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Abstract: Gliomas are infiltrative brain tumors that often involve functional tissue. While maximal
safe resection is critical for maximizing survival, this is challenged by the difficult intraoperative
discrimination between tumor-infiltrated and normal structures. Surgical expertise is essential for
identifying safe margins, and while the intraoperative pathological review of frozen tissue is possible,
this is a time-consuming task. Advances in intraoperative stimulation mapping have aided surgeons
in identifying functional structures and, as such, has become the gold standard for this purpose.
However, intraoperative margin assessment lacks a similar consensus. Nonetheless, recent advances
in intraoperative imaging techniques and tissue examination methods have demonstrated promise for
the accurate and efficient assessment of tumor infiltration and margin delineation within the operating
room, respectively. In this review, we describe these innovative technologies that neurosurgeons
should be aware of.

Keywords: intraoperative margins; intraoperative imaging; tumor margins; glioma; extent of resec-
tion; advanced tissue sampling

1. Introduction

Gliomas are infiltrative primary brain tumors for which the standard of care is maxi-
mal safe resection followed by concurrent and adjuvant chemoradiation [1,2]. Maximizing
the extent of resection is of utmost importance for survival; however, as recent studies
have demonstrated, minimizing the neurological deficits is prognostically important as
well [3,4]. Surgical expertise in resecting these tumors, which are sometimes nearly indis-
tinguishable from the adjacent normal tissue, is necessary for minimizing post-operative
morbidity [5]. Moreover, it is well known that intraoperative adjuncts such as stimulation
mapping reduce the risk of injury to critical cortical and subcortical structures [6]. How-
ever, at the periphery of resection, identifying the tumor boundaries remains a challenge,
and stopping prematurely may result in suboptimal resections, while overly aggressive
resections may cause unnecessary postoperative deficits. Therefore, understanding the
delineation between tumor and normal tissues (i.e., margins) is essential for the purpose
of maximizing resections and, when combined with methods for assessing the functional
capacity of surrounding structures, ultimately optimizes the outcomes for glioma patients.

A neuropathologist review of frozen sections can be conducted for the histological
evaluation of tumor margins; however, this is an inefficient use of intraoperative time [7].
More advanced techniques involving intraoperative neuroimaging and nuanced tissue
examination may offer similar results, but with a minimal processing time and overhead
and, potentially, more granular insights into the tissue at the cellular level. Intraoperative
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neuroimaging has largely focused on the use of magnetic resonance imaging (iMRI), ultra-
sound (iUS), and fluorescence for maximizing the extent of resection [8,9]. Alternatively,
direct tissue examination has been explored using methods, such as stimulated Raman
histology (SRH) and mass spectroscopy (MS) [10]. As these tools become more accurate
and feasible for intraoperative use, it is important for neurosurgeons to be aware of those
that are potentially applicable to their practice. In this review, we describe the advanced
imaging and novel tissue examination techniques for the intraoperative assessment of
glioma resection margins (Table 1).

Table 1. Methods for intraoperative margin and resection assessment for use in glioma surgery.

Technique Use Method
Feasibility Requirements

Expertise/Training Resources Time

SRH Margins Label-free High High Medium
FGS Margins/EOR Fluorescent dye High Medium Low
MSI Margins Label-free High High High
iMRI EOR Radiology Medium High High
iUS EOR Radiology Low Medium Low
CLE Margins Label-free High High Medium

THGM Margins Label-free High High Medium

2. Neoplastic Tissue Identification
2.1. Raman Histology

Stimulated Raman histology (SRH) utilizes the principles of stimulated Raman scat-
tering (SRS) to provide the enhanced molecular imaging of biological tissues. SRH is
a label-free, non-destructive technique to gain intraoperative microscopic visualization
that can be performed in under three minutes. SRH involves the interaction of two laser
beams with the tissue sample. The first laser, known as the pump beam, is tuned to a
specific molecular vibration frequency of interest [11]. When the pump beam interacts
with the tissue, it promotes the molecules to higher energy states, causing them to undergo
SRS [11]. This process generates a coherent anti-Stokes Raman scattering (CARS) signal
at a frequency different from the pump beam. The second laser, called the Stokes beam,
serves as a reference beam and is slightly detuned from the pump beam [11]. The inter-
action of the Stokes beam with the excited molecules results in the generation of a CARS
signal that is coherent with the pump beam [11]. By detecting and analyzing the CARS
signal, SRH provides high-resolution molecular imaging, enabling the visualization of
specific biomolecules and cellular structures within the tissues. SRS converts the molecular
vibrational properties into histopathologic images by identifying the Raman shifts in the
2800–3100 cm−1 range. SRH images use an SRS microscope with a fiberoptic laser to
interrogate molecular vibrations from the interacting CH2 and CH3 bonds in the tissue to
form histopathologic images that are virtually stained to resemble traditional H&E results
instead of spectral data (Figure 1). It is currently one of the only in vivo technologies that
can give insights into tumor infiltration are the cellular level and has shown promising
results when compared to the gold-standard techniques.

In a recent non-inferiority study of CNS lesions on 18 patients, SRH demonstrated
a diagnostic accuracy of 78% compared to 94% for the frozen sections, while the quality
of the tissue was equivocal between the two techniques [12]. A larger German study
with 73 CNS lesions reported diagnostic accuracies for SRH and hematoxylin and eosin
(H&E) of 87.7% and 88.9%, respectively [13]. A prospective study of 82 patients with a
CNS lesion, 21 of whom were diagnosed with a glioma, reported no difference in time to
diagnosis or diagnostic accuracy when compared to those of the gold standard of IHC [14].
The largest clinical validation study to date included 47 patients and demonstrated a
faster time to diagnosis and strong diagnostic concordance with conventional H&E [15].
There was no statistically significant difference between the diagnostic accuracies of SRH
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versus conventional histopathologic analysis, and the time to diagnosis had a ten-fold
deduction with SRH [15]. Considering these promising results, additional groups have
started to explore SRH using a handheld visible resonance Raman (VRR) spectroscopy
analyzer. In comparison with the conventional methods, the VRR handheld instrument
combined with support vector machine learning demonstrated 80% accuracy for binary
classifications, with superior sensitivities for differentiating grade 2 gliomas from normal
tissues [16]. Nonetheless, additional large, multicentric studies are needed before the
widespread intraoperative implementation of SRH.
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Figure 1. Intraoperative SRH samples obtained for margin assessment with associated MRI local-
izations. SRH scores (bottom left of each sample), demonstrating strong correlation with sample
location, where the highest value was obtained from the tumor core. The different colored lines
represent white matter tracts from tractography imaging and area unrelated to SRH.

2.2. Fluorescence

In the last twenty years, the implementation of fluorescence-guided surgery (FGS) for
the resection of gliomas in eloquent areas has allowed the real-time identification of malig-
nant tissue. Studies have continuously demonstrated the potential for optimizing gross
total resection (GTR) with the guidance of three FDA-approved agents: 5-aminolevulinic
acid (5-ALA), sodium fluorescein (FNa), and indocyanine green (ICG), to extend the over-
all survival of glioma patients. The fundamental mechanism of FGS involves detecting
the emitted light from fluorescent molecules, known as a fluorophores, which concen-
trate within the tumor. The advantages, specific properties, and limitations of the three
fluorophore agents are discussed below.
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2.2.1. 5-Aminolevulinic Acid

5-aminolevulinic acid (5-ALA) is a natural non-fluorescent prodrug of heme synthesis
that is subsequently converted into the fluorescent protoporphyrin IX (PpIX), a precursor
to heme, and was approved for use in glioma surgery by the United States FDA in June
2017 [17]. Prior to surgery, 5-ALA is administered orally (dose 20 mg/kg) to patients,
where it undergoes conversion to PpIX and subsequently accumulates in the malignant
glial tissue, given its capability of passing the blood–brain barrier. PpIX exhibits profound
light absorption in the violet spectral range (380–420 nm) and emits fluorescence in the red
spectral range (620–710 nm) [18]. Intraoperatively, PpIX’s fluorescence can be visualized
directly and with an operating microscope fitted with a violet-blue light filter. The core
regions of gliomas can display a vibrant red fluorescence, while the surrounding margins
exhibit a pink fluorescence, indicating the presence of infiltration. Fluorescence specificity
has been shown to be correlated with the glioma tissue density and histological grade [19].
In a study focusing on the fluorescent patterns of 900 patients, 95.4% of the grade IV gliomas
demonstrated positivity, while the grade I and II gliomas had positive fluorescence in 26.3%
and 24.1%, respectively [20]. Thus, 5-ALA is clearly useful in the setting of high-grade
gliomas (HGG), whereas lower-grade gliomas (LGG) may remain poorly differentiated
from the normal tissue. In a randomized controlled multicenter phase III trial, Stummer et al.
demonstrated an increased EOR and progression-free survival (PFS) rate in HGG patients
following FGS with 5-ALA compared to those of the patients who underwent conventional
resection with white light [21]. In addition to its limited utility for LGG resections, 5-ALA’s
sensitivity and specificity may be limited as well. Recent studies have reported the 5-ALA
labeling of non-neoplastic cells within the tumor microenvironment [22] and sensitivities
as low as 16% [23]. Additionally, the financial cost of this surgical adjunct can be upwards
of USD 12,000 to USD 13,000 [24].

2.2.2. Fluorescein

FNa use in the setting of brain tumor localization has a history dating to 1948, when
Moore et al. examined intracranial tumor presence to assist with guiding resections through
the direct visualization of fluorophores in a cohort of patients. Sodium fluorescein is a
yellow xanthine compound that collects at the site of the malignant tissue, where the
blood–brain barrier (BBB) is disrupted [25]. However, the mechanism of its extravasation is
not specific to alternative methods, leading to BBB disruption (e.g., injury, edema, etc.) [26].
Fluorescein emits an intense yellow color at the site of blood–brain barrier disruption
affected by intracranial tumors. This is a crucial differentiation from 5-ALA, as fluorescein
does not integrate with malignant cells [27]. Sodium fluorescein is typically administered
at a dose of 5 mg/kg to be visible with an operating microscope fitted with a yellow 560 nm
filter or via direct visualization [25]. Due to its dependency on BBB breakdown, sodium
fluorescein may not be directly displayed in intracranial tumor types that do not interfere
with the BBB, thus limiting its specificity for widespread use [28]. Nonetheless, compared
to resections performed under white light, FNa was significantly associated with more
complete resections, decreased residual tumor volume, and longer overall and progression-
free survival rates [29]. A multi-center, prospective phase II study provided data supporting
the safe and effective use of FNa for HGG resection and reported a sensitivity and specificity
of 80.8% and 79.1%, respectively [30]. Finally, a recent meta-analysis reported that FNa-
guided HGG resection was associated with similar rates of GTR compared to those of
5-ALA and improved rates compared to those of non-fluorescence guided surgery [31].

2.2.3. Indocyanine Green

ICG is a near-infrared (NIR) fluorescent cyanine dye that emits light in the near-
infrared region (700–900 nm) of the electromagnetic spectrum. ICG’s mechanism involves
binding to plasma proteins with a strong affinity, resulting in effective localization within
the intravascular space [18]. Recently, ICG has been used in the setting of glioma resection
in a novel technique known as Second Window ICG (SWIG). SWIG involves administering
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high-dose ICG (5.0 mg/kg) 24 h prior to imaging and resection [32]. Though the mechanism
of SWIG is not clear, it has been hypothesized that the administration of ICG 24 h before
surgery results in the enhanced accumulation of the dye in the tumor-infiltrated tissue
due to increased permeability and retention [33]. The intraoperative visualization of ICG
requires the use of a near-infrared surgical detection device. Compared to 5-ALA and FNa,
SWIG allows increased tissue penetration and expanded visualization of the tumor through
the dura [17]. The SWIG technique has displayed increased stability of the fluorescence
signal, which can optimize the consistency of fluorescent imaging in the setting of gliomas.
SWIG has a drawback related to the low intensity of the dye’s signal, which ultimately
requires the use of a near-infrared (NIR) imaging system with longer exposure times [32].

2.2.4. Future Directions—Targeted Agents

As highlighted in the advantages and limitations for each of the three FDA-approved
fluorophores, the optimal fluorescent agent exhibits strong selectivity for the malignant tis-
sue, a low risk of adverse reactions, little to no contraindications, adequate delivery across
the blood–brain barrier, and the ability to differentiate between the normal tissue and tumor.
Currently, several fluorophores are undergoing clinical trials aiming to cover the aspects
that diversify differing tumor subtypes [34]. Novel fluorophores, such as LUM015 [35]
Pantimumab-IRDye800CW [36,37], BLZ-100 [36,38–40], Cetuximab-IRDye800CW [41–43],
68Ga-BBN-IRDye800CW [44], ABY-029 [45], and Demeclocycline [46,47], attempt to over-
come the limitations associated with the passive accumulation of existing agents by tar-
geting tumor-specific enzymes and ligands to achieve high selectivity for the malignant
glial tissue and subsequently improved intraoperative visualization [48,49]. For example, a
phase I trial using 68Ga-BBN-IRDye800CW, targeting a gastrin-releasing peptide receptor,
as a fluorescent probe reported a sensitivity and specificity of 93.9% and 100%, respec-
tively [50]. Similarly, a phase I/II trial evaluating the EGFR inhibitor cetuximab conjugated
with IRDye800 reported a sensitivity and specificity of 98.2% and 69.8%, respectively [43].

Additional agents have also demonstrated promise for potential intraoperative use
in pre-clinical studies as well. For example, conjugated folic acid-DOTA-ICG has been
used to target the folate receptor-α and visualized in real time during the resection of
orthotopic GBM models with high sensitivity and specificity [51]. Likewise, compared to
the controls, the conjugated chlorotoxin-polymalic acid-ICG produced superior resection
margins using NIR-guided intraoperative imaging [52]. Aside from the ICG-based agents, a
novel cancer-selective alkyl phosphocholine agent, CLR1502, has demonstrated a superior
tumor-to-brain fluorescence ratio compared to that of 5-ALA, highlighting the potential for
superior resections with similar targeted agents [53].

2.3. Mass Spectrometry

Mass spectrometry (MS) quantifies proteins, lipids, and other metabolites through
the measurement of their mass-to-charge ratio with high accuracy and characterizes their
spectra at a high resolution [54]. MS-based techniques take advantage of the proteomic
changes that precede histological alterations and may provide earlier and more granular
differentiation between the tissue types [55,56]. Combined with visualization techniques,
MS imaging (MSI) capitalizes on the advantages of MS-based ‘omics’, while adding a spatial
component [57,58], which highlights their utility for intraoperative use. A fundamental
step involved in MSI is the ionization and desorption of the molecules into charged ions
to capture their mass-to-charge ratios and subsequent characteristic spectra. While a
comprehensive discussion of all the ionization techniques is beyond the scope of this
review, a few have gained popularity for their use in of margin evaluation.

Desorption electrospray ionization mass spectrometry (DESI-MS) for glioma tissue
classification was first described by Eberlin et al., who demonstrated the discriminatory
ability of DESI-MS lipidomics to not only differentiate between grey matter, white matter,
and tumor-infiltrated tissue, but also between the WHO grades as well [59]. More recently,
Pirro et al. practically evaluated the implementation of an intraoperative mass spectrom-
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eter, where the specimens were analyzed within 3 min of biopsy, and the results were
provided prior to standard pathological evaluation [60]. Interestingly, they also identified
IDH mutant tumors through the evaluation of the oncometabolite, 2-HG, which repre-
sents a potential paradigm shift in the surgical management of these tumors, where more
aggressive resections are more favorable [60].

Matrix-assisted laser desorption/ionization MS (MALDI-MS) is an alternative tech-
nique that relies on the application of a U-desorbing matrix on the specimen, followed by
ionization with a UV laser and subsequent time-of-flight spectrometer measurement of
the omic profiles [61]. While this method offers a particularly high spatial resolution, it
can be more time-consuming. Despite this limitation, improvements in techniques have
reduced the processing time for IDH mutant classification to less than five minutes in some
studies [62]. In addition to the IDH status, numerous metabolites and their distributions
have been uniquely described using MALDI-based techniques; however, Randall et al.
reported a notable distinction in fatty acid metabolism at the edges of tumors versus the
core [63–65].

Finally, rapid evaporative ionization MS (REIMS) takes advantage of the aerosoliza-
tion of the tumor tissue in surgical electrocautery and has recently been combined with
diathermy instruments, leading to the creation of the iKnife. The rapid mass spectrometric
analysis of the gas particles demonstrated 100% diagnostic accuracy during initial test-
ing [66]. In a more recent study, the iKnife was able to distinguish between incremental
glioma grades and, importantly, the normal tissue from glioblastoma with 99.3% sensitivity
and 100% specificity [10].

3. Image-Guided Resection Offers Macroscopic Discrimination
3.1. Intraoperative Magnetic Resonance Imaging

Intraoperative magnetic resonance imaging (iMRI) has been utilized in neurosurgery
since 1993 to improve navigation and the extent of resection (EOR). The majority of iMRI
scanners have the ability to generate T1, T2, FLAIR, and DWI sequences, with some units
having DTI capabilities [67]. There have been two randomized controlled trials for the use
of iMRI in glioma surgery. In 2011, Senft et al. found a statistically significant increase in
the rate of total resections for the iMRI group compared to those of the controls, notably
without a difference in the occurrence of postoperative neurological deficits between the
two groups [68]. Similarly, in 2014, Wu et al. found a statistically significant increase in the
GTR of all the gliomas for the iMRI group compared to that of the control [69]. The EOR
was also increased with the use of iMRI in low-grade gliomas, however, to a lesser degree.
A multicenter database study found that histopathological specimens acquired after the
use of iMRI contained a residual tumor of grade I-IV gliomas in 89–93% of cases [70]. The
disadvantages of iMRI include the time and resource requirements. Senft et al. estimated
that the use of iMRI increased the length of surgery by one hour. Additionally, the need
for substantial operating room space and financial resources render iMRIs unattainable for
hospitals with fewer resources.

3.2. Intraoperative Ultrasound

Ultrasound was first introduced to neurosurgery in the 1930s and has been used
intraoperatively since 1980. The key characteristics of intraoperative ultrasound (iUS)
include a lack of radiation exposure, portability, the relative ease of use, and low cost,
particularly compared to those of iMRI. iUS provides real-time anatomical guidance without
a signficant increase in the operative time. However, the benefits and disadvantages of iUS
vary by the type of ultrasound. For example, the application of conventional ultrasound
may be limited by the tumor grade. While low-grade gliomas usually have clear borders
of hyperechoic tissue with homogeneous internal echoes, HGGs have less clear borders,
which limits the value of conventional iUS for higher-grade tumors [8].
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3.2.1. Contrast-Enhanced US

Contrast-enhanced ultrasound (CEUS) can improve the application of ultrasound
for HGGs due to the differing interactions between the contrast material and types of
tissues. Contrast perfusion is relatively quick for HGG, forming a nodular appearance
that can help distinguish between the residual tumor and peritumoral edema. A parallel
implication is the idea that the time to peak contrast may indicate the tumor grade [8].
A prospective study of 50 brain tumor patients compared the use of 3D ultrasound with
versus without contrast. The authors found that the use of 3D CEUS led to more radical
resections compared to those of the non-contrast group, notably without increasing the
postoperative neurological deficits [71].

3.2.2. Three-Dimensional US

The retrospective analysis of conventional and 3D ultrasound (3DUS) showed that
conventional US is more often used for superficial tumors in non-eloquent areas, and
3DUS is more commonly used for deep tumors in eloquent areas. However, the authors
concluded that this is dependent on the surgeon’s preference and is not necessarily a
recommendation for practice [72]. A 2013 retrospective analysis of one medical center’s
use of 3DUS for brain tumor resections suggested the use of 3DUS in place of iMRI for
hospitals with fewer resources [73]. Overall, the lack of literature limits recommendations
its widespread implementation.

The commonly cited disadvantages of iUS include a resolution lower than that of
the other imaging modalities, difficulty with visualizing small or deep tumors, and the
appearance of additional echoes in previously radiated patients. Additionally, the value
of iUS can depend on the surgeon’s experience and level of comfort. There have been no
randomized controlled trials (RCTs) examining the use of intraoperative ultrasound in
brain tumor resection nor any RCTs comparing iUS to iMRI [74,75]. As a result, there is a
lack of established guidelines for the application of ultrasound in brain tumor resections.

3.3. Fluorescence-Guided Resection

The use of intraoperative fluorescence techniques, particularly with high-grade gliomas
is well established, and the properties of the different fluorophore agents can be found
above. The appropriate dose of fluorescent material, such as 5-ALA, is administered before
anesthesia induction. Fluorescence in the tissue is related to the tumor grade, thus guiding
the surgeon to the tissue with a malignant morphology. However, it is possible for a
low-grade morphology to fluoresce and for high-grade tumors to lack fluorescence. Jaber
et al. found positive correlations between the reliability of fluorescence as an indication of
the grade and increased age or tumor volume. The fluorescing tissue is identified by the
surgeon and resected when possible. The degree to which tissue exhibits fluorescence exists
on a spectrum, and categorization depends on the surgeon’s subjective assessment [76,77].

4. Nuanced Tissue Examination
4.1. Confocal Microscope

Confocal laser endomicroscopy (CLE) is an FDA-approved imaging technique for
intraoperative fluorescence visualization. Unlike SRH, CLE does not require the tissue
to be excised, and its results can be interpreted in vivo. CLE involves the placement of
a light-emitting probe on the tissue of interest, which recaptures the reflected light on a
specific plane [78,79]. In combination with fluorescence, recent studies have demonstrated
promising results when compared to those of standard pathological diagnosis [80]. More-
over, compared to wide-field imaging, CLE demonstrated the superior detection of 5-ALA
and fluorescein sodium [26].

4.2. Third Harmonic Generation Microscopy

Similar to mass spectrometry, third harmonic generation microscopy (THGM) is a label-
free method for tissue characterization as it relies on the tissues’ susceptibility to the emitted



Brain Sci. 2023, 13, 1637 8 of 13

photons as opposed to an extrinsic dye [81]. Recent studies have demonstrated this tool’s
ability to identify and quantify the hallmarks of the glioma-infiltrated tissue: increased
cellularity, nuclear pleomorphism, and the rarefication of neuropil [82]. Furthermore,
when applying a cut-off value, these techniques can identify the tumoral tissue with 96.6%
sensitivity and 95.5% specificity. In a study by Blokker et al., they furthered the work
conducted by Zhang et al. by implementing a more time-efficient deep learning model,
which processed the harmonic generated images and classified the tissue with an average
accuracy of 79%, based on the consensus of three pathologists [83]. Despite it performing
worse in terms of statistical accuracy, their experiment likely represented a more realistic
testing environment.

5. Analytical Methods
5.1. Big Data and Collaboration

OpenSRH is currently the only publicly available framework with optical histology
for cancer [84]. OpenSRH is designed to facilitate the implementation and utilization of
SRH in research and clinical settings. It provides an open-source platform that streamlines
the entire SRH workflow, from data acquisition to analysis and visualization. OpenSRH
offers a user-friendly interface that enables researchers and practitioners to control the
laser parameters easily, adjust the imaging settings, and acquire SRH data from tissue
samples [84]. It also incorporates advanced algorithms for image processing and analysis,
allowing the extraction of valuable molecular information and the generation of high-
resolution histological images [84]. By promoting data accessibility, OpenSRH aims to
accelerate the adoption and advancement of SRH as a powerful tool for tissue imaging and
pathology, fostering collaboration and innovation for tailored patient care.

5.2. Machine Learning

As intraoperative technology advances, the data produced are increasing in size and
complexity. Combined with the heterogeneity of gliomas, the standard statistical methods
are no longer sufficient for extrapolating clinically relevant relationships for the purpose
of discriminating tumors from normal tissue. As such, machine learning methods have
become fundamental in the analytical phase of these processes [85]. A recent study evaluat-
ing the ability of High-Resolution Magic Angle Spinning Nuclear Magnetic Resonance to
identify the biomarkers that discriminate between malignant and normal tissues extracted
and analyzed the tissue metabolites in an untargeted manner, resulting in spectra that are
too granular for standard analyses and potentially too foreign for manual adjustments. The
researchers benchmarked various algorithms and reported a random forest method as the
most accurate model in distinguishing the two entities. In addition to reporting a median
AUC and AUCPR of 87.1% and 96.1%, respectively, their model identified known biomark-
ers, such as creatine and 2-HG, as important factors in this distinction, further validating
the implementation of these machine learning methods [86]. Similarly, the results have
been demonstrated using model-based classifiers of optical coherence tomography [87] and
ResNetV50 convolutional neural network classifiers from SRH [88]. These highly accurate
and efficient models provide unique classification abilities that may extend the utility of
these intraoperative tissue analytic methods. For example, it is well known that recur-
rence presents glioma surgeons with the challenge of distinguishing true progression from
pseudoprogression; however, combining CNN and SRH has demonstrated a diagnostic
accuracy of 95.8% [89,90]. Recently, other groups have reported the use of intraoperative
nanopore sequencing combined with advances in machine learning algorithms to deliver
molecularly subclassified diagnoses within 90 min [91,92]. Sturgeon, a transfer-learned neu-
ral network, was tested intraoperatively in 25 operations and correctly reported diagnoses
in 72% of all the cases and 80% of HGG cases within 45 min of sequencing [91]. As such,
combining advanced tissue sampling and assessment techniques with machine learning
methods presents a significant potential for obtaining rapid intraoperative diagnoses and,
potentially, more specific classifications to aid in surgical decision making.
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6. Conclusions

The surgical management of gliomas is complicated by the infiltrative nature of these
tumors. While maximal safe resection is an essential part of management, preserving
the neurological function, while minimizing the residual tumor cells, particularly at the
resection boundaries, requires surgical expertise and a deep understanding of the patient’s
anatomy. The current methods used for distinguishing tumor-infiltrated from normal brain
tissues are disadvantaged by their inefficiencies; however, recent advances in intraoperative
imaging, fluorescent guidance, and label-free tissue examination have demonstrated highly
accurate and efficient results. Moreover, coupled with open-source data sharing, advanced
machine learning analyses have enabled the evaluation of high-dimensional and granular
data for the most accurate classification models.

Author Contributions: Conceptualization, N.N.A.-A., J.S.Y. and M.S.B.; writing—original draft
preparation, N.N.A.-A., J.S.Y., K.S., Y.E.S., J.P. and M.S.B.; writing—review and editing, N.N.A.-A.,
J.S.Y. and M.S.B.; supervision, J.S.Y. and M.S.B. 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.

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

References
1. 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] [PubMed]

2. Molinaro, A.M.; Hervey-Jumper, S.; Morshed, R.A.; Young, J.; Han, S.J.; Chunduru, P.; Zhang, Y.; Phillips, J.J.; Shai, A.; Lafontaine,
M.; et al. Association of Maximal Extent of Resection of Contrast-Enhanced and Non–Contrast-Enhanced Tumor with Survival
within Molecular Subgroups of Patients with Newly Diagnosed Glioblastoma. JAMA Oncol. 2020, 6, 495–503. [CrossRef]
[PubMed]

3. Rahman, M.; Abbatematteo, J.; Leo, E.K.D.; Kubilis, P.S.; Vaziri, S.; Bova, F.; Sayour, E.; Mitchell, D.; Quinones-Hinojosa, A. The
Effects of New or Worsened Postoperative Neurological Deficits on Survival of Patients with Glioblastoma. J. Neurosurg. 2016,
127, 123–131. [CrossRef] [PubMed]

4. Aabedi, A.A.; Young, J.S.; Zhang, Y.; Ammanuel, S.; Morshed, R.A.; Dalle Ore, C.; Brown, D.; Phillips, J.J.; Oberheim Bush,
N.A.; Taylor, J.W.; et al. Association of Neurological Impairment on the Relative Benefit of Maximal Extent of Resection in
Chemoradiation-Treated Newly Diagnosed Isocitrate Dehydrogenase Wild-Type Glioblastoma. Neurosurgery 2022, 90, 124–130.
[CrossRef]

5. Young, J.S.; Morshed, R.A.; Hervey-Jumper, S.L.; Berger, M.S. The Surgical Management of Diffuse Gliomas: Current State of
Neurosurgical Management and Future Directions. Neuro Oncol. 2023, noad133. [CrossRef] [PubMed]

6. Al-Adli, N.N.; Young, J.S.; Sibih, Y.E.; Berger, M.S. Technical Aspects of Motor and Language Mapping in Glioma Patients. Cancers
2023, 15, 2173. [CrossRef]

7. Da, N.; Rj, Z. Interinstitutional Comparison of Frozen Section Turnaround Time. A College of American Pathologists Q-Probes
Study of 32868 Frozen Sections in 700 Hospitals. Arch. Pathol. Lab. Med. 1997, 121, 559–567.

8. Shi, J.; Zhang, Y.; Yao, B.; Sun, P.; Hao, Y.; Piao, H.; Zhao, X. Application of Multiparametric Intraoperative Ultrasound in Glioma
Surgery. BioMed Res. Int. 2021, 2021, 6651726. [CrossRef]

9. Fountain, D.M.; Bryant, A.; Barone, D.G.; Waqar, M.; Hart, M.G.; Bulbeck, H.; Kernohan, A.; Watts, C.; Jenkinson, M.D.
Intraoperative Imaging Technology to Maximise Extent of Resection for Glioma: A Network Meta-analysis. Cochrane Database
Syst. Rev. 2021, 2021, CD013630. [CrossRef]

10. Van Hese, L.; De Vleeschouwer, S.; Theys, T.; Rex, S.; Heeren, R.M.A.; Cuypers, E. The Diagnostic Accuracy of Intraoperative
Differentiation and Delineation Techniques in Brain Tumours. Discov. Onc 2022, 13, 123. [CrossRef]

11. Orillac, C.; Hollon, T.; Orringer, D.A. Clinical Translation of Stimulated Raman Histology. Methods Mol. Biol. 2022, 2393, 225–236.
[CrossRef] [PubMed]

12. Einstein, E.H.; Ablyazova, F.; Rosenberg, A.; Harshan, M.; Wahl, S.; Har-El, G.; Constantino, P.D.; Ellis, J.A.; Boockvar, J.A.; Langer,
D.J.; et al. Stimulated Raman Histology Facilitates Accurate Diagnosis in Neurosurgical Patients: A One-to-One Noninferiority
Study. J. Neuro-Oncol. 2022, 159, 369–375. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa043330
https://www.ncbi.nlm.nih.gov/pubmed/15758009
https://doi.org/10.1001/jamaoncol.2019.6143
https://www.ncbi.nlm.nih.gov/pubmed/32027343
https://doi.org/10.3171/2016.7.JNS16396
https://www.ncbi.nlm.nih.gov/pubmed/27689459
https://doi.org/10.1227/NEU.0000000000001753
https://doi.org/10.1093/neuonc/noad133
https://www.ncbi.nlm.nih.gov/pubmed/37499054
https://doi.org/10.3390/cancers15072173
https://doi.org/10.1155/2021/6651726
https://doi.org/10.1002/14651858.CD013630.pub2
https://doi.org/10.1007/s12672-022-00585-z
https://doi.org/10.1007/978-1-0716-1803-5_12
https://www.ncbi.nlm.nih.gov/pubmed/34837182
https://doi.org/10.1007/s11060-022-04071-y
https://www.ncbi.nlm.nih.gov/pubmed/35764906


Brain Sci. 2023, 13, 1637 10 of 13

13. Straehle, J.; Erny, D.; Neidert, N. Neuropathological Interpretation of Stimulated Raman Histology Images of Brain and Spine
Tumors. Part B Neurosurg. Rev. 2022, 45, 1721–1729. [CrossRef] [PubMed]

14. Di, L.; Eichberg, D.G.; Huang, K.; Shah, A.H.; Jamshidi, A.M.; Luther, E.M.; Lu, V.M.; Komotar, R.J.; Ivan, M.E.; Gultekin, S.H.
Stimulated Raman Histology for Rapid Intraoperative Diagnosis of Gliomas. World Neurosurg. 2021, 150, e135–e143. [CrossRef]
[PubMed]

15. Movahed-Ezazi, M.; Nasir-Moin, M.; Fang, C.; Pizzillo, I.; Galbraith, K.; Drexler, S.; Krasnozhen-Ratush, O.A.; Shroff, S.; Zagzag,
D.; William, C.; et al. Clinical Validation of Stimulated Raman Histology for Rapid Intraoperative Diagnosis of Central Nervous
System Tumors. Mod. Pathol. 2023, 36, 100219. [CrossRef] [PubMed]

16. Zhang, L.; Zhou, Y.; Wu, B.; Zhang, S.; Zhu, K.; Liu, C.-H.; Yu, X.; Alfano, R.R. A Handheld Visible Resonance Raman Analyzer
Used in Intraoperative Detection of Human Glioma. Cancers 2023, 15, 1752. [CrossRef] [PubMed]

17. Palmieri, G.; Cofano, F.; Salvati, L.F.; Monticelli, M.; Zeppa, P.; Perna, G.D.; Melcarne, A.; Altieri, R.; Rocca, G.; Sabatino, G.
Fluorescence-Guided Surgery for High-Grade Gliomas: State of the Art and New Perspectives. Technol. Cancer Res. Treat. 2021, 20,
15330338211021605. [CrossRef]

18. Zhang, D.Y.; Singhal, S.; Lee, J.Y.K. Optical Principles of Fluorescence-Guided Brain Tumor Surgery: A Practical Primer for the
Neurosurgeon. Neurosurgery 2019, 85, 312. [CrossRef]

19. Widhalm, G.; Kiesel, B.; Woehrer, A.; Traub-Weidinger, T.; Preusser, M.; Marosi, C.; Prayer, D.; Hainfellner, J.A.; Knosp, E.;
Wolfsberger, S. 5-Aminolevulinic Acid Induced Fluorescence Is a Powerful Intraoperative Marker for Precise Histopathological
Grading of Gliomas with Non-Significant Contrast-Enhancement. PLoS ONE 2013, 8, e76988. [CrossRef]

20. Ji, S.Y.; Kim, J.W.; Park, C.K. Experience Profiling of Fluorescence-Guided Surgery I: Gliomas. Brain Tumor Res. Treat. 2019, 7,
98–104. [CrossRef]

21. Stummer, W.; Pichlmeier, U.; Meinel, T.; Wiestler, O.D.; Zanella, F.; Reulen, H.-J. Fluorescence-Guided Surgery with 5-
Aminolevulinic Acid for Resection of Malignant Glioma: A Randomised Controlled Multicentre Phase III Trial. Lancet Oncol.
2006, 7, 392–401. [CrossRef]

22. Liu, Z.; Mela, A.; Argenziano, M.G.; Banu, M.A.; Furnari, J.; Kotidis, C.; Sperring, C.P.; Humala, N.; Mahajan, A.; Bruce, J.N.; et al.
Single-Cell Analysis of 5-Aminolevulinic Acid Intraoperative Labeling Specificity for Glioblastoma. J. Neurosurg. 2023, 1, 1–11.
[CrossRef]

23. Ferraro, N.; Barbarite, E.; Albert, T.R.; Berchmans, E.; Shah, A.H.; Bregy, A.; Ivan, M.E.; Brown, T.; Komotar, R.J. The Role of
5-Aminolevulinic Acid in Brain Tumor Surgery: A Systematic Review. Neurosurg. Rev. 2016, 39, 545–555. [CrossRef]

24. Warsi, N.; Zewude, R.; Karmur, B.; Pirouzmand, N.; Hachem, L.; Mansouri, A. The Cost-Effectiveness of 5-ALA in High-Grade
Glioma Surgery: A Quality-Based Systematic Review. Can. J. Neurol. Sci. 2020, 47, 793–799. [CrossRef] [PubMed]

25. Shinoda, J.; Yano, H.; Yoshimura, S.-I.; Okumura, A.; Kaku, Y.; Iwama, T.; Sakai, N. Fluorescence-Guided Resection of Glioblastoma
Multiforme by Using High-Dose Fluorescein Sodium. Tech. Note J. Neurosurg. 2003, 99, 597–603. [CrossRef] [PubMed]

26. Belykh, E.; Bardonova, L.; Abramov, I.; Byvaltsev, V.A.; Kerymbayev, T.; Yu, K.; Healey, D.R.; Luna-Melendez, E.; Deneen,
B.; Mehta, S. 5-Aminolevulinic Acid, Fluorescein Sodium, and Indocyanine Green for Glioma Margin Detection: Analysis of
Operating Wide-Field and Confocal Microscopy in Glioma Models of Various Grades. Front. Oncol. 2023, 13, 1156812. [CrossRef]
[PubMed]

27. Okuda, T.; Yoshioka, H.; Kato, A. Fluorescence-Guided Surgery for Glioblastoma Multiforme Using High-Dose Fluorescein
Sodium with Excitation and Barrier Filters. J. Clin. Neurosci. 2012, 19, 1719–1722. [CrossRef]

28. Diaz, R.J.; Dios, R.R.; Hattab, E.M.; Burrell, K.; Rakopoulos, P.; Sabha, N.; Hawkins, C.; Zadeh, G.; Rutka, J.T.; Cohen-Gadol, A.A.
Study of the Biodistribution of Fluorescein in Glioma-Infiltrated Mouse Brain and Histopathological Correlation of Intraoperative
Findings in High-Grade Gliomas Resected under Fluorescein Fluorescence Guidance. J. Neurosurg. 2015, 122, 1360–1369.
[CrossRef]

29. Schebesch, K.-M.; Höhne, J.; Rosengarth, K.; Noeva, E.; Schmidt, N.O.; Proescholdt, M. Fluorescein-Guided Resection of Newly
Diagnosed High-Grade Glioma: Impact on Extent of Resection and Outcome. Brain Spine 2022, 2, 101690. [CrossRef]

30. Acerbi, F.; Broggi, M.; Schebesch, K.-M.; Höhne, J.; Cavallo, C.; De Laurentis, C.; Eoli, M.; Anghileri, E.; Servida, M.; Boffano, C.;
et al. Fluorescein-Guided Surgery for Resection of High-Grade Gliomas: A Multicentric Prospective Phase II Study (FLUOGLIO).
Clin. Cancer Res. 2018, 24, 52–61. [CrossRef]

31. Smith, E.J.; Gohil, K.; Thompson, C.M.; Naik, A.; Hassaneen, W. Fluorescein-Guided Resection of High Grade Gliomas: A
Meta-Analysis. World Neurosurg. 2021, 155, 181–188. [CrossRef]

32. Cho, S.S.; Salinas, R.; Lee, J.Y.K. Indocyanine-Green for Fluorescence-Guided Surgery of Brain Tumors: Evidence, Techniques,
and Practical Experience. Front. Surg. 2019, 6, 11. [CrossRef] [PubMed]

33. Jiang, J.X.; Keating, J.J.; Jesus, E.M.D.; Judy, R.P.; Madajewski, B.; Venegas, O.; Okusanya, O.T.; Singhal, S. Optimization of the
Enhanced Permeability and Retention Effect for Near-Infrared Imaging of Solid Tumors with Indocyanine Green. Am. J. Nucl.
Med. Mol. Imaging 2015, 5, 390–400. [PubMed]

34. Sun, R.; Cuthbert, H.; Watts, C. Fluorescence-Guided Surgery in the Surgical Treatment of Gliomas: Past, Present and Future.
Cancers 2021, 13, 3508. [CrossRef]

35. Whitley, M.J.; Cardona, D.M.; Lazarides, A.L.; Spasojevic, I.; Ferrer, J.M.; Cahill, J.; Lee, C.-L.; Snuderl, M.; Blazer, D.G.; Hwang,
E.S.; et al. A Mouse-Human Phase 1 Co-Clinical Trial of a Protease-Activated Fluorescent Probe for Imaging Cancer. Sci. Transl.
Med. 2016, 8, 320ra4. [CrossRef]

https://doi.org/10.1007/s10143-021-01711-1
https://www.ncbi.nlm.nih.gov/pubmed/34890000
https://doi.org/10.1016/j.wneu.2021.02.122
https://www.ncbi.nlm.nih.gov/pubmed/33684587
https://doi.org/10.1016/j.modpat.2023.100219
https://www.ncbi.nlm.nih.gov/pubmed/37201685
https://doi.org/10.3390/cancers15061752
https://www.ncbi.nlm.nih.gov/pubmed/36980638
https://doi.org/10.1177/15330338211021605
https://doi.org/10.1093/neuros/nyy315
https://doi.org/10.1371/journal.pone.0076988
https://doi.org/10.14791/btrt.2019.7.e38
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.3171/2023.7.JNS23122
https://doi.org/10.1007/s10143-015-0695-2
https://doi.org/10.1017/cjn.2020.78
https://www.ncbi.nlm.nih.gov/pubmed/32329422
https://doi.org/10.3171/jns.2003.99.3.0597
https://www.ncbi.nlm.nih.gov/pubmed/12959452
https://doi.org/10.3389/fonc.2023.1156812
https://www.ncbi.nlm.nih.gov/pubmed/37287908
https://doi.org/10.1016/j.jocn.2011.12.034
https://doi.org/10.3171/2015.2.JNS132507
https://doi.org/10.1016/j.bas.2022.101690
https://doi.org/10.1158/1078-0432.CCR-17-1184
https://doi.org/10.1016/j.wneu.2021.08.126
https://doi.org/10.3389/fsurg.2019.00011
https://www.ncbi.nlm.nih.gov/pubmed/30915339
https://www.ncbi.nlm.nih.gov/pubmed/26269776
https://doi.org/10.3390/cancers13143508
https://doi.org/10.1126/scitranslmed.aad0293


Brain Sci. 2023, 13, 1637 11 of 13

36. Liu, R.; Xu, Y.; Xu, K.; Dai, Z. Current Trends and Key Considerations in the Clinical Translation of Targeted Fluorescent Probes
for Intraoperative Navigation. Aggregate 2021, 2, 23. [CrossRef]

37. Study Details|Panitumumab-IRDye800 to Detect Pediatric Neoplasms during Neurosurgical Procedures|ClinicalTrials.Gov.
Available online: https://clinicaltrials.gov/study/NCT04085887?term=IRDye800CW%20&page=4&rank=40 (accessed on 30
October 2023).

38. Study Details|Safety Study of BLZ-100 in Adult Subjects with Glioma Undergoing Surgery|ClinicalTrials.Gov. Available online:
https://clinicaltrials.gov/study/NCT02234297 (accessed on 30 October 2023).

39. Patil, C.G.; Walker, D.G.; Miller, D.M.; Butte, P.; Morrison, B.; Kittle, D.S.; Hansen, S.J.; Nufer, K.L.; Byrnes-Blake, K.A.; Yamada,
M.; et al. Phase 1 Safety, Pharmacokinetics, and Fluorescence Imaging Study of Tozuleristide (BLZ-100) in Adults with Newly
Diagnosed or Recurrent Gliomas. Neurosurgery 2019, 85, E641. [CrossRef] [PubMed]

40. Butte, P.V.; Mamelak, A.; Parrish-Novak, J.; Drazin, D.; Shweikeh, F.; Gangalum, P.R.; Chesnokova, A.; Ljubimova, J.Y.; Black, K.
Near-Infrared Imaging of Brain Tumors Using the Tumor Paint BLZ-100 to Achieve Near-Complete Resection of Brain Tumors.
Neurosurg. Focus 2014, 36, E1. [CrossRef]

41. Study Details|Multispectral Bimodal Fluorescence Guided Surgery of High-Grade Glioma with Cetuximab-800CW and 5-ALA
(5-Aminolevulinic Acid)|ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/study/NCT05929456?term=IRDye800
CW%20&page=2&rank=14 (accessed on 30 October 2023).

42. Study Details|Image Guided Surgery for Margin Assessment of Head and Neck Cancer Using Cetuximab-IRDye800CW
cONjugate|ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/study/NCT03134846?term=IRDye800CW%20&rank=
3 (accessed on 30 October 2023).

43. Miller, S.E.; Tummers, W.S.; Teraphongphom, N.; van den Berg, N.S.; Hasan, A.; Ertsey, R.D.; Nagpal, S.; Recht, L.D.; Plowey, E.D.;
Vogel, H.; et al. First-in-Human Intraoperative near-Infrared Fluorescence Imaging of Glioblastoma Using Cetuximab-IRDye800.
J. Neuro-Oncol. 2018, 139, 135–143. [CrossRef]

44. Study Details|IRDye800CW-BBN PET-NIRF Imaging Guiding Surgery in Patients with Glioblastoma|ClinicalTrials.Gov. Avail-
able online: https://clinicaltrials.gov/study/NCT02910804?term=IRDye800CW%20&rank=4 (accessed on 30 October 2023).

45. Study Details|A Microdose Evaluation Study of ABY-029 in Recurrent Glioma|ClinicalTrials.Gov. Available online: https:
//clinicaltrials.gov/study/NCT02901925 (accessed on 30 October 2023).

46. Pautke, C.; Vogt, S.; Kreutzer, K.; Haczek, C.; Wexel, G.; Kolk, A.; Imhoff, A.B.; Zitzelsberger, H.; Milz, S.; Tischer, T. Characteriza-
tion of Eight Different Tetracyclines: Advances in Fluorescence Bone Labeling. J. Anat. 2010, 217, 76–82. [CrossRef]

47. Study Details|Demeclocycline Fluorescence for Intraoperative Delineation Brain Tumors|ClinicalTrials.Gov. Available online:
https://clinicaltrials.gov/study/NCT02740933?term=Demeclocycline%20&rank=1 (accessed on 30 October 2023).

48. Senders, J.T.; Muskens, I.S.; Schnoor, R.; Karhade, A.V.; Cote, D.J.; Smith, T.R.; Broekman, M.L.D. Agents for Fluorescence-Guided
Glioma Surgery: A Systematic Review of Preclinical and Clinical Results. Acta Neurochir. 2017, 159, 151–167. [CrossRef]

49. Lauwerends, L.J.; van Driel, P.B.A.A.; de Jong, R.J.B.; Hardillo, J.A.U.; Koljenovic, S.; Puppels, G.; Mezzanotte, L.; Löwik,
C.W.G.M.; Rosenthal, E.L.; Vahrmeijer, A.L.; et al. Real-Time Fluorescence Imaging in Intraoperative Decision Making for Cancer
Surgery. Lancet Oncol. 2021, 22, e186–e195. [CrossRef]

50. Li, D.; Zhang, J.; Chi, C.; Xiao, X.; Wang, J.; Lang, L.; Ali, I.; Niu, G.; Zhang, L.; Tian, J.; et al. First-in-Human Study of PET and
Optical Dual-Modality Image-Guided Surgery in Glioblastoma Using 68Ga-IRDye800CW-BBN. Theranostics 2018, 8, 2508–2520.
[CrossRef]

51. Shi, X.; Xu, P.; Cao, C.; Cheng, Z.; Tian, J.; Hu, Z. PET/NIR-II Fluorescence Imaging and Image-Guided Surgery of Glioblastoma
Using a Folate Receptor α-Targeted Dual-Modal Nanoprobe. Eur. J. Nucl. Med. Mol. Imaging 2022, 49, 4325–4337. [CrossRef]
[PubMed]

52. Patil, R.; Galstyan, A.; Sun, T.; Shatalova, E.S.; Butte, P.; Mamelak, A.N.; Carico, C.; Kittle, D.S.; Grodzinski, Z.B.; Chichi, A.;
et al. Polymalic Acid Chlorotoxin Nanoconjugate for Near-Infrared Fluorescence Guided Resection of Glioblastoma Multiforme.
Biomaterials 2019, 206, 146–159. [CrossRef] [PubMed]

53. Swanson, K.I.; Clark, P.A.; Zhang, R.R.; Kandela, I.K.; Farhoud, M.; Weichert, J.P.; Kuo, J.S. Fluorescent Cancer-Selective
Alkylphosphocholine Analogs for Intraoperative Glioma Detection. Neurosurgery 2015, 76, 115–123. [CrossRef] [PubMed]

54. Tessitore, A.; Gaggiano, A.; Cicciarelli, G.; Verzella, D.; Capece, D.; Fischietti, M.; Zazzeroni, F.; Alesse, E. Serum Biomarkers
Identification by Mass Spectrometry in High-Mortality Tumors. Int. J. Proteom. 2013, 2013, 125858. [CrossRef]

55. Oppenheimer, S.R.; Mi, D.; Sanders, M.E.; Caprioli, R.M. A Molecular Analysis of Tumor Margins by MALDI Mass Spectrometry
in Renal Carcinoma. J. Proteome Res. 2010, 9, 2182–2190. [CrossRef] [PubMed]

56. Ferguson, C.N.; Fowler, J.W.M.; Waxer, J.F.; Gatti, R.A.; Loo, J.A. Mass Spectrometry-Based Tissue Imaging of Small Molecules.
Adv. Exp. Med. Biol. 2014, 806, 283–299. [CrossRef]

57. McDonnell, L.A.; Heeren, R.M.A. Imaging Mass Spectrometry. Mass Spectrom. Rev. 2007, 26, 606–643. [CrossRef]
58. Reyzer, M.L.; Caprioli, R.M. Imaging Mass Spectrometry. In Proceedings of the Detection of Biological Agents for the Prevention

of Bioterrorism; Banoub, J., Ed.; Springer: Dordrecht, The Netherlands, 2011; pp. 267–283.
59. Eberlin, L.S.; Norton, I.; Dill, A.L.; Golby, A.J.; Ligon, K.L.; Santagata, S.; Cooks, R.G.; Agar, N.Y.R. Classifying Human Brain

Tumors by Lipid Imaging with Mass Spectrometry. Cancer Res. 2012, 72, 645–654. [CrossRef]

https://doi.org/10.1002/agt2.23
https://clinicaltrials.gov/study/NCT04085887?term=IRDye800CW%20&page=4&rank=40
https://clinicaltrials.gov/study/NCT02234297
https://doi.org/10.1093/neuros/nyz125
https://www.ncbi.nlm.nih.gov/pubmed/31069381
https://doi.org/10.3171/2013.11.FOCUS13497
https://clinicaltrials.gov/study/NCT05929456?term=IRDye800CW%20&page=2&rank=14
https://clinicaltrials.gov/study/NCT05929456?term=IRDye800CW%20&page=2&rank=14
https://clinicaltrials.gov/study/NCT03134846?term=IRDye800CW%20&rank=3
https://clinicaltrials.gov/study/NCT03134846?term=IRDye800CW%20&rank=3
https://doi.org/10.1007/s11060-018-2854-0
https://clinicaltrials.gov/study/NCT02910804?term=IRDye800CW%20&rank=4
https://clinicaltrials.gov/study/NCT02901925
https://clinicaltrials.gov/study/NCT02901925
https://doi.org/10.1111/j.1469-7580.2010.01237.x
https://clinicaltrials.gov/study/NCT02740933?term=Demeclocycline%20&rank=1
https://doi.org/10.1007/s00701-016-3028-5
https://doi.org/10.1016/S1470-2045(20)30600-8
https://doi.org/10.7150/thno.25599
https://doi.org/10.1007/s00259-022-05890-x
https://www.ncbi.nlm.nih.gov/pubmed/35838757
https://doi.org/10.1016/j.biomaterials.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30933776
https://doi.org/10.1227/NEU.0000000000000622
https://www.ncbi.nlm.nih.gov/pubmed/25549194
https://doi.org/10.1155/2013/125858
https://doi.org/10.1021/pr900936z
https://www.ncbi.nlm.nih.gov/pubmed/20141219
https://doi.org/10.1007/978-3-319-06068-2_12
https://doi.org/10.1002/mas.20124
https://doi.org/10.1158/0008-5472.CAN-11-2465


Brain Sci. 2023, 13, 1637 12 of 13

60. Pirro, V.; Alfaro, C.M.; Jarmusch, A.K.; Hattab, E.M.; Cohen-Gadol, A.A.; Cooks, R.G. Intraoperative Assessment of Tumor
Margins during Glioma Resection by Desorption Electrospray Ionization-Mass Spectrometry. Proc. Natl. Acad. Sci. USA 2017, 114,
6700–6705. [CrossRef]

61. Schwartz, S.A.; Weil, R.J.; Johnson, M.D.; Toms, S.A.; Caprioli, R.M. Protein Profiling in Brain Tumors Using Mass Spectrometry:
Feasibility of a New Technique for the Analysis of Protein Expression. Clin. Cancer Res. 2004, 10, 981–987. [CrossRef]

62. Longuespée, R.; Wefers, A.K.; De Vita, E.; Miller, A.K.; Reuss, D.E.; Wick, W.; Herold-Mende, C.; Kriegsmann, M.; Schirmacher, P.;
von Deimling, A.; et al. Rapid Detection of 2-Hydroxyglutarate in Frozen Sections of IDH Mutant Tumors by MALDI-TOF Mass
Spectrometry. Acta Neuropathol. Commun. 2018, 6, 21. [CrossRef] [PubMed]

63. Randall, E.C.; Lopez, B.G.C.; Peng, S.; Regan, M.S.; Abdelmoula, W.M.; Basu, S.S.; Santagata, S.; Yoon, H.; Haigis, M.C.; Agar, J.N.;
et al. Localized Metabolomic Gradients in Patient-Derived Xenograft Models of Glioblastoma. Cancer Res. 2020, 80, 1258–1267.
[CrossRef] [PubMed]

64. Kampa, J.M.; Kellner, U.; Marsching, C.; Ramallo Guevara, C.; Knappe, U.J.; Sahin, M.; Giampà, M.; Niehaus, K.; Bednarz, H.
Glioblastoma Multiforme: Metabolic Differences to Peritumoral Tissue and IDH-Mutated Gliomas Revealed by Mass Spectrometry
Imaging. Neuropathology 2020, 40, 546–558. [CrossRef]

65. Cubillos, S.; Obregón, F.; Vargas, M.F.; Salazar, L.A.; Lima, L. Taurine Concentration in Human Gliomas and Meningiomas:
Tumoral, Peritumoral, and Extratumoral Tissue. In Proceedings of the Taurine 6; Oja, S.S., Saransaari, P., Eds.; Springer: Boston, MA,
USA, 2006; pp. 419–422.

66. Balog, J.; Sasi-Szabó, L.; Kinross, J.; Lewis, M.R.; Muirhead, L.J.; Veselkov, K.; Mirnezami, R.; Dezső, B.; Damjanovich, L.; Darzi,
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