably of GBMs, play a pivotal role in patient
outcomes, the genetic characteristics of the patients” tumors must be taken into account for survival
analysis after LITT [74,75]. Overall, future investigations must find the optimal therapeutic regimen of
LITT in controlled clinical trials.

Intraoperative Mass spectrometry (MS): is an analytical technique that identifies and characterizes
molecules by taking into account their masses and fragmentation patterns, respectively, at the
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nanometer scale [76-78]. By using a matrix-assisted laser desorption/ionization technology, MS is
an important approach for investigating the spatial arrangement of molecules in biological tissues
in a sensitive and specific manner [78,79]. The desorption electrospray ionization (DESI) method,
an extension of MS introduced in 2004 [80], allow the analysis of intact molecules and direct sampling
of biological tissues [81].

By integrating MS in the operating room, surgeons can use it as a real-time guide to delineate tumors
by acquiring complex molecular information in real-time. Intraoperative examination of brain tumors has
since been increasingly employed. Agar et al. have presented a study in which they combined DESI into
stereotactic surgery in order to develop a resection technique that took advantage of the speed and high
sensitivity of MS. They fully integrated this methodology with the surgical procedure, accompanying it
with intraoperative MRI and positron-emission tomography (PET) scans. Moreover, this MS approach
does not require molecular agents or systemic injections [76]. Santagata et al. further capitalized on
the time-saving approach that MS provides when they showed the efficiency of detecting validated
onco-metabolites, such as the molecular marker generated from isocitrate dehydrogenase 1 mutant
gliomas (2-hydroxyglutarate), by using ambient MS without any necessary sample preparation [82].
This validation immediately provided critical diagnostic, prognostic, and predictive information that
would otherwise depend on post-operative pathological evaluations (Figure 3).

Figure 3. Intraoperative mass spectrometry of an onco-metabolite to guide brain tumor resection.
(a) H & E-stained smear (Left), frozen tissue section (Center), and immunohistochemistry using an
IDH1 R132H point mutation-specific antibody in an oligoastrocytoma grade III samples; (b) 3D tumor
volume representation showing normalized 2-hydroxyglutarate (2-HG) signal represented with a warm
color scale (lowest (yellow) to highest (red)); (c) Negative ion mode DESI mass spectra obtained from
a smear (Left) and a section from an oligoastrocytoma grade III (Right). Used with permission from
Santagata et al. [82].
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This approach thus highlights the advantage MS offers by enabling metabolite-imaging during
brain surgery, notably one found in not only most of secondary GBMs but also 80% of grade II and
grade I1I [82,83]. A 2017 study also used DESI-MS to rapidly analyze tissues during glioma resection
and consistently indicate the reliability, simplicity, and integrative features of DESI-MS. Preliminary
data from ten patients also demonstrated an overall 93% sensitivity and 83% specificity of surgical
demarcation via an estimation of high tumor cell percentage given by DESI-MS [84]. Furthermore,
these results uphold the significance of MS for maximal safe tumor resection and hence improved
patient survival.

To date, MS has largely been explored due to an increasing demand of sensitive techniques to
treat challenging tumors such as HGGs. Yet, this novel technology remains in its clinical infancy, as the
molecular findings it presents remain limited.

5. Optical Coherence Tomography (OCT): Future Strategy for Glioma Surgery

In neurosurgery, the need for a non-invasive approach that allows real-time identification of cancer
and non-cancer tissue is still open. Intraoperative examination of resected cancer tissues without
processing of the sample (fixation or freezing) is an advantage of optical coherence tomography. Strong
evidence from preclinical experiments supports its applicability for brain cancer.

OCT is a non-invasive label-free technique based on the interaction of light emission and tissue that
illustrates two- and three-dimensional acquisitions of images in a color-coded map [85]. With OCT,
it is possible to capture higher-resolution images from deeper structures in tissues (up to 2 mm,
approximately). It has been applied in a broad spectrum of pathologies in organs such as the brain,
breast, and stomach [85] (Figure 4).
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B Cancer margin

5.5 mm-! threshold

Figure 4. OCT for tumor tissue identification in ex vivo samples. (A) Sensitivity and specificity rates for
cancer core and infiltrated zone in tissues obtained from a set of 16 samples; (B) OCT attenuation map
results in cancer core and infiltrated zones, and its correlation with histology. Used with permission
from Kut et al. [85].

For brain cancer specifically, in an ex vivo model, OCT provided high-quality two-dimensional
imaging in non-cancer and cancer tissues, with an optical attenuation values of 9% vs. 33% in non-cancer
and cancer samples, respectively [85]. Using a different set of glioma samples, the researchers found
that OCT showed a specificity of 50-70% and a sensitivity of 40-100% when differentiating HGG and
LGG, with a correlation between histopathology and the color-coding map among samples [85].

Besides illustrating tumor hypercellularity, OCT also identified necrotic areas shown as hypo
intense signals in the map. Tumor angiogenesis, as well as brain blood flow [86] and blood brain
barrier (BBB) responses across a variety of sites, can also be studied with OCT, as demonstrated in
animal models of von Hippel-Lindau [87]. Further analysis of this technology is much needed in
order to determine whether tumor visualization is enhanced when OCT is used in comparison to
traditional methods.

6. Conclusions

Glioblastoma is a disease that cannot be treated by surgery alone. Despite its inevitable recurrence,
tumor excision is still an essential part to extend patients’” survival. Technological advances that
allow real-time and quantitative visualization of cancer-infiltration and non-cancer parenchyma
have become essential for brain tumor surgery. The aforementioned surgical procedures have shown
efficacy in achieving safe maximal resection while preserving the patient’s functionality, and facilitating
decision-making in the operating room. Still, the remaining technological challenges call for scientific
efforts towards a better understanding of brain tumor initiation and development, ultimately leading
to a solution for treating this devastating disease.
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