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Editorial on the Research Topic
Advances in surgical approaches for the treatment of glioma

Presently, maximal-safe resection is still the primary pursuit for surgically treating
glioma. Accordingly, there are a variety of novel techniques being developed. Therefore,
this Research Topic aimed to summarize advances in glioma surgery along with emerging
auxiliary techniques.

On the whole, there are four aspects to consider: balancing between the extent of
resection and preserving neurological function, shortening intraoperative examination
time while improving the accuracy of detection, minimizing surgical incision while
achieving total resection, and utilizing in vivo histological testing just before completion
of resection while guaranteeing patient safety.

1 Clinical studies

Intraoperative direct electrical stimulation (DES) can directly identify neural networks
crucial for brain function and remains the gold standard for eloquent cortex localization (1, 2).
Although there remains some debate (3, 4), awake brain mapping plus DES is generally
associated with more extensive resection, better overall survival, and fewer severe persistent
neurological deficits compared with resection under general anesthesia (5-8). Wang et al.
presented their experience in awake craniotomy with intraoperative DES mapping for gliomas
invading eloquent areas. With a similar surgical strategy, Yao et al. reviewed their single-center
experience of treating diffuse lower grade glioma (DLGG) in the central lobe (including
precentral and postcentral gyri and paracentral lobule). Both studies reported favorable
results. Moreover, Wang et al. established a high sensitivity of the Montreal Cognitive
Assessment (MoCA), a relatively brief screening tool for assessment of this population’s
cognitive impairment.

Compared with awake surgery, surgery under general anesthesia is less time-consuming,
with lower intraoperative risk (9, 10). Cui et al. reported their experience of removing glioma
under general anesthesia assisted by intraoperative multimodal techniques (combined use of
neuronavigation, iMRI, with/without DES/neuromonitoring). The large sample size (nearly
500 patients) was the strength of this study. The researchers confirmed that the application of
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multimodal techniques improved the extent of resection (EOR) and
rate of gross total resection (GTR) while associated with a lower
incidence of permanent language deficits (PLD). They also found
clinical factors for predicting language deficit. It is worth noting that
the researchers achieved a higher rate of GTR (72.7%) than all previous
studies of awake craniotomy, with only a slightly higher incidence of
PLD (13.4%). The established predictive model may provide surgeons
and patients a reference in choosing an appropriate surgical strategy
(e.g., awake craniotomy with DES for patients with the highest risk of
language deficit, while multimodal techniques under general
anesthesia for those with moderate risk). However, the model should
be validated with more studies.

Transcranial magnetic stimulation (TMS) can generate a
magnetic field, inducing transient electric fields within the
targeted brain cortex. High/low frequency stimulation excites/
inhibits neuron activity (11). As another way to directly test the
crucial neurocircuits of brain function besides DES, navigated TMS
(nTMS) has a similar effect in predicting the location of eloquent
areas (12-15). Li et al. verified the reliability of individual-target
TMS in preoperative mapping. They showed that compared to
intraoperative DES in awake surgery, the combination of n'TMS can
lead to an improvement in language performance as well as in
brain-structure preservation. Precise localization by preoperative
methods may help reduce the time required for awake surgery.

It has been reported that subtle neuropsychological disturbances
are more frequent than traditional thoughts after glioma surgery (16—
18). Therefore, some scholars even proposed performing awake
surgery in all LGG patients regardless of tumor location and
monitoring more subtle cognitive and behavioral functions intra-
operatively (19). As studies showed mental disorders such as
depression (20-22) and post-traumatic stress disorder (23, 24)
were associated with shorter survival periods of LGG patients, the
underlying neurocircuitry of emotion may also be considered.

Less traumatic procedures could reduce patients’ pain, improve
cosmetic appearance, mitigate neurophysiological reflex response, and
reduce the risk of infection (25, 26). Some previous studies have utilized
an endoscope to resect deep-seated glioblastoma (27, 28). Sakata et al.
further expanded its use in resecting superficial glioblastomas. In their
six-case series, all achieved gross total/near total resection. The author
emphasized the importance of prior endovascular tumor embolization.
Huge intraoperative blood loss (>1000 ml) only occurred in one case,
for whom the preceding embolization could not be performed due to
the non-localization of a proper feeder artery.

2 Imaging studies

Jiang et al. reviewed four main intraoperative systems for
delineating malignant tumors: intraoperative MRI (iMRI),
fluorescence, Raman histology, and mass spectrometry. iMRI
overcomes brain drift defects and has been shown to increase the
complete resection rate (29, 30). Besides, functional MRI (fMRI),
diftusion tensor imaging (DTI), and MR spectroscopy (MRS) can be
applied with patients asleep for the whole surgical procedure, giving a
panoramic view of the functional brain cortex, fiber tracts, and
metabolic change levels. To solve the problem that the DTI
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reconstruction process relies on the experience of operators and is
time-consuming, Yuan et al. developed an in-house software,
“DiftusionGo.” It can reconstruct DTI automatically and quickly.
The researchers demonstrated its efficacy in language function
preservation for three patients who underwent surgical resection of
gliomas. DiffusionGo is especially suitable for intraoperative use, and
its adaptation to iMRI may be a future research direction. Although
clinical implementation should be further established with a larger
sample size, this software has presented promising value.

Yang et al. also mentioned in their review of surgical treatment
options in gliomas, the augmented reality (AR) neuronavigation
system, which integrates MR/CT images into the surgical field and
presents three-dimensional virtual tissues to guide resection (31-33).

Cui et al. did bibliometric research on artificial intelligence
developments in nervous system diseases. They found “glioma” to

»

be the leading research hotspot, and “machine learning,” “brain
metastasis,” and “gene mutations” were at the research frontier.
This result indicated a promising prospect for radiomics

biomarkers and multi-omics studies.

3 Histological studies

Hong et al. developed a new confocal laser endomicroscopy
with a “Lissajous scanning pattern.” In in vitro and ex vivo
experiments, they demonstrated its feasibility for indocyanine
green (ICG) fluorescence-guided brain tumor diagnosis. Through
direct tumor cell visualization, confocal laser endomicroscopy
(CLE) can reveal tumor cell invasion in the adjacent normal brain
and display the tumor-brain interface. Zhang et al. reviewed the
latest research on Raman spectroscopy (RS) in glioma. RS is a label-
free imaging method that uses intrinsic biochemical markers to
identify tumors (34, 35) and has the advantages of being non-
destructive, rapid and accurate. Presently, the above two techniques
for histological tests are used for resected human tissue. Both
methods can be equipped with miniaturized hand-held probes, so
they can potentially test in vivo tumor tissue, offering guidance on
the range of resection. However, their respective safety and accuracy
should be further evaluated.

In summary, the 11 studies included in this Research Topic
included advances in surgical approaches from various aspects, and
future progress in this realm can be anticipated.
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Raman spectroscopy: A
prospective intraoperative
visualization technique
for gliomas

Yi Zhang', Hongquan Yu', Yungian Li, Haiyang Xu, Liu Yang,
Peilin Shan, Yuejiao Du, Xiaokai Yan and Xuan Chen*

Department of Neurosurgery, The First Hospital of Jilin University, Changchun, Jilin, China

The infiltrative growth and malignant biological behavior of glioma make it one
of the most challenging malignant tumors in the brain, and how to maximize
the extent of resection (EOR) while minimizing the impact on normal brain
tissue is the pursuit of neurosurgeons. The current intraoperative visualization
assistance techniques applied in clinical practice suffer from low specificity,
slow detection speed and low accuracy, while Raman spectroscopy (RS) is a
novel spectroscopy technique gradually developed and applied to clinical
practice in recent years, which has the advantages of being non-destructive,
rapid and accurate at the same time, allowing excellent intraoperative
identification of gliomas. In the present work, the latest research on Raman
spectroscopy in glioma is summarized to explore the prospect of Raman
spectroscopy in glioma surgery.

KEYWORDS

Raman spectroscopy, glioma, intraoperative, SERS, SRH, EOR

1 Introduction

Glioma is one of the most common malignant brain tumors with a high mortality rate
and a low chance of cure. Currently, the treatments for gliomas consist of surgery (usually the
most optimal treatment), chemotherapy (mostly alkylating agents such as temozolomide),
radiation therapy, and tumor treating fields (TTFields) which is a more promising treatment
modality. Over the past 20 years, neurosurgeons have constantly pursued the safety of
maximizing the extent of resection (EOR) for the surgical treatment of gliomas, which has a
critical impact on patient prognosis which refers to overall survival and progression-free
survival etc. A growing number of studies have demonstrated the association between EOR
and patient prognosis, which present that maximized EOR achieves a dramatic improvement

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.1086643/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1086643/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1086643/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1086643/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1086643&domain=pdf&date_stamp=2023-01-05
mailto:chen_xuan@jlu.edu.cn
https://doi.org/10.3389/fonc.2022.1086643
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1086643
https://www.frontiersin.org/journals/oncology

Zhang et al.

in patient survival compared to partial resection (1-5). The
infiltrative growth of glioma leads to unclear tumor boundaries
and the complex relationship between tumor growth locations and
important functional areas in the brain, are the most major factors
affecting EOR in actual surgery for glioma, and improving the
capability to recognize tumor boundaries is a relatively
more plausible option. Current auxiliary methods for identifying
tumor boundaries involve intraoperative fluorescence-guided
microsurgery, intraoperative MRI (iMRI), intraoperative
ultrasound (IOUS), intraoperative neuronavigation, and
intraoperative frozen section, but there is a lack of a method that
can simultaneously perform with high accuracy, rapidity, and
non-invasiveness.

Raman spectroscopy (RS) is a technique that has been
increasingly used in tumor detection over the past 20 years.
Inelastic scattering occurs following the interaction of incident
light with a material, where a small fraction of photons absorb or
lose energy and change wavelength, and this process of a change
in wavelength is called the Raman effect (6). Such a feature
allows Raman spectroscopy to identify the chemical composition
patterns of the corresponding samples. Several studies have used
Raman spectroscopy in animals (7-9) and human samples (10-
12) for chemical composition patterns to distinguish tumor from
normal brain tissue, with excellent performance results similar
to the accuracy of pathology. Moreover, the Rapidity and non-
invasive properties of Raman spectroscopy also enable its
potential as an intraoperative inspection method to improve
the EOR of glioma surgery, so as to improve surgical outcomes
and promote patient prognosis (13-15). Numerous studies have
reported the applicability of Raman spectroscopy in the
diagnosis of several tumors, which include colorectal cancer
(16), breast cancer (17), nasopharyngeal carcinoma (18), skin
cancer (19, 20), gastric cancer (21), and prostate cancer (22), etc.
These studies show the prospect of Raman spectroscopy as a
novel surgical adjunct to assist in the diagnosis of tumors, and
the prominence of Raman spectroscopy in the diagnosis of these
tumors and its specific properties - non-invasive, rapid, and
accurate - makes it potentially capable of supporting
neurosurgeons in the rapid identification of glioma boundaries
during surgery (8, 23, 24).

The present work focuses on the advantages of Raman
spectroscopy and its current applications in the diagnosis and
treatment of glioma, to summarize and analyze the auxiliary role
offered by Raman spectroscopy in glioma surgery. In
conjunction with the recent research progress, it is expected
that Raman spectroscopy might be able to provide a new
perspective for neurosurgeons, that is, there is a technique that
allows a surgeon to conveniently, rapidly and accurately capture
the properties of tissues within the surgical field, which means
that Raman spectroscopy is able to provide the power to rapidly
identify tumor tissues intraoperatively so that patients can have
better benefit from surgery. Meanwhile, we also integrate the
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latest research about Raman spectroscopy in glioma application
and prospect the future development in glioma surgery.

2 Application of Raman
spectroscopy in tumor

Raman spectroscopy, a spectroscopic technique consisting of
a frequency-changing inelastic scattering caused by a change in
the vibrational or rotational energy levels of molecules when a
fixed monochromatic light is incident on a medium, was
discovered by Indian physicist C. V. Raman in 1928,
compared another one is constant frequency Rayleigh
scattering caused by elastic collisions (6, 25). Raman
spectroscopy was first used by Tashibu in 1990 to analyze the
water content in normal and edematous brain tissue of rats by
measuring the CH and OH groups (26). Subsequent studies have
gradually overcome the low signal-to-noise ratio and low
sensitivity of the earlier technique in recent years with the
development of optical and data processing techniques, and
studies using the technique to identify tumor cells on
postoperative Formalin-fixed paraffin-embedded (FFPE)
pathology sections have gradually emerged (15, 27). Latest
studies have also utilized intraoperative frozen pathology
sections (14), intraoperative fresh tissue blocks (28), and in
situ tissue in the operative area (11, 29) for the identification
and diagnosis of gliomas, while data processing techniques such
as machine learning and deep learning have also been used to
enhance the accuracy of Raman techniques (30-32).

Since the composition of nucleic acids, proteins and lipids in
tumor cells are dramatically different from normal brain cells,
while Raman spectroscopy is able to identify the chemical
composition of a sample by measuring the Raman shift caused
by the difference between the frequency of the scattered light and
incident light in the Raman effect (33), as Ji reported that glioma
and normal brain tissues have significantly different spectral
peaks at 1080 cm-1 (nucleic acid), 2845 cm-1 (lipid) and 2930
cm-1 (protein) positions (34). Instead, the differences just
depend on their chemical group, independent of the excitation
wavelength, while the intensity of Raman peaks is related to the
excitation light wavelength, power and concentration of
the measured substance (35), so the Raman spectroscopy have
the possibility to evaluate tumors and normal tissues according
to the differences (Figure 1) (12). Currently, the major diagnostic
methods for glioma in clinical practice include imaging and
pathology, and imaging primarily covers CT, MRI and PET. CT
serves merely as a way to screen for tumors, whereas MRI is a
more reliable way to assess the properties of tumors. MRI is
based on the nuclear magnetic resonance (NMR), according to
the different attenuation of the energy released in different
structural environments within the material, the position and
type of atomic nuclei of the object can be learned through the
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An example of Raman spectroscopy shows normalized mean spectra with standard deviation between healthy (blue) and tumor patients (red).
Arrows mark the new Raman peaks about glioma identified by the researcher (28)

detection of the emitted electromagnetic waves by the applied
gradient magnetic field, and the internal structure of the object
can be visualized accordingly (36), nevertheless, MRI is an
indirect method to determine the morphology and properties
of tumors, without a satisfactory sensitivity and specificity. PET,
a new imaging method that has developed rapidly in recent
years, labels the tumor-specific metabolic substances with
radioisotopes to judge the properties and morphology of
tumors via the metabolic characteristics of intracranial
occurrences by using the metabolic characteristics of tumors.
The current gold standard pathology for tumor diagnosis
consists of formalin fixation of intraoperatively resected
tissues, paraffin embedding and staining of sections, followed
by microscopic view of cellular staining, morphology, size,
arrangement pattern and other cytological features to make a
diagnosis, which relies on the subjective judgment of
experienced senior pathologists. Consequently, the complexity
of the process and the requirement for experienced pathologists
contributes to a time-consuming approach to pathology
diagnosis; additionally, biomarkers are typically detected in
other tumors, which are not as widely available in gliomas due
to factors like the blood-brain barrier. The high sensitivity of
Raman spectroscopy to the detected substances provides
accurate results, and the detection time of only tens of seconds
greatly boosts the efficiency of detection.

Despite the high sensitivity and accuracy of Raman
spectroscopy, the Raman signal received by the device is
remarkably weak since only one ten-millionth of the photons
will produce the Raman effect. Meanwhile, a lot of factors in the
environment will influence the final acquisition result, thus
various Raman signal enhancement methods have been
developed, such as Resonance Raman spectroscopy (RRS),
surface-enhanced Raman spectroscopy (SERS), tip-enhanced
Raman spectroscopy (TERS) and stimulated Raman
spectroscopy (SRS) etc. (35) One of the most sensitive
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detection modalities is SERS, which can enhance the Raman
signal by 1076 - 10714 times and increase the detection level to
single molecules, except that a metal surface or metal
nanoparticle surface is required (37, 38). Other Raman
imaging techniques useful for intraoperative glioma surgery
are coherent anti-Stokes Raman scattering (CARS) microscopy
and stimulated Raman histology (SRH). CARS and SRS are
coherent Raman imaging that coherently affects the Raman
effect of a specific chemical bond by emitting a second light
source to increase the signal intensity. SRH is the only Raman
spectroscopy method approved by the FDA for now, which uses
SRS to generate virtual imaging of fresh tissue whose imaging
quality approximates H&E section images (39). Raman shift is
the part of the Raman effect that varies in frequency, and whose
common range is 400-3500 cm-1. The results of Raman
spectroscopy can be divided into the Raman fingerprint region
(FP, 400-1800 cm-1), the high wavenumber region (HW, 2,800-
3,200 cm-1), and the intermediate region according to
wavenumber. In most studies, simultaneous acquisition of the
FP and HW regions has shown a higher value, which means the
Raman results should be analyzed focusing on the 400-1800 and
2800-3200 cm-1 (40, 41), and should increase the integration
time as much as possible instead of increasing the laser
power (42).

Raman spectroscopy plays a role in the detection of many
cancers, and some studies have exploited the high sensitivity of
Raman spectroscopy to chemical components to detect
colorectal cancer through liquid biopsies and endoscopy with
direct access to the lesion (16). As in gastric cancer, which is
similar to colorectal cancer, studies have applied Raman
spectroscopy to diagnose gastric cancer through tissue
removed during surgery or endoscopic biopsy, besides being
able to analyze patients with gastric cancer in situ in real time
using fiber optic probes (21, 35). Raman spectroscopy in breast
cancer is dominantly performed from breast samples, including
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handheld Raman probes for tissue classification and assessment
of surgical margins (17). Since skin cancer lesions usually lie on
the surface of the body and facilitate Raman spectroscopy,
several studies examined skin cancer biopsy specimens for
Raman detection to improve the time and convenience needed
to confirm the properties of the excised tissue intraoperatively, as
well as the strict requirement to expand the extent of excised
tumor for reasons similar to the aesthetic needs arising from the
excision of facial tumors, where Raman spectroscopy is used to
confirm the properties of the edge of the surgical resection area
as much as possible intraoperatively (19, 20). The successful
application of Raman spectroscopy in tumors mentioned above
and others for instance nasopharyngeal carcinoma (18) and
prostate cancer (22) reveals that Raman spectroscopy accepted
a wide range of biological samples thanks to its highly sensitive
features than the other detection means. The applications of
Raman spectroscopy in the diagnosis and treatment of glioma
include tumor tissue (43), in which typically tumor cells have
higher protein and less lipid, and the fingerprint profile of
chemicals that are different for tumor and normal tissues can
be targeted to distinguish the properties of a given tissue. Brain-
tumor margin tissue can be depicted by SRH, CARS and other
methods as a virtual image, and then delineate the tumor margin
at the cellular level by pre-trained predictive models (44). As a
result of the presence of altered microenvironment around the
tumor, Raman can also indirectly identify tumors based on the
changes in the chemical composition of the body fluids, e.g., the
pH value is generally lower in the microenvironment around the
tumor (29, 45). The blood of tumor patients commonly exhibits
elements from tumors like exosomes, and Raman provides an
indirect indication of the presence of tumors by working with it
(46). In-situ tissue in the operative area (11), which is one of the
most prospective developments in surgery, Raman directly
measures the molecular composition signatures of the in-situ
tissue in the operative area by fiber optic probe, then offer an
answer for tumor or not through pre-trained prediction
algorithms, providing the operator with a decision aid on
whether or not the tissue of the operative area should be
extended for resection during the surgery.

3 Raman spectroscopy for glioma
resection

The most common adjuncts applied in glioma surgery today
range from intraoperative fluorescence-guided microsurgery,
intraoperative MRI (iMRI), intraoperative ultrasound (IOUS),
intraoperative neuronavigation, and intraoperative frozen
section. Intraoperative MRI is a technique that has been
developed over the past 20 years to evaluate the EOR during
surgery by using the MRI machine installed in the operating
room after eliminating factors that may affect the MRI machine
in the operating room (47), but it must be designed before the
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construction of the operating room in order to install perfectly
the intraoperative MRI, besides, the time and environmental
requirements of the examination have limited the popularity of
this technique. More rapid depiction of Raman spectroscopy in
the operative area versus intraoperative MRI allows results to be
reported within tens of seconds, and Raman detection
equipment has better mobility than MRI equipment, requiring
less environmental requirements for use without special
operating room planning before. Intraoperative ultrasound is
considered a simple and inexpensive surgical adjunct, as it is a
cheaper device than MRI and the probe can be deployed
intraoperatively, and the detection time is instant, but
limitations of the ultrasound technology itself mean that its
sensitivity for residual tumor identification is poor and
dependent on an experienced surgeon. With relatively
inexpensive detection equipment and slightly slower detection
speed than ultrasound, Raman spectroscopy has superior
sensitivity and specificity for tumor tissue identification.
Intraoperative neuronavigation is usually performed by
preoperative high-resolution MRI, and the patient’s head is
fixed relative to the navigation markers in preoperative
preparation, and then the exact position of the probe in the
patient’s head is displayed on the screen in real-time by locating
the probe position intraoperatively after position information is
registered. Intraoperative navigation offers high accuracy and
timely feedback on the location of the probe, but the
cerebrospinal fluid released during brain surgery will result in
the relative position of the brain tissue to the registration point
changes or drifts, which leads to the position indicated by the
intraoperative navigation no longer be accurate and thus the
relationship between the location of the probe and the tumor can
no longer be determined. Raman spectroscopy does not be
affected by the intraoperative drift problem as the samples
located in situ tissues or removed from the tissues of operative
area intraoperatively. Intraoperative fluorescence-guided
microsurgery aims to indicate the location of the tumor
intraoperatively by injecting fluorescent contrast agents such
as 5-aminolevulinic acid (5-ALA) or fluorescein sodium into the
patient intraoperatively or preoperatively, taking advantage of
the fact that glioma would disrupt the blood-brain barrier and
therefore induces the fluorescent agent to be trapped and
accumulated in the tumor. In contrast, Raman spectroscopy is
a label-free method that does not require the addition of drugs to
label the tumor. Although the intraoperative frozen section is an
intraoperative adjunct providing the pathology of the excised
tissues to the surgeon, due to the high water content of the brain
tissue and the softness of the tissue, the Intraoperative frozen
section for gliomas is frequently confused by the morphology of
the tissues, which prevents the pathologist from reaching a more
valid conclusion. With Raman spectroscopy, it is possible to
achieve intraoperative results in just a few tens of seconds, while
keeping the accuracy close to that of postoperative FFPE
pathology (11, 48-50). In summary, Raman spectroscopy as an
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intraoperative technique has the great advantages of being more
rapid, label-free, accurate, and non-invasive than current
intraoperative diagnostic methods.

3.1 Raman spectroscopy for
intraoperative fresh tissue determination
of glioma

One of the most common and direct applications of Raman
spectroscopy is to examine the intraoperatively obtained tissue
directly, and the results derived in this way represent the actual
intraoperative situation of the tissue more directly and better
than FFPE samples. A prospective study in 2022 carried out
direct Raman imaging on 29 freshly collected ex vivo brain tissue
samples, each of which was split into 2-4 mm and examined for
pathology, and finally, the results were trained by machine
learning algorithms as a predictive model that could classify
tumors from normal tissue with an accuracy of 89.8%, sensitivity
of 84.9%, and specificity of 92.3%, as well as LGG and normal
tissue with an accuracy of 86.2%, sensitivity of 91.3%, and
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specificity of 81.2% (Figure 2) (30). By analyzing a total of
3450 spectral results from 63 fresh glioma samples, Riva et al.
identified 19 Raman shifts specific to glioma, whereby the
predictions could reach 82% precision (28). A study has
proposed that the effect of Raman spectroscopy is superior to
the value derived from 5-ALA, while Livermore’s team created a
model by samples from actual patients following a PCA-LDA
machine learning approach and compared the predictive effect
of 23 samples taken from 8 patients during surgery with 5-ALA,
where each sample was confirmed under the microscope to
confirm 5-ALA, showing that Raman spectroscopy (1.00
sensitivity, 1.00 specificity, and 1.00 accuracy) was significantly
better than 5-ALA (0.07 sensitivity, 1.00 specificity, and 0.24
accuracy (p = 0.0009)) for prediction of glioma (27).

From the above study, it is clear that the power of Raman
spectroscopy to differentiate glioma from normal brain tissue is
robust when augmented by simple machine learning algorithms
compared to current intraoperative adjuncts like intraoperative
fluorescence-guided microsurgery. According to the high
precision identification of glioma by Raman spectroscopy,
surgeons can obtain the properties of the intraoperative
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A Raman spectroscopy study examines freshly collected ex vivo brain tissue and achieves good results with a predictive model constructed by
machine learning algorithms. (A) samples of size 2-4 mm in length, width, and height are needed. (B) Selection of sites for Raman spectroscopy.
(C) ROC curve of a trained logistic regression model to identify tumor and normal brain tissue. (D) ROC curve of a trained logistic regression

model to identify low grade glioma and normal brain tissue (30).
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excised tissue by subjecting it to rapid inspection to determine
whether the tissue at the current point of interest in the operative
area is tumor or normal tissue for further surgical decisions.
Raman spectroscopy of intraoperatively extracted tissues
requires minimal operator effort, has little impact on the
present surgical procedure. Simultaneously, RS is a more
preferable way of detection with fresh tissue retaining the most
original information. But correspondingly, the Raman detection
which is usually to predict the type of tissue extracted by pre-
training the model yields limited results and lacks more
information to make judgments such as virtual staining.

3.2 Stimulated Raman histology for rapid
intraoperative diagnosis of gliomas

Typically, the Raman effect is so weak that the detection
equipment is often subject to various external disturbances.
Coherent Raman spectroscopy was born as an attempt to
enhance the Raman effect, which affects the Raman effect of a
specific chemical bond by a second incident beam of light
coherently, increasing the signal intensity. SRH builds on the
technology of Raman spectroscopy to generate virtual tissue
imaging of slices so that the results of Raman spectroscopy are
no longer limited to just being a classifier, instead, providing
more information such as the cellular morphology,
arrangement, and structure of the tissue. Hollon’s team
demonstrated in a large sample multicenter, prospective
clinical trial (n = 278) that the diagnostic accuracy of SRH-
based images is consistent with that of pathologists for
conventional histological images (overall accuracy, 94.6% vs.
93.9%) (51). After training on 2.5 million SRH images using
convolutional neural networks (CNN), a neural network
structure widely used in image recognition and inspection, the
team applied the model in the operating room to predict brain
tumors, and the model could distinguish not only tumor tissue
with high accuracy but even the main histopathological
classification of brain tumors, in addition to identifying tumor
infiltrates from SRH images. In a later study, Hollon’s team
enhanced the SRH technique with fiber optic laser imaging in 35
patients with recurrent glioma, after which the resulting SRH
images were trained using a CNN, and finally, the trained model
was applied to a retrospective cohort to score a diagnostic
accuracy of 95.8% (Figure 3) (52). This demonstrates how
more advanced algorithms combined with more advanced
Raman imaging techniques can play a significant role in the
diagnosis of gliomas, not only by achieving intraoperative
accuracy similar to that of conventional pathological diagnosis
but also by producing results in an order of magnitude faster
than intraoperative frozen section, making it more promising as
a novel method that can join or even replace existing
intraoperative assist techniques. Another study conducted a
blinded, prospective cohort study in 21 patients with central
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nervous system (CNS) tumors, investigating the differences in
accuracy and diagnostic time between conventional pathology
and Raman spectroscopy, found no significant differences in
diagnostic accuracy between the methods (P = 1.00) and a
significantly shorter mean time to diagnosis (TTD) for SRH-
based diagnosis than frozen sections (43 min versus 9.7 min, P <
0.0001) (12). This study illustrates that Raman spectroscopy
reduces the time required for diagnosis significantly while
maintaining a high level of accuracy, and has great advantages
in neurosurgery, by comparing the SRH-based diagnostic
method with the traditional gold standard diagnostic method
of frozen sections and FFPE sections.

The breakthrough of SRH in glioma surgery is far more
exciting, as it broadens the use of Raman spectroscopy, enabling
RS not only to distinguish tumor tissue from normal tissue but
also to present Raman-detected results in the form of images, not
only to overcome some of the shortcomings encountered in the
intraoperative frozen section but also more fully exploit the
characteristics of Raman spectroscopy for the detection of
samples with high sensitivity, which enables pathologists to
open the third eye in the existing diagnostic process of the
intraoperative frozen section, thus improving the diagnostic
ability and further promoting the EOR of glioma surgery. This
approach provides the surgeon with more accurate and detailed
visualization of the tumor boundary than the Section 3.1
approach. However, SRH still requires further processing of
the sample and cannot immediately image the tissue removed
intraoperatively, so its usefulness remains to be explored.

3.3 More convenient handheld Raman
spectroscopy

Because of the optical path design and other reasons in
Raman spectroscopy equipment, most detection devices are
designed to be larger, and the detection method also usually
requires a series of steps that the samples need to be placed on
the detection table. Although such complex operation logic
ensures that it will not affect the patient itself, it still requires
removing the tissue from the surgery and trimming it to the right
size before putting it into the device for detection, which
invariably prolongs the detection time and may lead to the
risk of removing more normal tissues caused by edge
uncertainty. These issues in the research process will probably
not pose a serious impact, but if Raman technology is expected
to become clinical tool, it must possess features that can be easily
operated by neurosurgeons. Based on the optical properties of
Raman spectroscopy, some works have been done to solve the
above problems of complex operation logic by designing fiber
optic probes, and some practical applications have been made.
Evaluation of the feasibility and accuracy of handheld Raman
spectroscopy devices as an intraoperative neuronavigation
adjunct was performed on a dog model (9). Eleven tumor
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and infiltrative glioma. Scale bars = 50 pm (52).

resection and intraoperative handheld Raman devices were
examined on 11 dog models, and Raman signals were
collected using the handheld devices in direct contact with the
intraoperative tissue, and pathology was determined for the
sample sites, finally, the results showed that the handheld
device had a sensitivity of 85.7% and specificity of 90% with a
positive predictive value of 92.3% and negative predictive value
of 81.6% compared to pathology. These efforts validate the
feasibility of using handheld devices in neurosurgery by
providing rapid intraoperative results for the operator’s
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reference with comparable accuracy to gold standard
pathology. Apart from that, it would be a great help for
surgery if the tumor border location could be provided to the
operator intraoperatively through a handheld device. A
handheld macro Raman imaging system was reported to be
designed for detecting tissue edge features, and the team
concluded that it is necessary to work on a detection system
with a larger field of view for tumor margin detection in hand
(23). In this project, they conducted experiments on the fat and
muscle tissues of pigs and trained the classifier with the obtained
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data using machine learning methods, which resulted in an in
vitro validation result of 99% accuracy and plotting the
boundary probabilities by the phenomenon that the classifier
is found to decrease the prediction rate at the junction of fat and
muscle tissues. What’s more interesting is that a study found that
tumor infiltration was still detected 3.7-2.4 cm outside the MRI-
determined tumor border with 92% accuracy, 92% sensitivity,
and 93% specificity (53), using a fiber-optic probe in direct
contact with the brain at the edge of the resection cavity in
surgery with a handheld Raman imaging system during a total
acquisition time of 0.2 seconds per measurement (Figure 4). The
results were evaluated by H&E section pathology, and the effect
of the handheld RS device was undoubted to improve the
surgical outcome and prolong patient survival.

Compared to the Raman spectroscopy method described in
Section 3.1, there is no visible difference in the accuracy of the
handheld Raman spectroscopy method, but the handheld
Raman spectroscopy device significantly improves the
convenience for surgeons to use during surgery. These
portable handheld Raman spectroscopy systems address the
complexities of previous studies that require sample isolation
and avoid patient harm. These portable handheld Raman
spectroscopy systems address the complexities of previous
studies that require sample isolation and avoid patient harm.
Combined with the relatively small size of the device, fast
acquisition time, and high accuracy, RS is a convenient way
for neurosurgeons to detect tissue properties in the operative
area, identify tumor cell margins and infiltrations, provide
guidance for surgical procedures, and improve EOR compared
to other intraoperative detection methods, and has great
potential to serve as a new method to supplement or even
replace existing intraoperative tumor margin detection

/1
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i /
[ @

\

g Camera

[ A -,

FIGURE 4

A hand-held fiber optic probe consists of a laser emitter
connected to a spectral detector, with data acquisition ultimately
controlled by a PC. The illumination and detection light paths
are spatially coincident. When the probe performs
measurements, it is in direct contact with the brain at the
resection edge (53).
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methods. Unfortunately, the interaction between the incident
laser and brain tissue needs to be taken into account when
handheld Raman devices are used intraoperatively to assist the
operator in analyzing the properties of the resected sample.
Generally, Raman spectroscopy is considered to be harmless to
humans, but the potential long-term damage to brain tissue from
repeated applications over a long period of time is not known, so
the safety and necessity of RS before widespread use in the clinic
needs to be further explored (17).

3.4 Unprecedented rapid intraoperative
molecular detection

Based on the 2016 WHO classification system of the CNS,
glioma could be classified as followed: lower grade glioma (LGG)
with isocitrate dehydrogenase (IDH) mutation with or without
1p/19q-codel, LGG with IDH-wildtype subtype, glioblastoma
multiforme (GBM) with IDH mutation or not (54). IDH and
other molecular biomarkers have become a critical part of the
glioma diagnosis and treatment process. As Raman spectroscopy
is excellent in discriminating substances, a few works have been
conducted on the ability of Raman spectroscopy to distinguish
IDH subtypes in glioma biopsies with 2073 Raman spectroscopic
results taken from 38 samples, using the eXtreme Gradient
Boosted trees (XGB) and Support Vector Machine with Radial
Basis Function kernel (RBF-SVM) to perform the classification
task and found 52 different Raman shifts between IDH-mut and
IDH-wt groupings, which shifts representing lipids, collagen,
DNA and cholesterol/phospholipids, with a final accuracy of
87% (14). Further studies have predicted glioma IDH subtypes
by a simple PCA-LDA method on fresh tissue samples from 62
patients, achieving 91% sensitivity and 95% specificity (Figure 5)
(55). Moreover, subtype differentiation by differences in protein
profiles (498, 826, 1003, 1174, and 1337 cm-1 were selected)
between different molecular subtypes of glioma (n = 36) was also
studied with a likewise high accuracy rate of 89% (43).

Given the high sensitivity of Raman spectroscopy for the
detection of samples, Raman spectroscopy is playing an
increasing role in the diagnosis and treatment of glioma in
the future as molecular biology becomes a growing
involvement in glioma. The ability of Raman spectroscopy to
rapidly assess the molecular biology of glioma samples during
surgery provides the operator with a three-dimensional
understanding of the possible grading and staging of glioma,
and then adjusts the EOR according to the degree of
malignancy to achieve a better treatment prognosis. The
application of Raman spectroscopy in glioma surgery is a
unique approach to intraoperative adjuncts commonly used
in clinical practice, as it can provide the operator with long
postoperative molecular typing detection in near real-time,
which is a novel approach for gliomas whose malignancy
cannot be easily identified intraoperatively.
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(A) Results of one study for IDH-WT and IDH-MUT, with arrows representing the most discriminant peaks with a known biological assignment.
(B—E) are the 3-group model and 2-group model, respectively, of another study for molecular typing of gliomas based on Raman spectroscopy
results. (TPR = true positive rate; FPR = false positive rate; Astro MUT = Astroglial tumor isocitrate dehydrogenase IDH-mutant; Astro WT =
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4 The development direction of
Raman spectroscopy

Raman spectroscopy can be safely used in clinical practice
owing to the fast, accurate, non-invasive, and label-free features
that enable it to be performed without more interaction with the
patient’s body. Yet, the Raman effect is very weak considering
that the photons producing the Raman effect are merely one ten-
millionth of the incident light, and the weak interference in the
environment will affect the final imaging results. Coherent
Raman techniques such as SRS and CARS can significantly
increase the Raman signal intensity, but a more sensitive SERS
technique can amplify the Raman effect by 10°'°14 times
through a metal surface, even to the resolution of single
molecules (56). Besides, the huge amount of data generated
per second by the high resolution of Raman spectroscopy render
more advanced data processing techniques necessary.
Nowadays, concerning the results of Raman detection, except
for the traditional statistical methods such as principal
component analysis (PCA), partial least squares (PLS), linear
discriminant analysis (LDA), etc. to find the differences between
glioma and normal brain tissue (27, 31, 51, 55), machine
learning algorithms such as k-nearest neighbors (KNN),
support vector machine (SVM), random forest (RF) and
eXtreme Gradient Boosting (XGB) are quite often adopted to
perform classification and prediction (14, 57-59). With the hot
trend of neural network algorithms over the past few years, a
growing number of deep learning algorithms have been trained
to predict Raman detection results, commonly available methods
include convolutional neural networks (CNN), artificial neural
networks (ANN), etc. (32, 52) While hot new frameworks such
as long short-term memory (LSTM) and Transformer (60, 61)
also have application potential in targeting Raman detection
results, the new algorithms can be expected to give us more
surprises in predicting.

4.1 Ultra-high sensitivity Raman
spectroscopy method brings new visions

SERS was developed to enhance the Raman scattering of
molecules from nanostructured materials, allowing the detection
of very low levels of material, even individual molecules, through
a proton-mediated enhancement effect (56), and the extremely
high sensitivity making SERS important for the intraoperative
detection of gliomas. A SERS probe with a detection limit of 5
pM in an aqueous solution was reported to be developed to
delineate tumor invasion margins by a time-distance function on
a mouse glioma xenograft model using extravasation in the
tumor vasculature of the probe, and resection experiments were
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performed with the aid of handheld Raman scanning equipment
(8). The experimental procedure resembled intraoperative
fluorescence-guided surgery, which ultimately improved the
overall survival rate of the rat model compared to normal
resection and possessed a detection accuracy of pM precision
than fluorescent methods such as 5-ALA. The Warburg effect
refers to the tendency of tumors to metabolize anaerobically,
which is reflected in the large amount of lactic acid produced by
tumors during the metabolic process (62). The SERS technique
has been used to define tumor boundaries by preparing a SERS
substrate 4-mercaptopyridine (4-MPY) to detect changes in pH
around the target based on the Warburg effect, which introduces
gliomas produce large amounts of lactic acid that cause their
microenvironmental pH to drop and appear acidic, and 4-MPY
is a type of silver nanoparticle with different SERS peak
characteristics at different pH values (29). In follow-up work,
the team did the same thing using U87 cells grown in mice.
Building on the same characterization of the tumor
microenvironment as acidic, a study was conducted in animal
experiments to develop a SERS-based surgical navigation system
to identify tumor boundaries, which was detected by transferring
metabolites from tumor resection margins to a PH-sensitive
SERS chip (45). According to the research, the overall survival of
animal models operated under this surgical navigation system
was dramatically increased, but unfortunately, exogenous probes
were not used in the study due to approval issues by the drug
supervision authority (45).

The ultra-sensitivity of SERS permits the detection of
gliomas from a wider range of angles, such as more accurate
biomarker results for intraoperative samples of gliomas.
Whereas the need to prepare nano-metals limits its use in
humans, we can still access patient samples from other angles,
such as blood (63) to evaluate the postoperative outcome of
glioma patients, as well as the routine screening of normal
people. Because of the SERS technology advances and the
indications for nanometals in humans continue to expand
over time, it is expected that SERS will accomplish greater
improvements in intraoperative glioma guidance.

4.2 Raman spectroscopy desires a better
data processing method

Whether using Raman spectroscopy as a method of glioma
identification or intraoperative generation of virtual tissue
images, or as an intraoperative aid to the operator, one needs
to face the large amount of data generated by Raman
spectroscopy, and how to use these Raman data to get better-
expected results is a part that needs attention. Generally
speaking, Raman spectroscopy results are obtained in two
forms, one is the result of molecular composition information
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represented by Raman shift raw data, and the other is the result
of virtual images generated by SRH, CARS, etc. In recent studies,
the most popular way of analyzing the data collected by Raman
spectroscopy in glioma continues to be the dimensionality
reduction approach with PCA, PLS, and LDA (27, 31, 51, 55).
Taking the data collected by Raman spectroscopy and extracting
the main differences by which tumors and normal cells can be
distinguished, these studies often achieve excellent accurateness
thanks to the inherent high sensitivity of Raman spectroscopy.
In order to further improve the accuracy of Raman spectroscopy
and make the new technology more acceptable to clinicians, a
number of studies set out to process the data from Raman
spectroscopy using popular machine learning methods, and
some currently growing neural network algorithms have been
added to the processing of Raman spectroscopy results. Some
scholars reduced the dimensionality of the data by PLS and PCA,
after which the principal components were selected using four
methods, Relief-F, Pearson correlation coefficient (PCC), F-
score (FS) and term variance (TV), and finally, back
propagation neural network (BP), linear discriminant analysis
(LDA) and support vector machine (SVM) classification models
were established (58); Sciortino et al. used eXtreme Gradient
Boosted trees (XGB) and a support vector machine with Radial
Basis Function kernel (RBF-SVM) to evaluate classification
performance (14, 59), with a LOO approach to achieve a
balanced trade-off between performance and robustness;
Stables employed three methods, SVM, KNN and LDA, to
classify glioma samples (57); Another scholar has focused on
feature engineering to develop a new representation specifically
for brain diagnosis while retaining as much information as
possible to improve prediction accuracy (31); Jermyn argues
that ANNs can overcome the aspect of spectral artifacts
generated by lights in operating rooms using nonparametric
and adaptive models, reducing the changes required in
neurosurgical workflows for Raman spectroscopy detection
thereby simplifying the barriers to intraoperative use of Raman
spectroscopy (32); CNNs, which excelled in the image field, were
also trained to recognize SRH images to detect recurrent gliomas
(52); and deep learning models based on simulated annealing
algorithms were also applied to deal with the Raman
spectroscopy detection results of gliomas (64).

All these efforts have revealed enormous value in the study of
Raman spectroscopy of glioma, effectively boosting the predictive
ability of Raman spectroscopy for glioma, creating a new direction
for future efforts to improve the application of Raman
spectroscopy, and enhancing the value of Raman spectroscopy
applications. However, it is undesirable to create excessive reliance
on algorithms and attempt to take care of all the problems of
inaccurate results arising from external factors such as sampling,
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environment, and improper usage through algorithms. A proper
approach should be to ensure the accuracy and standardization of
each step in the data acquisition process as much as possible,
minimize the interference brought by the outside world, and
finally improve the robustness by multiple sampling or upgrading
the algorithm. Thanks to the rapid development of deep learning
in recent years, more algorithms can be applied to the processing
of Raman spectroscopy in the future, such as Transformer and
LSTM, both of which do not seem to have been applied to the data
processing of Raman spectroscopy in glioma (60, 61), the potential
of the algorithm in improving the accuracy of Raman
spectroscopy detection is still wide.

5 Conclusion and future
perspectives

Today, various clinical techniques are available to assist in
the EOR of glioma surgery, but they are limited in terms of
invasiveness, speed of detection, and accuracy, which slow down
the improvement in the EOR of glioma surgery. Raman
spectroscopy, however, has excellent characteristics that make
it possible to identify tumor margins in glioma surgery while
being non-invasive, fast, and accurate. Raman spectroscopy not
only compensates for the shortcomings of current intraoperative
adjuncts but also enables the detection and understanding of
glioma at the molecular level, while the research of fiber optic
probes also gives Raman spectroscopy a broader scope of
application. But some problems still exist in the application of
Raman spectroscopy in glioma, firstly, the sample acquisition,
most of the Raman detection devices need to transfer the
intraoperative tissues to the detection devices for detection,
and SRH technology needs to detect and image the slices.
Secondly, Raman spectroscopy results cover a large amount of
raw data, and it is still a proposition worth exploring how to
extract the key from the huge amount of data and how to
enhance the data processing algorithm to improve the accuracy.
Additionally, the Raman effect requires a certain power of
incident light as the excitation, and SERS and other Raman
techniques demand the assistance of nanomaterials, all of which
need to be in contact with the patient’s brain tissue, and the
potential safety hazards brought by these operations should be
strictly evaluated to avoid secondary injuries to patients.
Precisely speaking, Raman spectroscopy has a most attractive
prospect in glioma surgery, and there is a steady stream of
research on the application of Raman spectroscopy in glioma,
suggesting that Raman spectroscopy will one day become the
most commonly used intraoperative adjunct technique in
clinical practice.
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Clinical feasibility of
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confocal laser endomicroscopy
for indocyanine green-
enhanced brain tumor diagnosis
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Kyungmin Hwang?, Ki-Hun Jeong* and Shin-Hyuk Kang™
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Daejeon, Republic of Korea, “Department of Bio and Brain Engineering, KAIST Institute for Health

Science and Technology (KIHST), Korea Advanced Institute of Science and Technology (KAIST),
Seoul, Republic of Korea

Background: Intraoperative real-time confocal laser endomicroscopy (CLE) is
an alternative modality for frozen tissue histology that enables visualization of
the cytoarchitecture of living tissues with spatial resolution at the cellular level.
We developed a new CLE with a “Lissajous scanning pattern” and conducted a
study to identify its feasibility for fluorescence-guided brain tumor diagnosis.

Materials and methods: Conventional hematoxylin and eosin (H&E)
histological images were compared with indocyanine green (ICG)-enhanced
CLE images in two settings (1): experimental study with in vitro tumor cells and
ex vivo glial tumors of mice, and (2) clinical evaluation with surgically resected
human brain tumors. First, CLE images were obtained from cultured U87 and
GL261 glioma cells. Then, U87 and GL261 tumor cells were implanted into the
mouse brain, and H&E staining was compared with CLE images of normal and
tumor tissues ex vivo. To determine the invasion of the normal brain, two types
of patient-derived glioma cells (CSC2 and X01) were used for orthotopic
intracranial tumor formation and compared using two methods (CLE vs. HGE
staining). Second, in human brain tumors, tissue specimens from 69 patients
were prospectively obtained after elective surgical resection and were also
compared using two methods, namely, CLE and H&E staining. The comparison
was performed by an experienced neuropathologist.

Results: When ICG was incubated in vitro, U87 and GL261 cell morphologies
were well-defined in the CLE images and depended on dimethyl sulfoxide. Ex
vivo examination of xenograft glioma tissues revealed dense and
heterogeneous glioma cell cores and peritumoral necrosis using both
methods. CLE images also detected invasive tumor cell clusters in the
normal brain of the patient-derived glioma xenograft model, which
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corresponded to H&E staining. In human tissue specimens, CLE images
effectively visualized the cytoarchitecture of the normal brain and tumors. In
addition, pathognomonic microstructures according to tumor subtype were
also clearly observed. Interestingly, in gliomas, the cellularity of the tumor and
the density of streak-like patterns were significantly associated with tumor
grade in the CLE images. Finally, panoramic view reconstruction was
successfully conducted for visualizing a gross tissue morphology.

Conclusion: In conclusion, the newly developed CLE with Lissajous laser
scanning can be a helpful intraoperative device for the diagnosis, detection

of tumor-free margins, and maximal safe resection of brain tumors.

KEYWORDS

brain neoplasm, confocal microscopy, Lissajous scanning, indocyanine green, real-

time diagnosis

1 Introduction

Resection of brain tumors improves patient conditions,
including reduced mass effect on the brain, prevention of
tumor recurrence, and increased patient survival (1-4).
However, total tumor removal is not always possible, and
increasing the resection area could result in a permanent
neurological deficit because it is not easy to determine the
normal brain tissue at the tumor interface during a surgical
operation. With technological advances, neuronavigation
systems and 5-aminolevulinic acid (5-ALA) fluorescence dyes
have improved surgical outcomes in tumor resection (5, 6).
However, these tools remain insufficient because of the brain
shifts and low fluorescence specificity (7). Therefore, direct
histological visualization via multiple optical biopsies could be
performed for proper intraoperative diagnosis, identification of
existing remnant tumors, and increased tumor resection (8).

Thus far, the classical tool for intraoperative brain tumor
detection has been to obtain frozen section examination. To
identify the histological diagnosis and tumor margins, tissue
samples were delivered to a pathologist, who then performed
frozen tissue preparation for rapid interpretation. This process
has several limitations (9, 10). Usually, it requires up to 20 min
or longer per sample for diagnosis, thus increasing the operation
time (11), and a longer surgical time can cause postoperative
complications in cases of multiple tissue examinations (12). In
addition, proper diagnosis cannot be achieved in a small tissue
sample. Moreover, mechanical tissue disruption due to tumor
removal is a non-diagnostic or misleading problem in frozen
tissue diagnosis (13). Examination of normal tissue and tumor
interfaces sometimes causes irreversible neurological deficits
(14). Therefore, the surgical room still requires a more rapid
and efficient method to properly diagnose tumors and improve
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surgical outcomes in patients with gliomas and other brain
tumors. It would be greatly advantageous to develop a
minimally invasive, real-time, intraoperative tissue
diagnostic method.

Intraoperative confocal laser endomicroscopy (CLE) is a novel
technology that enables the visualization of living tissue
cytoarchitecture with cellular level spatial resolution (15). It was
developed for microscopic miniaturization with a handheld probe
and for the slide-free imaging of thin planes within the whole tissue.
Therefore, minimized CLE can be used to examine freshly excised
tissue from patients after staining with biocompatible dyes, such as
fluorescein and indocyanine green (ICG). Previous studies have
reported the clinical feasibility of diagnosis in various cancers,
including gastrointestinal and lung cancers (16, 17). In the field of
brain tumor surgery, CLE has been reported to be suitable for
clinical applications (18-20). Recently, we developed a handheld
CLE in the near-infrared band that is capable of ICG imaging (21,
22). This product can acquire fast and clear images using an
ultracompact laser scanner that implements a Lissajous scanning
pattern. We acquired ex vivo images of various extracted mouse
organs, such as the lungs, kidneys, and bladder, from ICG-injected
mice without the usual preparation of samples and showed the
distinct structures of each organ. These data can be used to evaluate
various brain tumor scenarios.

In this study, we examined cell morphology in vitro and
tissue microstructures ex vivo in two glioma cell lines. In
addition, tumor invasion into normal tissue was identified in
two patient-derived xenograft models using Lissajous scanning
CLE. To further evaluate clinical applications for real-time
diagnosis, we used freshly resected specimens of various brain
tumors for ex vivo direct CLE imaging. Hematoxylin and eosin
(H&E)-stained images served as the gold standard in all models
and were compared with CLE images.
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2 Materials and methods

2.1 Patient enrollment and
ethics statement

Patients with tumorous conditions in the brain that
required surgical resection from January 2021 to June 2022
were included in the study. They consisted of various types of
brain tumors such as meningiomas, astrocytomas, pituitary
adenomas, and metastatic tumors. All experiments using
human tissues were performed with the approval of the
Institutional Review Board of Korea University Anam
Hospital in strict accordance with the Code of Ethics of the
World Medical Association for experiments (approval
number: 2019AN0133). Before elective brain tumor surgery,
voluntary informed consent was obtained from the patients
and their legal guardians after they were fully informed about
the study design and that the experiments were conducted
using ex vivo methods, which is not be potentially harmful to
the patients. Patients were excluded if the resected tissue was
inadequate for examination by CLE, such as presence of
hemorrhagic changes or a small amount of volume
<0.0314cm® (suspected volume of one-piece tumor tissue
via stereotactic navigation biopsy system, StealthStation S8,
Medtronic, Minneapolis, MN, USA). The flowchart of the
study was presented in Figure 1.

10.3389/fonc.2022.994054

2.2 Cell culture

The GL261 mouse glioma cell line and U87 human glioma
cell line were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Welgene, Gyeongsan, Republic of
Korea) supplemented with 10% fetal bovine serum (Welgene),
100 U/mL penicillin, and 0.1 mg/mL streptomycin in a
monolayer culture at 37°C in a humidified atmosphere
containing 5% CO,. Patient-derived glioma stem-like cells,
CSC2 and X01, were cultured in a proliferation medium
composed of DMEM/F-12, B-27 supplement (Gibco,
Waltham, MA, USA), 10 ng/mL recombinant human bFGF
(PeproTech, Cranbury, NJ, USA), 20 ng/mL recombinant
human EGF (R&D Systems, Minneapolis, MN, USA), 20 U/
mL penicillin, and 20 pg/mL streptomycin at 37°C in a
humidified atmosphere containing 5% CO,.

2.3 Tumor implantation

All procedures were conducted in accordance with the
guidelines and protocols approved by the Institutional Animal
Care and Use Committee of the Korea University College of
Medicine (approval number: KOREA-2020-0079). Five- to six-
week-old BALB/c nude and C57BL/6 mice were purchased from
Orient Bio (Seongnam, Republic of Korea). For intracranial
implantation, animals were anesthetized with ketamine (100

In vitro Experiment: |
cultured glioma cell |

Ex vivo Animal model:
implanted intracranial glioma

\—{ Human specimen: tumor tissue obtained from neurosurgical resection (2019AN0133) ‘

Inclusion criteria:
Resected brain tumor from January 2021 to June 2022
at Korea University Anam Hospital

Exclusion criteria:
Inadaquate condition of the resected tissue:

presence of hemorrhagic changes or a small amout of volume < DDSMCm3

/)
U87: human glioma cell CLE w/o DMSO
cell morphology
GL261: mouse glioma cell CLE w/ DMSO
Figure 2
tissue microstructure | U87: human glioma cell (n=3) H&E stain
GL261: mouse glioma cell (n=3)
CSC2: patient-derived glioma cell (n=3) H&E stain .
Figure 3
tissue microstructure | X01: patient-derived glioma cell (n=3) CLE
& invasion
Table 1
histopathologic features | TUMor subtypes: i
: Figure 5, 6
Glioma (n=20) CLE ‘
Meningioma (n=22)
Metastatic tumor (n=11)
Pituitary adenoma (n=11)
L Others (n=5) Expert review by pathologist

FIGURE 1
The flowchart of the study.
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mg/kg) and xylazine (10 mg/kg). A total of 1 x 10° cells in 3 uL of
Hanks’ balanced salt solution were injected into the brain at a
rate of 1 uL/min using a Hamilton syringe controlled by a
stereotaxic device (David Kopf Instruments, Tujunga, CA).
Coordinates for intracranial inoculation were —0.2 mm
anteroposterior, +2.2 mm mediolateral, and -3.5 mm
dorsoventral from the bregma.

2.4 Imaging device

A CLE system (cCeLL ex vivo; VPIX Medical, Daejeon,
Republic of Korea) was used for histoarchitectural imaging of
slide-free whole tissues stained with a fluorescent dye. The
cCeLL ex vivo image was based on a 785-nm laser system with
a near-infrared filter to detect emissions from 800-860 nm. A
microscope head and probe (PixectionTM, VPIX Medical) with
an outer diameter of 4 mm directly contacted the patient’s tissue
and irradiated the tissue with a Lissajous laser-scanning pattern
to acquire a tissue image within 100 pm from the surface. The
probe scanned patient tissues with 10 frame rates at a field of
view (FOV) of 300 um x 300 um, corresponding to
approximately 660x magnification. The system reconstructed
the acquired data as high-quality images of 1024 x 1024 pixels
that were saved as images or videos. The probe was also used
with a dedicated probe stage for fine movement in the
XYZ direction.

2.5 ICG treatment and image acquisition

For image acquisition both in vitro and ex vivo, ICG (Sigma-
Aldrich, St. Louis, MO) fluorescence was used. ICG solvent
dissolved in 30% EtOH at a concentration of 0.5 mg/mL was
utilized for labelling both cell lines and patient tissue samples.
U87MG and GL261 cells were seeded at 5 x 10 cells/well in 12-
well plates to 70% confluence on top of sterile glass coverslips.
The medium was removed and the cells were washed three times
with phosphate-buffered saline (PBS) for 5 min. Cells grown on
coverslips were incubated in ICG with or without 10% dimethyl
sulfoxide (DMSO) and imaged using CLE.

The mouse brain image acquisition was utilized according to
the following methods: intravenous tail injection of ICG before
mouse sacrifice or ex vivo incubation of the mouse brain into the
ICG solution. Intravenously administered mice were injected
with 100 pL of ICG solution (0.5 mg/mL) and left for 5 min to
allow the full diffusion of ICG. Thereafter, the brains were
removed, and a coronal section of the sample was placed at a
thickness of 1 cm before CLE was conducted. Similarly, in the
ICG incubation group, the tissues were sectioned and placed in a
Petri dish for incubation following brain removal. Brain tissue
was incubated with 100 pL of ICG solution (0.5 mg/mL) prior to
CLE imaging. Excess ICG solution left on the imaging surface of
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the sample was cleaned with a tissue wiper for optimal
image acquisition.

The method used to image the tumor tissues was identical to
that used for the mouse brain preparations. Tumor specimen
was obtained in the center of the resected tumor and sectioned at
a thickness of 1 cm before incubation with 100 uL of ICG
solution (0.5 mg/mL) for 5 min. Following incubation, the
tissues were cleaned with a tissue wiper to remove excess ICG
before imaging with CLE.

2.6 H&E and immunofluorescence
staining

After the CLE imaging experiments, tumor tissues
corresponding to the imaging site were resected and fixed in 4%
formalin. Formalin-fixed and paraffin-embedded sections (4 um
thickness) were prepared for H&E staining. Immunofluorescence
(IF) staining was performed on sections fixed in cold methanol for
10 min at -20°C, rinsed in PBS, incubated with primary antibodies,
and diluted in PBS containing 1% bovine serum albumin (BSA) and
0.25% Triton X-100 overnight at 4°C. Antibodies against myelin
basic protein (MBP, ab40390; Abcam, Cambridge, UK), glial
fibrillary acidic protein (z0334; Dako, Glostrup, Denmark), and
neurofilament-M (2H3; DSHB, Iowa City, IA) were used. Slides
were then incubated with fluorescence-conjugated secondary
antibodies and mounted with Vectashield® Hard Set' mounting
medium (Vector Laboratories, Newark, CA) containing 4’,6-
diamidino-2-phenylindole (DAPI). H&E and immunostained
slices were observed using light and fluorescence microscopy
(Carl Zeiss, Oberkochen, Germany) and compared with CLE
images obtained by an experienced pathologist (JKW).

3 Results

3.1 In vitro and ex vivo glial tumors
of mice

3.1.1 CLE imaging of glial tumor cells and
orthotopic tumors

Using the ICG dye on a handheld CLE with special laser
scanning called “Lissajous pattern” (cCell, VPIX Medical)
(Figure 2A), we first verified the CLE images against U87 and
GL261 glioma cell lines in the presence or absence of DMSO.
Interestingly, the in vitro CLE images showed different patterns
depending on the presence of DMSO. In the absence of DMSO,
ICG could not penetrate the cells, resulting in a mesh-like shape, in
which only the cell membrane was stained. In contrast, in the
presence of DMSO, ICG penetrated the cell, and CLE images
demonstrated a morphology that is similar to fluorescence
immunocytochemical staining, which identifies the nucleus and
cell membrane (Figures 2B, C). To reproduce the clinical conditions
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FIGURE 2

CLE systems and photomicrographs of various glioma models (A) The Lissajous scanning CLE system consists of an imaging screen,
miniaturized probe, and excitation light source. The probe can detect the CLE images of brain tumor tissue both ex vivo and in vivo. In the
current study, only ex-vivo imaging was obtained and compared. (B, C) Image acquisition of U87 human and GL261 mouse glioma cells was
conducted using CLE following incubation with 5 mg/mL indocyanine green (ICG) (upper panel). Cell morphology was examined in the
presence/absence of dimethyl sulfoxide (DMSQ). In an orthotopic xenograft model, ICG-induced fluorescent imaging and the corresponding
H&E stain were obtained at the tumor core and normal brain (lower panel). CLE image shows dense fluorescent neoplastic cells following ICG
incubation ex vivo. N: normal brain, T: tumor, Asterix: necrosis. Scale bar: 50 pm. H&E = hematoxylin and eosin.

of intraoperative tumor tissue diagnosis, we compared ex vivo CLE
images with pathological H&E staining using an orthotopic glioma
model. U87 human and GL261 mouse glioma cells (1 x 10° cells)
were implanted into the brain parenchyma of BALB/c nude mice
and C57BL/6 mice, respectively. The mouse brains were removed
and cut horizontally, and CLE and H&E staining were performed
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on the same tissue specimens. The U87 xenograft and GL261
syngeneic gliomas showed variegated and large tumor cells with
increased cellularity in the core region, whereas normal brain tissues
were found to be relatively homogeneous with sparse cell density
(Figures 2B, C). In addition, necrotic areas were observed in both
the CLE images and H&E staining (Figure 2C).
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3.1.2 Tumor invasion at patient-derived
xenograft model

We used an orthotopic mouse model with patient-derived
glioma cells to identify tumor invasion adjacent to the normal
brain tissue. CSC2 and X01 cells (1x10° cells) were implanted into
the brain parenchyma of BALB/c nude mice. After 42 days, CLE
imaging was performed using the strategy shown in Figure 2B.
Surprisingly, at multiple different regions, invasive tumor cells
were observed in the dense cell cluster adjacent to normal tissue
borders in both CSC2 and X01 orthotopic gliomas (Figures 3A, B
and Supplementary Video 1). The tissue morphology and tumor
cell infiltration in the CLE images were similar to those observed
by histological staining. CLE images demonstrated the same
morphological features in CSC2 glioma tissue when ICG was
incubated or injected into the tail vein (Supplementary Figure 1).

3.2 Surgically resected human brain
tumor tissues

A total of 69 patients were prospectively enrolled in this
study, with a mean age of 56.06 years (range: 20-84 years). The
detailed tumor subtypes are listed in Table 1.

3.2.1 CLE images and histology in normal
brain parenchyma

To identify normal human brain morphology in the CLE
images, three normal brain tissues were obtained from regions
adjacent to the resected intraparenchymal tumors. ICG (5 mg/
mL) incubation was performed after surgical resection, and
normal brain specimens were examined ex vivo using CLE. To
obtain consistent image data, at least 100 images were acquired
at multiple locations per tissue sample (Figure 4). In the gray
matter, large neuronal cells were identified in the CLE images,
similar to those observed with H&E staining (Figure 4A).
Compared with the cortical region, glial cells were smaller in
size in the subcortical white matter, and a dense streak-like
pattern was more frequently observed in the extracellular space,
suggesting the presence of myelin fibers (Figure 4B). IF staining
of MBP revealed myelination of the brain parenchyma in both
the gray and white matter. No autofluorescence was observed in
the CLE images when ICG incubation was not performed (data
not shown).

3.2.2 Pathognomonic CLE findings according
to tumor subtypes

We examined the concordance between CLE images and
histological features using H&E staining of patient tumor tissues.
As shown in Figure 5 and Supplementary Figures 2—4, various brain
tumors have distinct tissue microstructures. The pituitary adenoma
showed a salt-and-pepper pattern, in which tumor cells had
monomorphic nuclei and granular cytoplasm in histology and
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CLE images (Figure 5A and Supplementary Video 2). In
meningiomas, pathognomonic features of the meningothelial type
were observed in both images. Meningiomas, which had unclear cell
borders and abundant cytoplasm, demonstrated a sheet or lobular
pattern (whorl formation) (Figure 5B, Supplementary Figure 2B and
Supplementary Video 3). The CLE and H&E images of the
glioblastoma showed overall hypercellularity and atypical features
(Figure 5C and Supplementary Figure 3B). Metastatic brain
adenocarcinoma also showed a similar pattern in both images,
demonstrating atypical cell nests or cord-like structures (Figure 5D
and Supplementary Figure 3C). In vestibular schwannoma, low
cellularity and a spiral whorl formation were observed in the H&E
images, and similar morphological features were also revealed in the
CLE images (Figure 5E and Supplementary Figure 2C). Primary
central nervous system (CNS) lymphoma had large and atypical
basophilic lymphocytes with frequent necrosis in both images
(Figure 5F and Supplementary Figure 4A). Histological
examination of the choroid plexus papilloma revealed tumor cells
containing papillary structures lined by uniform cuboidal or
columnar epithelial cells. In CLE images, globular cauliflower-like
masses were formed by cuboidal to columnar cells (Figure 5G and
Supplementary Figure 4B).

Gliomas originate from glial cells in the brain parenchyma and
are classified into different grades based on tumor aggressiveness.
To identify whether the tumor grade could be divided into CLE
images, we compared the histology with CLE images of normal
brain tissues and different gliomas (Figure 6). In the normal brain,
glial cells were sparsely distributed on H&E staining, and dense
axonal fibers were identified in the IF image of MBP and
neurofilaments that exhibited CNS myelination. In addition,
dense streak-like axonal patterns were observed in CLE images.
In gliomas, tumor cellularity was positively associated with tumor
grade on histology and CLE images. In particular, high-grade
gliomas had significantly increased cellularity, and the tumor cell
distribution was dysmorphic and heterogeneous. Conversely, the
amount of MBP and neurofilaments was lower in high-grade
gliomas than in low-grade gliomas in IF staining. This pattern
also revealed CLE images, in which streak-like patterns were rarely
identified in high-grade gliomas.

3.2.3 Panoramic CLE images with 3D
depth information

To obtain panoramic cCeLL images of the brain tumor
tissue, two consecutive steps were followed: Z-merge and
stitching techniques. We reconstructed CLE images using a
meningioma tissue sample. First, CLE images cannot always be
used to obtain the whole tissue microstructure per image,
because the tumor tissue has a 3D structure (Figure 7A, left).
To overcome this issue, a series of images of multiple focal
planes was captured and merged into one image or Z-merged at
each spot with an overlapping area of approximately 30%
(Figure 7A, right). In addition, the FOV of the CLE images is
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FIGURE 3

Photomicrographs in patient-derived orthotopic xenograft models. CSC2 (A) and X01 (B) patient-derived glioma stem-like cells (1 x 10°) were
injected into BALB/c nude mouse brains. Six weeks later, the mouse brain was obtained and incubated with indocyanine green fluorescent dye.
CLE images and HE&E staining of the same tissues demonstrated two different glioma tissue cores and peripheral tumor margins, respectively
Asterix: Invasive cells. Scale bar: 50 pm. H&E, hematoxylin and eosin.

limited to 300 x 300 um and does not demonstrate a large tissue 4 Discussion
area. Therefore, Z-merged images of the tissue were combined

or stitched to produce panoramic images with 3D depth In this study, we identified the clinical feasibility of real-time
information (Figure 7B). brain tumor diagnosis using the Lissajous scanning CLE. Using
Frontiers in Oncology frontiersin.org
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TABLE 1 Histopathologic diagnosis of 69 human brain tumor samples.

10.3389/fonc.2022.994054

Diagnosis Histopathologic subtype Number of cases
WHO Grade 2 4
Glioma WHO Grade 3 5
WHO Grade 4 11
Meningothelial 10
Transitional 9
Meningioma
Psammomatous 1
Atypical 2
Adenocarcinoma 4
Squamous cell carcinoma 2
Metastatic tumor
Melanoma 2
Others 3
Pituitary adenoma 11
Schwannoma 2
Primary CNS lymphoma Diffuse large B cell 1
Solitary fibrous tumor 1
Choroid plexus papilloma 1

WHO, World Health Organization; CNS, central nervous system.

an ICG fluorescent dye, various brain tumors showed typical
cellular morphologies and distinct tissue microstructures. In
addition, CLE clearly identified the normal brain to tumor
lesions and revealed tumor cell invasion in the adjacent
normal brain. Finally, the Z-merge and stitching techniques
overcome the limited FOV acquisition due to tumor tissue
irregularity and improve the diagnostic potential.

Handheld CLEs have been successfully developed to detect
real-time histologic images in clinical studies (23, 24). In the
current study, we used a confocal laser-scanning imaging system
based on the Lissajous pattern. It visualizes tissue microstructure
using ICG fluorescent dye and obtains high-resolution images of
1024 x 1024 pixels with high frame rates of up to 10 Hz. Unlike
other pattern-based micro-laser scanners, Lissajous scanning has
a great advantage in that it has a high degree of freedom to adjust
the image resolution and frame rate by selecting a driving
frequency in a pseudo-resonant frequency range that realizes a
satisfactory scanning amplitude (25). This feature allows our
system to be used in a mode capable of high-speed imaging when
operated with a handheld and high-resolution mode when used
with an auto-stage capable of precise movement.

In our study, brain tissue visualization via CLE imaging
allowed for the distinction of brain tumors based on their unique
morphological features (26). The CLE images closely resembled
the H&E-stained histological images. It is well known that tumor
tissues can disrupt normal extracellular composition (27),
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increase cellularity (28), and display unique brain tumor
phenotypic morphologies, such as the presence of psammoma
bodies in meningioma tissues (29). In our CLE and histologic
images, there were synchronous typical cell morphologies, such
as salt-and-pepper patterns in pituitary adenoma and uniform
cuboidal or columnar epithelial cells in choroid plexus
papilloma. In addition, other tissue microstructures were also
found, including whorl formation in meningiomas, atypical cell
nests in metastatic adenocarcinomas, and spiral patterns in
schwannomas. Furthermore, some tumor cells, such as
pituitary adenoma and choroid plexus papilloma, revealed
intracellular morphology, but ICG could not penetrate the cell
membrane in U87 glioma cells. It has been suggested that
intracellular ICG uptake correlates with endocytosis potential
and tight junctions, although the mechanism of intracellular
ICG uptake remains unclear (30). The CLE images not only
increased the diagnostic potential but also significantly
shortened the time to reach a precise diagnosis. For instance,
in the current study, the mean operation time to obtain a CLE
image was less than one second per frame. Considering that
seven ex vivo images were acquired before the identification of
the first brain tumor diagnostic image, real-time diagnosis could
be performed intraoperatively (11).

Maximal surgical resection of glial tumors is critical for patient
survival and recurrence rates (31-33). Current methods of tumor
detection, including a neuronavigation system and intraoperative
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FIGURE 4

Representative images of normal human brain tissues Normal brain tissues were obtained from the cerebral cortex (A) and subcortical areas (B)
during surgical resection. CLE images show a dense streak-like pattern throughout most of the brain mass (white arrows). H&E staining revealed
the presence of large neuronal cells (A) and glial cells (B). Myelin basic protein (MBP) immunostaining of the same tissue sample revealed dense
axonal fibers (red). Scale bar: 50 ym. H&E, hematoxylin and eosin.
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FIGURE 5

Ex vivo CLE images compared to histology in various brain tumor tissues Corresponding representative images of brain tumors consist of T1 enhanced
magnetic resonance images (left), CLE images (middle), and H&E staining (right). (A) Pituitary adenoma. White arrows indicate the salt-and-pepper
patterns. (B) Olfactory groove meningioma. White arrows indicate a sheet or lobular architecture that contains a whorl pattern. (C) Glioblastoma image
showing the overall hypercellularity and atypia. (D) Metastatic adenocarcinoma. White arrows indicate atypical cell nests. (E) Vestibular schwannoma
White arrows indicate the spiral pattern of whorl formation. (F) Primary central nervous system lymphoma. White arrows indicate the large, atypical

lymphocytes. (G) Choroidal plexus papilloma. White arrows indicate papillary structures lined with uniform cuboidal or columnar epithelial cells. Scale
bar: 50 pm. H&E, hematoxylin and eosin.
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Representative photomicrographs of CLE images and glioma histology Compared to normal brain tissue, gliomas are classified as IDH1-mutant
gliomas (WHO grade Il), anaplastic oligodendroglioma (WHO grade Ill), and glioblastoma (WHO grade V). (A) CLE images of different glioma
samples, according to their corresponding WHO grades, were obtained. Each glioma sample displayed a variety of morphological phenotypes,
including cellularity and streak-like patterns. (B) H&E staining of the same tissue showing distinct histological differences in glioma grade, which
was examined to identify cellularity, atypia, mitosis, and angiogenesis. (C, D) As a typical marker for axon fibers, myelin basic protein (MBP) and
neurofilament stains were examined at the corresponding glioma tissues. Similar to the CLE images, the amount of MBP and neurofilament
staining were significantly decreased in high-grade gliomas. Scale bar: 50 um. H&E, hematoxylin and eosin; WHO, World Health Organization

visualization via 5-ALA, have improved tumor resection (5, 6).
However, there are some limitations, including brain shifts and
variable fluorescence in the glioma tissues (34). In addition, glioma
cell invasion into the normal brain is not determined during
intraoperative neuronavigation or macroscopic 5-ALA tumor
fluorescence. Recently, fluorescein sodium (FNa) was used as a
fluorescent agent for glioma resection during intraoperative glioma
visualization. Intravenously injected FNa selectively accumulates in
the brain and can pass through an altered blood-brain barrier
(BBB). This selectivity provides the ability of FNa to be used as a
guide during fluorescein-guided resection of gliomas (35, 36).
However, FNa is also not specific and can accumulate in some
peritumoral areas, leading to reduced accuracy in terms of tumor
identification (37). It has been suggested that direct tumor cell
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visualization can overcome these issues. CLE is a useful tool for
glioma diagnosis in the neurosurgical field. Fluorescent agents,
including FNa and ICG, have been used to detect cytoarchitectures
of normal and glioma tissues (38, 39). In the current study, we
developed an orthotopic intracranial model using patient-derived
glioma cells that were histologically identical to human glioma
tissue (40). In the CLE images, heterogeneous and hypercellular
regions were found at the tumor core and infiltrative glioma cell
clusters were observed at the edge of the glioma. These features are
identical to those observed in the histological images. In addition,
obtaining CLE images and determining whether the ICG
fluorescence dye was injected into the vein or incubated with
glioma tissue ex vivo were not critical issues in our study
(Supplementary Figure 1).
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FIGURE 7

10.3389/fonc.2022.994054

Panoramic CLE images with 3D depth information and their comparison with conventional hematoxylin and eosin stain A series of images taken while
changing the distance between the probe and the tissue in the Z-axis were merged into one image (i.e., Z-merged). (A) The Z-merged CLE image and
the histology of the benign meningioma tissue show similar microstructural features. (B) Using meningioma tissue, each Z-merged CLE image was

combined into a panoramic image to provide a large field of view as much as conventional H&E stain. Scale bar: 50 pm. H&E, hematoxylin and eosin.

In the CLE images, we easily identified the differences between
normal brain and glioma tissues. Compared to the normal brain,
gliomas revealed hypercellularity and dysmorphic morphological
features that were positively associated with tumor grade.
Interestingly, CLE imaging of normal brain and low-grade glioma
tissues demonstrated a distinct streak-like pattern throughout most
of the tissue areas. To determine whether these streak-like patterns
represent myelin fibers, MBP and neurofilament staining were
performed in one normal brain tissue and three different glioma

Frontiers in Oncology

32

types: IDHI-mutant glioma, anaplastic oligodendroglioma, and
glioblastoma. The density of the streak-like pattern in CLE images
was strongly correlated with the amount of MBP and neurofilament
in the normal brain and gliomas, and there was a reverse correlation
between glioma grade and the quantity of these myelin fibers.
Therefore, streak-like patterns can be utilized as cues to identify
glioma grade in CLE images.

The FOV of a CLE image is limited by the scanning amplitude
of the micro-laser scanner. Given that a micro-laser scanner needs
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to come into contact with the patient’s body, it is difficult to acquire
large-area images simultaneously because high voltages and
currents are required for this process. Therefore, most
commercially available CLEs generally have a narrow FOV of
240 x 240 um to 600 x 500 pum (41). In addition, CLE images are
obtained from black areas outside the focus because the tumor
tissue has a 3D structure, and the image signal is blocked because of
the high axial resolution. These drawbacks can be overcome with
stitching or mosaicing techniques that connect the acquired images
via the Z-merge function, which moves the probe in the depth
direction to acquire tissue images along different Z-axes and merges
the images into one image (17). In this study, a panoramic image
was obtained by connecting the Z-merged images horizontally and
vertically (Figure 7B). It took approximately 10 min to manually
connect the 20 images. If a real-time panoramic function based on
an automatic stitching algorithm is developed, its clinical usefulness
is expected to increase.

On summary, a newly developed CLE device can be
equipped in operation settings and easily utilized with
miniaturized hand-held probe. It can visualize the
cytoarchitecture of the fresh or resected human tissue
including brain and other organs. It is potentially safe because
it does not contact the tissue and we do not need to resect the
tissue for histologic confirmation. Further panoramic view
reconstruction and pseudo-coloring effects are now being
exploited. After verifying the diagnosis accuracy for brain
tumor subtype, we hope it can substitute the frozen tissue
histology performed by pathologist outside the operation room.

The current study had several limitations. First, it was designed
as an observational study that focused on verifying the feasibility of
a new CLE device, so the ex vivo brain tumor samples were
inhomogenously included as electively scheduled. Second, a
glioma cell line only exists in experimental in vitro brain tumor
settings, and other subtypes of brain tumor were not observed. To
overcome these limitations, we are currently conducting a
multicenter clinical prospective study to identify the diagnostic
accuracy of the device in depth. Third, the current findings were
obtained from a single center and multicentered study design is
necessary for the device application. Finally, the current study was
designed as an observational study and did not include statistical
analysis. Again, a future multicenter clinical trial with statistical
analysis is needed.
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Predictive model of language
deficit after removing glioma
iInvolving language areas under
general anesthesia
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Hospital, Beijing, China, “Department of Information Technology, Xian Janssen Pharmaceutical Ltd.,
Beijing, China, *Department of Neurosurgery, The Second Hospital of Southern District of Chinese
People's Liberation Army Navy, Sanya, China

Purpose: To establish a predictive model to predict the occurrence of language
deficit for patients after surgery of glioma involving language areas (GILAs)
under general anesthesia (GA).

Methods: Patients with GILAs were retrospectively collected in our center
between January 2009 and December 2020. Clinical variables (age, sex,
aphasia quotient [AQ], seizures and KPS), tumor-related variables (recurrent
tumor or not, volume, language cortices invaded or not, shortest distance to
language areas [SDLA], supplementary motor area or premotor area [SMA/PMA]
involved or not and WHO grade) and intraoperative multimodal techniques
(used or not) were analyzed by univariate and multivariate analysis to identify
their association with temporary or permanent language deficits (TLD/PLD).
The predictive model was established according to the identified significant
variables. Receiver operating characteristic (ROC) curve was used to assess the
accuracy of the predictive model.

Results: Among 530 patients with GILAs, 498 patients and 441 patients were
eligible to assess TLD and PLD respectively. The multimodal group had the
higher EOR and rate of GTR than conventional group. The incidence of PLD
was 13.4% in multimodal group, which was much lower than that (27.6%,
P<0.001) in conventional group. Three factors were associated with TLD,
including SDLA (OR=0.85, P<0.001), preoperative AQ (OR=1.04, P<0.001)
and multimodal techniques used (OR=0.41, P<0.001). Four factors were
associated with PLD, including SDLA (OR=0.83, P=0.001), SMA/PMA involved
(OR=3.04, P=0.007), preoperative AQ (OR=1.03, P=0.002) and multimodal
techniques used (OR=0.35, P<0.001). The optimal shortest distance thresholds
in detecting the occurrence of TLD/PLD were 1.5 and 4mm respectively. The
optimal AQ thresholds in detecting the occurrence of TLD/PLD were 52 and 61
respectively. The cutoff values of the predictive probability for TLD/PLD were
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23.7% and 16.1%. The area under ROC curve of predictive models for TLD and
PLD were 0.70 (95%Cl: 0.65-0.75) and 0.72 (95%Cl: 0.66-0.79) respectively.

Conclusion: The use of multimodal techniques can reduce the risk of
postoperative TLD/PLD after removing GILAs under general anesthesia. The
established predictive model based on clinical variables can predict the
probability of occurrence of TLD and PLD, and it had a moderate

predictive accuracy.

KEYWORDS

glioma, language, multimodal techniques, general anesthesia, predictive model

Introduction

Glioma is the most common primary intracranial tumor,
with an annual incidence of 4.67-5.73 per 100,000 (1). With the
introduction of molecular mechanisms into the WHO
classification of glioma, the treatment of glioma is developing
a multidisciplinary, individualized, functional and preventive
comprehensive treatment strategy, including surgery,
postoperative radiotherapy, chemotherapy, immunotherapy
and tumor-treating field (TTF), which can improve the
outcome and survival of patients with glioma (2-6). Surgery is
still the core method of comprehensive treatment, and many
studies have proven that increasing the extent of resection (EOR)
can prolong survival against glioma (7, 8). However, more
aggressive resection may cause injury to normal brain tissue,
especially eloquent areas, and their injury will lead to
neurological deficits postoperatively. Language is an important
neurological function of human, so maximal safe resection is the
goal when removing the gliomas involving language areas
(GILAs). Thus, the language cortices and tracts should be
protected well while the maximal EOR is achieved.

Although direct electrical stimulation (DES) under awake
craniotomy is the method of gold standard in mapping language
areas when removing GILAs, multimodal techniques
(neuronavigation based on multimodal imaging, intraoperative
MRI [iMRI] and intraoperative neuromonitoring [IONM])
make maximal safe resection of GILAs possible under general
anesthesia (9). An increasing number of studies believe that
resection assisted by multimodal techniques under general
anesthesia can achieve similar outcomes to awake craniotomy
for patients with GILAs and takes less time with lower
intraoperative risk (10, 11). We began to use multimodal
techniques to remove GILAs under general anesthesia since
2009, and this surgery approach was proved to be effective and
safe in our previous studies (12-14). According to our previous
experience, some pre-, intra- and postoperative factors may be
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associated with temporary or permanent language deficits (TLD
or PLD). In this study, we aimed to identify significant factors
associated with TLD and PLD. Then based on these factors, a
predictive model can be established to predict the occurrence of
TLD and PLD. This model is expected to help surgeon and
patients make appropriate choice on intraoperative techniques.

Methods
Patient selection

Retrospective clinical data were reviewed from electronic
medical records in the Department of Neurosurgery at our
center between January 2009 and December 2020. This study
was approved by our institutional ethics committee. Written
informed consent was signed by all patients or their relatives
before surgery. These data were treated with privacy and
reviewed to identify GILAs according to the following
inclusion criteria, 1) pathology confirmed as supratentorial
glioma based on the WHO classification of tumors of the
central nervous system (3); 2) patients older than 6 years who
can be assessed for language completely; 3) the tumor within
2 cm of language areas (language cortices and/or tracts) on
preoperative MRI; 4) resection under general anesthesia; 5) pre/
postoperative language function assessment and follow-up
were completed. The exclusion criteria were as follows: 1)
infratentorial glioma; 2) <6 years old; 3) biopsy only; and 4)
loss of pre/postoperative MRI data; 5) loss of follow-up.

Patient grouping
The patients were divided into occurrence group (TLD/PLD

occurred) and non-occurrence group (TLD/PLD did not occur).
The patients were also divided into conventional group
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(neuronavigation alone), and multimodal group (combined use
of neuronavigation, iMRI, with/without DES/IONM).

Preoperative variables

Preoperative general variables included age, sex, left or right-
hander, symptoms, aphasia quotient (AQ) by Western Aphasia
Battery testing (AQ>93.8 and <93.8 were defined as normal and
aphasia, respectively) (15-17), seizures (divided into no seizures,
drug-controlled seizures and drug intractable seizures) and KPS.

Tumor-related variables included location, recurrent tumor
or not, volume (cm3), language cortices invaded or not, shortest
distance to language cortices or tracts (mm), supplementary
motor area or premotor area (SMA/PMA) involved or not,
histopathology, WHO grade. If the tumor was near language
area but did not invaded it directly, the nearest distance was
from border of tumor to language area. If the tumor invaded it
directly, the nearest distance was 0.

Outcome variables

The outcome variables included EOR, postoperative
3-month/6-month AQ and KPS, other surgery-related
complications (intracranial infection, hemorrhage, ischemia,
severe brain edema, hydrocephalus and leakage of
cerebrospinal fluid, etc.), seizures and their control, temporary
and permanent language deficits, postoperative radiotherapy (or
not), cycles of TMZ chemotherapy, progression-free survival
(PES) and overall survival (OS). Language deficit was defined as
the deterioration of postoperative language function at different
time points compared to preoperative functional status of
patients. According to De Witt Hamer 2012, the time point of
TLD was defined as within 3 months postoperatively (18). The
time point of PLD ranged from 2 weeks to 6 months in previous
studies. Because the language function still improved after 3
months, according the definition of some studies we defined the
time point of PLD as >6 months postoperatively (19-21).
Furthermore in order to avoid the situation of language deficit
caused by recurrent tumor, the patients of PFS < 3 months were
excluded when counting the cases of TLD up, the patients of PFS
< 6 months were excluded when counting the cases of PLD up.

Surgery process and language
areas preservation

All patients underwent preoperative MRI on a 1.5-T scanner
(Siemens Espree, Erlangen, Germany). During the preoperative
BOLD-fMRI scanning, the patients were asked to perform tasks of

“number counting”, “picture naming” and “word/sentence making”.
So that the language cortices can be activated on MRI. The MRI data
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were imported into the Brainlab software, iPlan 3.0 was used to
perform preoperative surgical plan. All delineations of the region of
interest (ROI) were completed by a board-certified neuroradiologist
with 8 years of experienceand asurgeon. The ROIsincluded tumorand
language areas. The delineation of language cortices was based on
anatomyandactivated regions of BOLD-fMRI; thenaccordingto these
seed areas, the language tracts were reconstructed. We depicted Broca
area, Wernicke area and arcuate fasciculus for all patients. Because
these areas were associated with language most directly, the
preservation of them was enough for most patients. Sometimes we
also depicted the angular gyrus, supramarginal gyrus, ventral
premotor cortex and reconstructed inferior occipito-frontal tract,
frontal aslant tract, etc. The 3 dimensional images of tumor and
language cortices and tracts can be reconstructed and presented on
screen, so that the shortest geodesic distance tolanguage areas (cortices
or tracts) can be calculated by measuring tools of iPlan. Finally, the
surgical plan data were imported into neuronavigation. We performed
most surgeries assisted by neuronavigation, iMRI and DES/IONM
(multimodal group). The use of multimodal techniques can guide the
surgeon to remove tumor and preserve language areas in real time.
Some patients were performed resection guided by neuronavigation
alone (conventional group). The choice of multimodal techniques was
based on the volume and location of tumor, difficulty of resection,
possibility of intraoperative residual tumor and language damage,
patients’ wishes and surgeon’s experience.

Tumor measurements

Tumor volume were measured with iPlan in Brainlab
(Feldkirchen, Germany). The EOR was defined as
(preoperative tumor volume - postoperative residual tumor
volume)/preoperative tumor volume x 100. Gross total
resection (GTR) was defined as EOR=100% in this study.

Postoperative treatment and follow-up

Patients with LGG were recommended to receive
postoperative radiotherapy (60 Gy) and adjuvant TMZ
chemotherapy (150-200 mg/m®/day). Patients with HGG were
recommended to receive radiotherapy plus concomitant
(60 Gy + TMZ 75 mg/m?/day) and adjuvant TMZ
chemotherapy (150-200 mg/m?*/day). Regular MRI scanning
was performed for patients every 3 months. The patients were
followed up by an outpatient service or telephone every 3
months, and the follow-up time was up to December 2021.

Statistical analysis

SPSS 21.0 was used to perform the statistical analysis. The
Shapiro-Wilk test was used to test the normality of the data, and
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Levene’s test was used to test the homogeneity of variance of the
samples. The Student’s t and > (or Fisher’s exact test) tests were
used to compare continuous parametric and categorical
variables between groups, respectively. The Mann-Whitney U
test was used to compare continuous nonparametric variables.
Logistic regression was used to perform univariate and
multivariate analysis. The predictive model was as follows: In
(P/1-P) = BO+P1X1+B2X2+...+PmXm (P was the occurrence
probability of language deficits, B0 was a constant, Xm was the
value of the variable, and Bm was the regression coefficient).
The accuracy of model was assessed by receiver operating
characteristic (ROC) curve. A P value <0.05 was considered
statistically significant. The univariate analysis set P<0.1 as the
significance level.

Results

Among 682 GILAs, 530 patients were included finally. One
hundred and fifty-two patients were excluded because of age (<6
years old), biopsy only, loss of MRI data, awake craniotomy or
loss of follow-up. Among these included patients, 498 patients
were eligible to assess TLD because their PFS were longer than 3
months, 441 patient were eligible to assess PLD because their
PFS were longer than 6 months. Among the 530 patients, 363
(355 [97.8%] right-handers) were performed surgery assisted by
multimodal techniques and 167 (162 [97.0%] right-handers)
were performed surgery assisted by neuronavigation alone.

Comparison between occurrence group
and non-occurrence group

Four hundred and ninety-eight patients with GILAs were
assessed for the occurrence of TLD. One hundred and sixteen
patients had TLD and 382 did not have TLD within 3 months
postoperatively. Clinical and tumor factors were compared between

10.3389/fonc.2022.1090170

the occurrence group and non-occurrence group (Supplementary
Table 1). Compared to non-occurrence group, the occurrence
group had shorter median distance between tumor and language
areas (0.47mm versus 2.11mm, P=0.03), higher median
preoperative AQ (100 versus 91.3, P=0.001) and lower rate of
using multimodal techniques (56.0% versus 74.1%, P<0.001).

Four hundred and forty-one patients with GILAs were
assessed for the occurrence of PLD. Seventy-seven patients had
PLD and 364 did not have PLD on 6 months postoperatively.
The comparison results between the occurrence group and non-
occurrence group were presented in Supplementary Table 2.
Compared to non-occurrence group, the occurrence group had
shorter median distance between tumor and language areas
(Omm versus 2.26mm, P=0.01), higher preoperative AQ
(P=0.02), higher rate of SMA/PMA involved (18.2% versus
8.5%, P=0.02) and lower rate of using multimodal techniques
(54.5% versus 74.7%, P<0.001).

Comparison between conventional
group and multimodal group

The multimodal group had the higher median EOR and rate
of GTR than conventional group. The incidence of PLD was
13.4% in multimodal group, which was much lower than that
(27.6%, P<0.001) in conventional group. The multimodal group
also had higher KPS than conventional group on 3 and 6 months
postoperatively. The incidences of other complications and
seizure were similar in both groups (Table 1).

Factors associated with TLD

Univariate analysis showed that 4 factors were associated
with the occurrence of TLD (P<0.1) (Table 2).

The optimal shortest distance threshold was 1.5mm in
differentiating TLD with no TLD, thus if the tumor located

TABLE 1 Comparison of outcomes between multimodal and conventional groups.

Variables Multimodal group (N=363) Conventional group (N=167)

EOR (%), median (IQR) 100 (98.43-100) 94.97 (90.14-100) <0.001
GTR (EOR=100%) 264 (72.7) 71 (42.5) <0.001
Other complications, N (%) 21 (5.8) 12 (7.2) 0.54
Seizures, N (%) 35 (9.6) 14 (8.4) 0.64
KPS, within 3 months, mean+sd 81.6 + 15.0 779 + 16.7 0.02
KPS, within 6 months, mean+sd 84.9 + 14.6 82.1 +14.7 0.04
Temporary language deficit, N (%) 65 (18.7) 51 (34.0) <0.001
Permanent language deficit, N (%) 42 (13.4) 35 (27.6) <0.001

Boldface type indicated statistical significance.
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within 1.5mm of language areas, the patient tended to
have postoperative TLD (Table 3). The optimal AQ threshold
was 52 in differentiating TLD with no TLD, thus if the AQ was
more than 52, the patient tended to have postoperative
TLD (Table 4).

Multivariate analysis indicated that 3 factors were associated
with TLD significantly, including shortest distance to language

TABLE 2 Factors for temporary language deficit by univariate analysis.

10.3389/fonc.2022.1090170

areas (OR=0.85, P<0.001), preoperative AQ (OR=1.04, P<0.001)
and multimodal techniques used (OR=0.41, P<0.001) (Table 5).
The predictive model of the probability of TLD was In
(P/1-P) = -1.78 -0.16X1 +0.037X2 -0.884X4, and the range of
P was [4.8%, 87.2%)].

The ROC analysis showed that the area under curve
(AUC) of ROC was 0.70 (95%CI: 0.65-0.75). The cutoff

Factors OR (95%Cl) P
Sex (Male vs Female) 1.08 (0.71-1.66) 0.72
Age 1.00 (0.98-1.01) 0.52
Recurrent tumor vs primary tumor 0.68 (0.38-1.22) 0.19
WHO grade (HGG vs LGG) 0.95 (0.59-1.52) 0.82
Tumor volume 1.00 (1.00-1.01) 0.23
Tumor location (reference: Frontal/Frontal insular)

Temporal/Temporal insular 0.94 (0.58-1.53) 0.81

Frontal temporal/Frontotemporal insular 0.84 (0.46-1.54) 0.57

Insular/Parietal/Parietal temporal/Parietooccipital/Other locations 0.58 (0.27-1.27) 0.18
Shortest distance to language areas 0.92 (0.85-0.99) 0.03
Language cortices involved vs not involved 0.85 (0.56-1.29) 0.45
SMA/PMA invaded vs not invaded 1.45 (0.75-2.82) 0.27
Preoperative AQ 1.03 (1.01-1.04) <0.001
Preoperative seizure (Yes vs No) 1.05 (0.67-1.64) 0.83
Drug intractable seizures (Yes vs No) 1.16 (0.50-2.66) 0.73
Preoperative KPS 1.01 (0.99-1.03) 0.26
EOR 0.97 (0.96-0.99) 0.002
Other complications (Yes vs No) 1.52 (0.80-2.90) 0.20
Multimodal techniques (used vs not used) 0.45 (0.29-0.69) <0.001

Boldface type indicated statistical significance.

TABLE 3 Optimal shortest distance threshold in differentiating TLD with no TLD by reduction of 0.5mm.

Shortest distance
sis (<£3mm)

Univariate analy-

(<2mm)

Shortest distance

Shortest distance
(£Tmm)

Shortest distance
(<1.5mm)

OR for TLD (95%CI) 1.48 (0.97-2.26)

1.50 (0.98-2.29)

1.52 (1.00-2.32) 1.57 (1.04-2.39)

P value 0.07 0.06

0.049 0.034

Boldface type indicated statistical significance.

TABLE 4 Optimal AQ threshold in differentiating TLD with no TLD by increments of 1 AQ.

Univariate analysis AQ (=50)
OR for TLD (95%CI) 7.37 (0.98-55.16) 7.37 (0.98-55.16) ‘ 8.40 (1.13-62.58) 9.10 (1.22-67.60) ‘ 11.60 (1.57-85.62) ‘ 13.08 (1.78-96.25)
P value 0.052 0.052 ‘ 0.038 0.031 ‘ 0.016 ‘ 0.012

Boldface type indicated statistical significance.
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TABLE 5 Factors for temporary language deficit by multivariate analysis.

Factors OR (95%Cl) P
Shortest distance to language areas (X1) 0.85 (0.78-0.93) <0.001
Preoperative AQ (X2) 1.04 (1.02-1.06) <0.001
EOR (X3) 0.98 (0.96-1.00) 0.06
Multimodal techniques 0.41 (0.26-0.65) <0.001

(used vs not used) (X4)

Boldface type indicated statistical significance.

predictive probability of TLD was 23.7%. In this case the
sensitivity (Sen) was 0.66, the specificity (Spe) was 0.66, the
diagnostic odds ratio (DOR) was 3.64, the positive predictive
value (+PV) was 0.37, and the negative predictive value (-PV)
was 0.86 (Figure 1).

Factors associated with PLD

Univariate analysis showed that 6 factors were associated
with the occurrence of TLD (P<0.1) (Table 6).

The optimal shortest distance threshold was 4mm in
differentiating PLD with no PLD, thus if the tumor located
within 4mm of language areas, the patient tended to have
postoperative PLD (Table 7). The optimal AQ threshold
was 61 in differentiating PLD with no PLD, thus if the AQ
was more than 61, the patient tended to have postoperative
PLD (Table 8).

Multivariate analysis indicated 4 factors were associated with
PLD significantly, including shortest distance to language areas
(OR=0.83, P=0.001), SMA/PMA involved (OR=3.04, P=0.007),

10.3389/fonc.2022.1090170

preoperative AQ (OR=1.03, P=0.002) and multimodal
techniques used (OR=0.35, P<0.001) (Table 9). The predictive
model of the probability of PLD was In (P/1-P) = -2.098
-0.186X2 +1.112X3 +0.032X4 -1.046X6, and the range of P
was [0.1%, 90.2%].

The ROC analysis showed that the AUC of ROC was 0.72
(95%CI: 0.66-0.79). The cutoff of predictive probability of PLD
was 16.1%. In this case the Sen was 0.75, the Spe was 0.64, the
DOR was 5.49, the positive +PV was 0.31, and the -PV was
0.92 (Figure 1).

Discussion

Maximal safe resection is the goal of surgery of glioma
involving eloquent areas. The preservation of language is an
important factor that should be considered in the resection of
GILAs in the dominant hemisphere. DES combined with awake
craniotomy has been the gold standard method for the surgery of
GILAs and it continuously develops and innovates (22). Many
methods have been developed to increase the accuracy of MRI
in functional area localization, for example, a combination
of seed-based correlation mapping and spatially independent
component analysis, a combination of tb-fMRI and rs-MRI,
and optimization of the DTT tract reconstruction algorithm.
Furthermore, various intraoperative imaging techniques,
especially intraoperative MRI (iMRI), can overcome brain drift
defects and increase EOR. Therefore, an increasing number of
studies have indicated that neuronavigation based on
multimodal imaging, iMRI, DES and IONM (multimodal
techniques) can achieve maximal safe resection of GILAs
under general anesthesia (23, 24). Our center began to use
neuronavigation in glioma surgery in 2002 and has used

A ROC

TLD
" predictive
model

|_~Reference
line

Cutoff=23.7%

Sen

B ROC

PLD
~"predictive
model

|~ Reference
line

Cutoff=16.1%

Sen

FIGURE 1

ROC curves of predictive models. (A) Predictive model of temporary language deficit, the cutoff value of predictive probability of TLD was 23.7%,
the Sen was 0.66 and the Spe was 0.66. (B) Predictive model of permanent language deficit, the cutoff value of predictive probability of PLD

was 16.1%, the Sen was 0.75 and the Spe was 0.64.
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TABLE 6 Factors for permanent language deficit by univariate
analysis.

Factors OR (95%Cl) P

Sex (Male vs Female) 1.10 (0.66-1.82) 0.72

Age 1.00 (0.98-1.02) 0.70
Recurrent tumor vs primary tumor 0.75 (0.38-1.50) 0.42
WHO grade (HGG vs LGG) 1.17 (0.67-2.04) 0.58

Tumor volume 1.00 (1.00-1.01) 0.76
Tumor location (reference: Frontal/Frontal insular)

Temporal/Temporal insular 0.69 (0.39-1.24) 0.22

Frontal temporal/Frontotemporal insular 0.61 (0.29-1.26) 0.57

Insular/Parietal/Parietal temporal/ 0.39 (0.15-1.05) 0.06

Parietooccipital/Other locations

Shortest distance to language areas 0.91 (0.84-1.00) 0.05

Language cortices involved vs not involved 1.01 (0.62-1.66) 0.96

SMA/PMA invaded vs not invaded 2.39 (1.20-4.74) 0.01
Preoperative AQ 1.02 (1.00-1.04) 0.02
Preoperative seizure (Yes vs No) 1.41 (0.85-2.33) 0.18

Drug intractable seizures (Yes vs No) 1.20 (0.47-3.04) 0.71

Preoperative KPS 1.01 (1.00-1.03) 0.24

EOR 0.98 (0.96-1.00) 0.07

Complications (Yes vs No) 0.65 (0.25-1.72) 0.39

Multimodal techniques (used vs not used) 0.41 (0.24-0.67) <0.001

Boldface type indicated statistical significance.

intraoperative multimodal techniques since 2009. Previous
studies reported the incidences of PLD ranged from 0 to
14.8% when removing GILAs under awake craniotomy, the
incidence was around 8% in most studies. Although our
multimodal group of general anesthesia had a little higher
incidence of PLD (13.4%) than previous studies of awake
craniotomy, we achieved much higher rate of GTR (72.7%)
than all previous studies of awake craniotomy (ranged from
25.5% to 72.0%, most around 50%) (24-36). Thus when the
patients were underwent surgery assisted by multimodal

10.3389/fonc.2022.1090170

techniques under general anesthesia, their outcome was not
inferior to those under awake craniotomy. However many
factors may also cause temporary or permanent language
deficits after surgery under general anesthesia. What factors
are associated with TLD or PLD remains unclear. In this study,
we tried to identify significant factors of TLD and PLD based on
our large cohort of patients.

Shortest distance to language areas was both associated with
TLD (OR=0.85) and PLD (OR=0.83), which indicated that the
shorter the distance between tumor and language areas was, the
higher probability of occurrence of TLD and PLD was. This
phenomenon was obvious to be explained, if the tumor was close
to language areas, it may more likely invade and destroy the
language function. Meanwhile preoperative AQ was both
associated with TLD (OR=1.04) and PLD (OR=1.03), which
demonstrated that a higher AQ of the patient meant a higher
probability of occurrence of TLD and PLD. This result can be
explained by the more obvious change effect of language
function tested by us in patients with higher AQ. Optimal
shortest distance threshold for detecting TLD was 1.5mm and
for detecting PLD was 4mm. Optimal AQ threshold for
detecting TLD was 52 and for detecting PLD was 61. This
result indicates that if the border of tumor is less than 4mm
from language areas and the AQ is more than 61, the
patients tend to have the higher probability of occurrence of
PLD. In this case, multimodal techniques should be suggested
to be used, in addition awake craniotomy combined with
DES can preserve the language function more effectively
for this kind of patients (31). The iMRI can both benefit
the preservation of temporary and permanent language
function. The iMRI was a valuable tool to correct brain drift
by updating neuronavigation and reconstructing language
cortices and tracts. It can also detect residual tumor and
update surgical plan, the further resection can increase the
EOR significantly (37, 38). So for all patients with GILAs,
iMRI should be suggested.

Tumor location was associated with PLD in univariate
analysis. Compared with the tumors of frontal/frontal insular
lobes, the tumors of insular and parietal lobes were associated with
a lower probability of PLD by univariate analysis (OR=0.39,
P=0.06). As we know, frontal lobe, especially inferior frontal
gyrus and its related tracts played a main role in language.
While some part of insular and parietal lobes also participated

TABLE 7 Optimal shortest distance threshold in differentiating PLD with no PLD by reduction of 0.5mm.

Shortest distance
(<5mm)

Univariate

analysis

Shortest distance
(<4.5mm)

Shortest distance
(<£3mm)

Shortest distance
(<4mm)

OR for PLD (95%
CI)

1.41 (0.72-2.74)

1.84 (0.97-3.49)

1.83 (1.01-3.31) 1.78 (1.05-3.03)

P value 0.32 0.06

0.046 0.033

Boldface type indicated statistical significance.
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TABLE 8 Optimal AQ threshold in differentiating PLD with no PLD by increments of 1 AQ.

AQ (=55)

Univariate analysis

AQ (=61)

OR for PLD (95%CI) ‘ 6.58 (0.88-49.05) 7.33 (0.99-54.45)

P value 0.07 0.052

Boldface type indicated statistical significance.

in language function, for example, angular gyrus and
supramarginal gyrus were located in inferior parietal lobe, the
insular lobe had efferent and afferent connections with temporal
lobe (39, 40). Our result indicated that gliomas of frontal lobe may
have more impact on postoperative language function, which can
cause more PLD of patients. However this association was not
significant in multivariate analysis. We considered it was because
the use of intraoperative multimodal techniques for many patients
reduced the influence of tumor location on PLD, and tumor
location was not more important than other factors.

Many previous studies had proved the influence of SMA and
PMA on language function. Language function was considered
controlled by a network that involving many cortical and
subcortical areas. SMA and PMA were two important areas that
took part in language function. Hertrich 2016 reported that SMA
was associated with both speech motor control and language
processing (41). Bathla 2019 reported that the central SMA can
participate in the connectivity with both motor and language
networks (42). Van Geemen 2014 reported that the ventral PMA
played a role in language production and fluency and its plasticity
was limited (43). Another study Duffau, 2004 also proved the
relevance between language function and ventral PMA (including
its descending subcortical tract) (44). So our result supported the
importance of SMA/PMA on language function of previous studies.
Our result showed that SMA or PMA involved was associated with

TABLE 9 Factors for permanent language deficit by multivariate analysis.

7.83 (1.06-58.10)

8.60 (1.16-63.66) 9.12 (1.23-67.43) 2.91 (1.02-8.30)

0.044 0.035 0.03 0.046

the occurrence of PLD, but was not associated with the occurrence
of TLD. This phenomenon may be explained by the long-term
effects of destroyed SMA/PMA. The AQ test may not have the
ability to detect the subtle change of advanced language in a short-
term, so the AQ may not change a lot, which caused no association
between SMA/PMA involved and TLD. This phenomenon should
be testified by studies in future.

To the authors’ knowledge, this study is the largest series
utilizing a multimodal approach guiding GILAs resection under
general anesthesia. We established predictive model based on
clinical factors and identified the cutoff values of predictive
probability for TLD and PLD respectively. If a patient has a high
preoperative AQ and the tumor is close to language areas and
involves SMA/PMA, the predictive probability for TLD/PLD is
higher than the cutoff, he/she will have a high predictive probability
of TLD/PLD. In this case, we should use multimodal techniques
(especially iMRI) under general anesthesia to preserve language
more effectively. In addition, awake craniotomy combined with
DES can be used for patients having a very high predictive
probability of TLD/PLD. Although our predictive model had a
moderate accuracy, it can still guide surgeon and patients of GILAs
to choose an appropriate surgery strategy and avoid unnecessary
techniques used. Furthermore, the model for TLD and PLD both
had the high -PV (0.86 and 0.92) and low +PV (0.37 and 0.31).
Thus, if a patient had a calculated probability less than cutoff value,

Factors OR (95%Cl) P
Tumor location (X1, reference: Frontal/Frontal insular)

Temporal/Temporal insular 0.84 (0.43-1.62) 0.60

Frontal temporal/Frontotemporal insular 0.75 (0.33-1.69) 0.49

Insular/Parietal/Parietal temporal/Parietooccipital/Other locations 0.53 (0.19-1.51) 0.23
Shortest distance to language areas (X2) 0.83 (0.75-0.93) 0.001
SMA/PMA invaded vs not invaded (X3) 3.04 (1.35-6.84) 0.007
Preoperative AQ (X4) 1.03 (1.01-1.05) 0.002
EOR (X5) 0.99 (0.96-1.01) 0.33
Multimodal techniques (used vs not used) (X6) 0.35 (0.20-0.61) <0.001

Boldface type indicated statistical significance.
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resection under general anesthesia can ensure a low incidence of
TLD/PLD. So this model can provide surgeon and patients a
reference of incidence of TLD/PLD to help them make decision
of what intraoperative techniques to be used.

Some limitations existed in this study. (1) Retrospective
studies have inherent limitations that may cause selection bias,
recall bias and loss to follow-up bias. (2) In order to facilitate
data analysis, tumor location cannot be classified too many
categories, we only classified 4 main categories in our cohort.
But the language network was complex, gliomas involving
different language areas can cause different types of language
deficits. In further study, the tumor location should be divided in
detail to explore its association with postoperative language
function of GILAs. (3) The predictive model was based on
cohort of patients under general anesthesia, so it was only
applicable to patients underwent surgery under general
anesthesia. The model should be validated with further
prospective studies. Awake craniotomy should be also added
as a factor that associated with language deficit to improve this
model in future, which will make this model have a wider
applied range.

Conclusion

The use of multimodal techniques can reduce the risk of
postoperative TLD/PLD after removing GILAs under general
anesthesia. The established predictive model indicated that
higher AQ, shorter distance to language areas, SMA/PMA
invaded and multimodal techniques not used were associated
with the higher probability of occurrence of language deficit after
resection of GILAs under general anesthesia. The optimal AQ
threshold and shortest distance threshold in detecting TLD/PLD
were also identified. The model had a moderate accuracy in
predicting the occurrence of TLD/PLD. We can provide the
surgeon and patients a guide to choose appropriate surgery
strategy and techniques. The model should be validated with
further prospective studies.
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Advances in the intraoperative
delineation of malignant
glioma margin
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Surgery plays a critical role in the treatment of malignant glioma. However, due to
the infiltrative growth and brain shift, it is difficult for neurosurgeons to distinguish
malignant glioma margins with the naked eye and with preoperative examinations.
Therefore, several technologies were developed to determine precise tumor
margins intraoperatively. Here, we introduced four intraoperative technologies
to delineate malignant glioma margin, namely, magnetic resonance imaging,
fluorescence-guided surgery, Raman histology, and mass spectrometry. By
tracing their detecting principles and developments, we reviewed their
advantages and disadvantages respectively and imagined future trends.

KEYWORDS

glioma, intraoperative, MRI, FGS, Raman histology, mass spectrometry

Introduction

At present, the standard treatment for malignant glioma is surgical resection combined
with chemotherapy and radiotherapy, which is far from reaching patients’ expectations and
offers slow progress (1-3). As the first step, surgery plays a critical role in multimodal
treatments and its efficacy is highly dependent on the surgeon’s skill. Moreover, due to the
infiltrative growth, it is difficult to depict the tumor margin and excise the tumor completely
(4). Consequently, it contributes to a high local relapse rate, and most recurrences occur near
the surgery margins. Therefore, delineating more sophisticated brain tumor margins and
improving surgeons’ ability to navigate removing the tumor completely are important for the
improvement of brain tumor treatments (5).

Therefore, to visualize the tumor margin and assist neurosurgeons in resecting tumors
completely, establishing a precise and real-time guiding system has already become an active
demand in neurosurgery. Besides the infiltrative growth nature, the requirement of protecting
brain functional boundaries emphasizes more importance to improving the resolution of
margin demarcation than other solid tumors in the peripheral system. Various techniques in
detecting tumor molecular or metabolic markers by physical or chemical methods allow for
depicting millimeter-level resolution boundaries (6, 7). Moreover, due to the impact of brain
shifting, it is necessary for various techniques to be performed and to amend intraoperative
detection (8-10).

Here, we list the developments of several novel intraoperative technologies depicting precise
malignant brain tumor margins, that is, magnetic resonance imaging (MRI), fluorescence-
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guided surgery (FGS), Raman histology, and mass spectrometry (MS)
(Figure 1). Analyzing the advantages and disadvantages of different
technologies, we provide a comprehensive review to trace the updated
developments of new intraoperative systems.

Intraoperative MRI

MRI is the essential preoperative examination for brain cancer
patients and a salient basis for intraoperative navigation. However,
due to the presence of brain shift, which is inevitably caused by the
loss of cerebrospinal fluid, force-induced deformation of brain tissue,
and so on, the utilization of preoperative image data to guide
neuronavigation will inevitably lead to deviations (11). These
deviations may lead to either residual tumor after resection or over-
resection of normal brain tissue. Though various software for
correction algorithms based on physical or mathematical models
are under research and development, clinical examinations of this
software are required (12, 13).

Currently, intraoperative imaging remains the established
solution (14). Contributing to its high contrast in soft tissues,
precise spatial resolution, and functional brain imaging ability,
intraoperative MRI (iMRI) becomes the first option among various
intraoperative imaging systems (15, 16). The first public application
of iMRI in the neurosurgical community was reported by General
Electric and Brigham and Women’s Hospital (BWH) of Harvard
University in 1996 (17, 18). The past 26 years have witnessed a great
development in iMRI systems. Previous generations of iMRI were
based on moving the operating table into the MRI examination room.
Nowadays, fundamental innovations in the engineering and physics
of the magnet and coils allow the movement of MRI scanners. The
common characteristic of the newest iMRI systems is the
performance of intraoperative imaging without the movement of
patients, that is, to be able to perform surgery while the scan is being
completed and with the patient in the same position (19). The field
strength of iMRI is also increasing, which improves the imaging
quality. Moreover, high field strength provides the advantages of less
signal acquisition time, high sensitivity of functional imaging, and
quantitative analysis of tissue metabolites based on spectrum signal
(20, 21). Senft et al. performed a prospective, randomized, parallel-
group trial to confirm the efficacy of iMRI application. They found
that 96% (23/24) of the patients in the iMRI group and 68% (17/25) of
the patients in the control group had complete tumor resection. No
patient for whom the use of iMRI led to continued resection of the
residual tumor had neurological deterioration. It indicated that
imaging helped surgeons provide the optimum extent of resection
(22). Huashan Hospital retrospectively analyzed 373 patients with 3T
iMRI-guided surgery. The ratio of gross total resection for cerebral
gliomas (n = 161) was increased from 55.90% to 87.58% (23). Also,
Kuhnt et al. proved the correlation between the extent of tumor
resection and glioblastoma multiforme patient survival with high-
field iMRI, demonstrating that navigation guidance and iMRI
significantly contribute to optimal EOR with low postoperative
morbidity, where the extent of resection 298% and patient age <65
years are associated with significant survival advantages (22).
However, high-field-strength iMRI has its share of problems.
Owing to the interference of waves caused by the dielectric effect,
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the imaging signal is uneven and the center signal is higher than the
peripheral one. Also, compared with 1.5 T iMRI, motion artifacts,
chemical shift artifacts, and susceptibility artifacts were more obvious
on 3.0 T iMRI (24).

Besides the structure imaging ability of iMRI, its functional
imaging and molecular imaging show more and more advantages
in the operation of malignant glioma. The protection of brain
function during operation is a very salient issue in neurosurgery.
Different from the peripheral system with more clear structural
markers, individual brain functional regions have great differences
in details. Therefore, electrophysiological monitoring and
intraoperative arousal techniques play critical roles in the resection
of tumors located in brain functional areas. Usually, preoperative MRI
examination uses blood oxygen level-dependent imaging (BOLD) and
diffusion tensor imaging (DTI) technologies to achieve fMRI imaging
of brain functional areas, to achieve relatively intuitive and gradual
delineation of brain functional area boundaries, and to help design
surgical approaches and resection schemes. Lehericy et al. and Wu
et al. both reported that BOLD localization of the motor cortex was in
good agreement with the results of controlled studies on direct
electrical stimulation during surgery (25-27). Studies by Rutten
et al. show that BOLD and electrical stimulation technology have
good consistency in locating the language cortex (28). However, the
delineation of malignant glioma functional margin based on
preoperative MRI has its limitations. Because of the disturbance in
the operation, the accuracy of the preoperative functional partition
decreases with the operation. The tiny deviations can have serious
consequences when it comes to the functional brain regions.
Fortunately, iMRI can achieve both fMRI and DTI Besides the
localization of the motor cortex using the task-based intraoperative
fMRI technique during awake procedures, the resting state localizing
the motor cortex of patients who are under general anesthesia could
be detected using intraoperative fMRI (29, 30). Also, D’Andrea et al.
reported that they localized white matter tracts participating in
language with intraoperative DTI instead of direct electrical cortical
stimulation (DCS) and that 78% of patients achieve gross total
excision without any postoperative complications (31). However,
the inherent flaws in the functional detection ability of MRI may
result in limited statistical power, arbitrary data analysis, false-positive
results, and lack of independent replications (32). Therefore, though
iMRI could improve the precision of fMRI, the fact that it is time-
consuming and unstable makes it unlikely to replace DCS, while
intraoperative DTI has the potential to increase the safety and
excision extension of non-awake surgery.

Not only functional imaging, but also molecular imaging might be
a promising development direction. In 2021, the fifth edition of the
WHO Central System Tumor Grading Criteria highlighted the
importance of tumor molecular markers as an important basis for
classification. As for preoperative MRI, it has already shown its
potential in detecting the qualitative, quantitative, and localization
of specific molecular chemicals. Magnetic resonance spectroscopy
(MRS) is a technology that uses the chemical shift of atomic nucleus
caused by the external magnetic field to realize a non-invasive in vivo
study of physiological or pathological metabolic changes. The
hydrogen proton (‘H-MRS) is the most commonly used one.
Compared with conventional MRI, '"H-MRS can determine the
nature and value-added activity of lesions from the aspect of

frontiersin.org


https://doi.org/10.3389/fonc.2023.1114450
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Jiang et al.

metabolism (33). In the process of occurrence and development of
many diseases, the metabolic changes are earlier than the pathological
changes (34). Therefore, MRS can distinguish and classify gliomas at
the biochemical level (35-37). Roder et al. reported the feasibility of
intraoperative MRS and its potential usage in an extended tumor
resection (38). However, due to the low spatial resolution, the long
examination time, and interference of fat and skull, there is slow
progress in the application of intraoperative MRS during surgery.
Currently, the mainstream application is to register preoperative MRS
imaging into intraoperative MRI, so as to achieve more targeted
biopsy or excision guidance (39, 40). More convincing research
evidence is needed to support the necessity of carrying out
intraoperative MRS.

The application of iMRI also has other limitations. The utilization
of iMRI significantly increases operative time compared with
traditional operation. It requires additional time for setup,
registration, draping, and redraping of patients, as well as the
transport of the patient into and out of the scanner (41, 42). It is
necessary to take into consideration the additional time needed for
patient selection and the scheduling of the operating room. Lastly, the
huge cost of iMRI equipment purchase ranges from $3 million to $7
million, not including the inconvenient cost of renovating the
operative suite (43). Meanwhile, considerable costs are required for
the maintenance of iMRI instruments and to employ specialized staff
to assist in surgery. Though there was a study demonstrating the
potential economic advantages of less hospital stay and lower total
hospital costs from using iMRI (44), there is no doubt that the high
cost of purchasing an iMRI system has become a major hindrance to
universal implementation (43, 45).

Overall, the iMRI system has already been widely applied and
exhibits a fantastic prospect. Its high spatial resolution and the
depiction of brain function and metabolism margin improve the
effect of surgical removal of brain tumors. The future development of
iMRI relies on the amelioration of devices and computational
performance, including higher magnetic field intensity, higher
gradient performance, and multi-channel signal acquisition. The
digitally integrated neurosurgical operation center based on iMRI
could contribute to interactively integrating a variety of minimally
invasive new technologies, to achieve less surgical trauma and more
complete surgical resection. Compared with mechanical design, the
effect of algorithms and high-performance computers would play a
more important role. It is possible to enhance the spatiotemporal
resolution of iMRI without the need for magnetic field strength
improvement (46, 47). Besides the imaging resolution of brain
structures, it is mainly used for determining functional and
metabolic boundaries to guide more sophisticated surgical resection.

Intraoperative fluorescence

Another approach to maximize the extent of resection and avoid
neurological damage is to use fluorescence dyestuff to highlight tumor
regions and improve visual contrast. In recent decades, several
fluorescence contrast agents, such as 5-aminolevulinic acid (5-
ALA), indocyanine green (ICG), and fluorescein sodium (FLS),
have been available for intraoperative use in clinical settings (48, 49).
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5-ALA is the precursor of heme synthesis, which can generate
protoporphyrin IV (PpIV) during metabolism (50). PpIV has strong
photosensitive activity. In malignant tumor cells, the activity of
enzymes involved in PpIV production is stronger than that in
normal cells, while the activity of enzymes catalyzing the
conversion of PpIV to hemochrome is weaker than that in normal
cells. Therefore, a large amount of PpIV is accumulated in tumor cells
(51, 52). Using this characteristic, the PpIV-rich tumor tissue can
emit red fluorescence (635-705 nm) after being irradiated by an
appropriate spectrum (407 nm) during the operation. Thus, tumors
can be distinguished from normal tissues under the microscope.
Therefore, 5-ALA has the advantages of convenient administration
(oral administration before surgery), favorable visualization, and
repeated administration (53, 54). It was reported that the sensitivity
and specificity of 5-ALA in dense HGG tissue were above 90% (55).
However, different studies show varying sensitivities (from 21% to
95%) and specificities (from 53% to 100%) (56-60). Meanwhile, 5-
ALA is prone to show false-positive results in low-grade glioma,
edema, and inflammatory tissues, and the fluorescence signal of deep
tumors may also be covered by normal tissues (61-63).

FLS is a fluorescent compound used for obtaining diagnostic
biopsies initially. It could be excited by light in the 460- to 500-nm
range and send out the yellow-green part of the spectrum between 540
and 690 nm (64). Its application in neurosurgery was pioneered by
Moore et al. in 1947 (65). FLS could be intravenously injected and
visualized in the tumor tissue through the blood-brain barrier (66).
Since the development of microscopes, the dose of FLS frequently
used has been 1-2 mg/kg, guaranteeing safety and tolerability (67).
Because of its low cost and simple operation, FLS is easy to promote in
clinical practice (68). However, it is not directly bound to glioma cells
but only accumulates in the tumor tissue; thus, the specificity is lower
than that of 5-ALA (69, 70).

Intraoperative Raman histology

Raman histology is a label-free imaging method that uses intrinsic
biochemical markers to distinguish tumor tissues (71, 72). In 1928,
the Indian physicist Raman found that the inelastic scattering
phenomenon occurs when the frequency of an incident photon is
shifted after being scattered by a molecule. Therefore, it is possible to
identify specific agents according to their unique Raman scattering
spectrum (73). Since tumor cells have the ability to change
metabolism to promote their rapid proliferation, Raman histology
testing the chemical changes (e.g., protein, lipids, nucleic acids, and
pH) could assess the tumor margin to guide the resection, based on
the chemical composition of both inorganic and biological specimens.
Hollon et al. reported that the diagnostic accuracy using stimulated
Raman histology in 48 glioma patients was 95.8%. They concluded
that the utilization of stimulated Raman histology improved the
intraoperative detection of glioma recurrence in near-real time (74).

Considering its characteristics of real-time and rapid detection,
intraoperative Raman histology has already shown its potential to
achieve real-time molecular pathological level of tumor boundary
detection (75). Surface-enhanced Raman scattering (SERS) is a
spectroscopic technique based on the plasmon-assisted scattering of
molecules absorbed on the noble metal surface, which has high
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photostability, sensitivity, and potential for the simultaneous
detection of up to 10 compounds (76, 77). Jin et al. reported an
intelligent SERS Navigation System to guide brain tumor resection.
They detected tumor tissues’ metabolic acidosis (pH 6.2-6.9) caused
by glucose metabolism shifting from oxidative phosphorylation to
aerobic glycolysis. The efficiency had been examined in both animal
models and patients. This system accelerates the clinical translation of
acidic margin-guided surgery and avoids exogenous imaging probes.
Also, concerning its detection of extracellular acidification, which is a
common marker in solid tumors and does not rely on specific genetic
phenotypes, SERS depiction of solid tumor margin testing metabolic
acidosis might have a broader and universal application prospect (78).
However, intraoperative Raman histology has its drawbacks.
Firstly, through the spatial resolution at the millimeter level, a small
area of each detection range (mm?) increased the number of repeated
operations and the workload of neurosurgeons (79). Meanwhile, ex
vivo imaging requires tissue removal, which also limits its further
clinical application (80). The future development of Raman histology
depends on the feasibility of rapid wide-ranging examination and
instrument combination with integration and miniaturization.

Intraoperative mass spectrometry

Mass spectrometry is a method of detecting moving ions by
separating them according to their mass-to-charge ratios using
electric and magnetic fields. The composition of ions can be
determined by measuring the exact mass of ions. It is widely used
in the laboratory to qualitatively and quantitatively analyze the
composition, molecular phenotype, and content of the samples,
which has the advantages of high detection speed and high
sensitivity (81). The commonly used indicators of glioma detected
by mass spectrometry include N-acetylaspartic acid (NAA), 2-
hydroxyglutaric acid (2-HG), choline, creatine (Cr), myoinositol
(mlI), lactic acid (Lac), and lipid (Lip). According to quantitative
analysis of certain contents, neurosurgeons could not only distinguish
tumor tissue from normal brain tissue but also identify molecular

10.3389/fonc.2023.1114450

subtypes of brain tumors (82, 83). For example, the content of NAA
reflects the number of neurons and axons, and the concentration of
NAA often decreases significantly in brain tumor tissues. 2-HG is the
metabolite of isocitrate dehydrogenase (IDH) gene mutant glioma; the
concentration in IDH-mutant tumor samples could be more than 100
times the size of a normal brain tissue (84, 85). The detection of such
chemical indicators by intraoperative mass spectrometry provided the
ability to characterize the molecular and metabolic boundaries of
tumors. Considering its operating principles, the technique applies to
a wide range of chemicals and promises high-throughput analysis.

Moreover, in 2004, desorption electrospray ionization mass
spectrometry (DESI-MS) made it possible to direct intraoperative
sampling analysis without the need for sample preprocessing (86). In
2015, Alan et al. reported that the DESI-MS detections of 158 glioma
samples, 223 gray matter samples, and 66 white matter samples could
effectively distinguish glioma from white matter and gray matter, and
the overall sensitivity and specificity reached 97.4% and 98.5%,
respectively (87). Moreover, with the development of techniques,
the detection time is reduced to 3 min according to Pirro et al.’s report
in 2017 (88).

In a nutshell, intraoperative mass spectrometry has shown the
potential to redefine the maximum resection of glioma. Despite its
rapid development, the clinical application of iMS remains limited in
the operating room, which is essential to complete validation of large-
sample-size data. The limitation of spatial resolution and detection
accuracy required the development of the ionization technique. The
miniaturization of intraoperative simple testing instruments and the
establishment of rapid intraoperative testing procedures are the key to
accelerate clinical popularization. Also, future development requires
more stable biomarkers, a mass spectrometry library, and
integrated equipment.

Discussion

We summarized different intraoperative techniques for
delineating the precise boundaries of brain tumors, including MRI,

iRaman

FIGURE 1

Graphical abstract showing the four intraoperative technologies for precise depictions of malignant glioma margin.
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fluorescence-guided surgery, Raman histology, and mass
spectrometry. Considering their inability to depict precise
boundaries, especially molecular and metabolic margins, we did not
include intraoperative computerized tomography and ultrasound in
this review. The principle and development of each technique are
briefly introduced, and their advantages and disadvantages are
analyzed. Regardless of the differences in imaging methods, the
ultimate goal of accurate delineation of tumor molecular
boundaries is to improve the gross total resection and the surgical
benefits for brain tumor patients on the premise of protecting normal
brain tissues. At the same time, the delineation of tumor molecular
boundaries is helpful to further improve the judgment of molecular
classification of brain tumors and guide the subsequent diagnosis and
treatment. Though we illustrated them respectively, different
techniques were not mutually exclusive; for example, intraoperative
mass spectrometry could also be used in conjunction with
intraoperative MRI (89). The necessity and priority of the use of
different techniques need to be explored and verified. Also, how to
interact and fuse multiple methods to form multimodal delineation of
tumor boundaries is an important direction for future research
and development.

At present, the application of these new technologies is hindered
by their high cost. ElGamal et al. have analyzed the effectiveness and
cost-effectiveness of intraoperative fluorescence, intraoperative
ultrasound, and intraoperative MRI (90). All approaches have been
shown to significantly improve the gross total resection and
progression-free survival of high-grade gliomas, while the high cost
of these new techniques has significantly hindered the progress and
prevalence of these techniques. Therefore, cost reduction and the
improvement of integrated and miniaturized intraoperative detection
equipment are urgent problems that need to be solved in future
engineering and manufacturing development. To promote the
popularization of these new technology, it requires to be compatible
with common operating rooms. One possible solution to strike
balance between accuracy and economic efficiency is to establish a
large-sample multimodal database and use artificial intelligence
algorithms to improve the original imaging resolution (91-93).

Based on the criteria of intraoperative real-time imaging and
delineation of tumor boundaries at the molecular level, we selected
intraoperative MRI, fluorescence-guided surgery, Raman histology,
and mass spectrometry for review. Due to the rapid development of
technology and the differences in different regions, inevitably, the
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Preoperative individual-target
transcranial magnetic stimulation
demonstrates an effect
comparable to intraoperative
direct electrical stimulation

in language-eloquent glioma
mapping and improves
postsurgical outcome: A
retrospective fiber-tracking and
electromagnetic simulation study
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Background: Efforts to resection of glioma lesions located in brain-eloquent areas
must balance the extent of resection (EOR) and functional preservation. Currently,
intraoperative direct electrical stimulation (DES) is the gold standard for achieving
the maximum EOR while preserving as much functionality as possible. However,
intraoperative DES inevitably involves risks of infection and epilepsy. The aim of this
study was to verify the reliability of individual-target transcranial magnetic
stimulation (IT-TMS) in preoperative mapping relative to DES and evaluate its
effectiveness based on postsurgical outcomes.

Methods: Sixteen language-eloquent glioma patients were enrolled. Nine of them
underwent preoperative NnTMS mapping (n=9, nTMS group), and the other seven
were assigned to the non-nTMS group and did not undergo preoperative NnTMS
mapping (n=7). Before surgery, online IT-TMS was performed during a language
task in the nTMS group. Sites in the cortex at which this task was disturbed in three
consecutive trials were recorded and regarded as positive and designated nTMS
hotspots (HS,tms). Both groups then underwent awake surgery and intraoperative
DES mapping. DES hotspots (HSpgs) were also determined in a manner analogous
to HSntms. The spatial distribution of HS,tms and HSpgs in the nTMS group was
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recorded, registered in a single brain template, and compared. The center of
gravity (CoG) of HS,tms (HShtms-coc)-based and HSpes_cog-based diffusion tensor
imaging-fiber tracking (DTI-FT) was performed. The electromagnetic simulation
was conducted, and the values were then compared between the nTMS and DES
groups, as were the Western Aphasia Battery (WAB) scale and fiber-tracking values.

Results: HS,,tms and HSpes showed similar distributions (mean distance 6.32 +
2.6 mm, distance range 2.2-9.3 mm, 95% CI 3.9-8.7 mm). A higher fractional
anisotropy (FA) value in NTMS mapping (P=0.0373) and an analogous fiber tract
length (P=0.2290) were observed. A similar distribution of the electric field within
the brain tissues induced by nTMS and DES was noted. Compared with the non-
nTMS group, the integration of NTMS led to a significant improvement in language
performance (WAB scores averaging 78.4 in the nTMS group compared with 59.5
in the non-nTMS group, P=0.0321 < 0.05) as well as in brain-structure preservation
(FA value, P=0.0156; tract length, P=0.0166).

Conclusion: Preoperative IT-TMS provides data equally crucial to DES and thus
facilitates precise brain mapping and the preservation of linguistic function.

KEYWORDS

transcranial magnetic stimulation, language mapping, fiber-tracking, electromagnetic
simulation, deep electrical stimulation

1 Introduction

Gliomas, the most common type of brain tumor, are highly
infiltrative and diffusive and display migrative ability (1). Generally,
the optimal surgical treatment involves achievement of the maximum
extent of resection (EOR) while preserving as much functionality as
possible (2, 3). Because the risk of postoperative language deficits
significantly increases when brain tumor surgery involves the
language-dominant area, it is crucial to determine language
dominance as part of surgical planning (4, 5). Linguistic maps
provide surgeons with a visualized distribution of language-
eloquent brain lesions. In particular, knowledge of the spatial
relationship between a tumor and the language area serves to
distinguish the safe and vulnerable areas for precise resection.
Currently, awake surgery in combination with direct electrical
stimulation (DES) is the gold standard for brain functional
mapping (6, 7), but the operation time for awake surgery is
substantial. For example, recently Rossi et al. investigated the mean
duration of awake surgery, including intraoperative tasks and
functional mapping, in 95 glioma patients (8). The average time is
(280 + 30) min, about (4.67 + 0.5) h. Maldaun et al. also reported that
the mean duration of awake surgery was 7.3 hours (range 4.0-13.9
hours), in an analysis of 42 glioma awake craniotomy cases for both
motor and speech mapping (9). Accordingly, the risk of
intraoperative infection is greater, as operation time is a known risk
factor for surgical site infection (10). In addition, Valentini et al. also
reported that this risk was increased with duration of surgery > 2
hours, and a further relative risk increase for surgeries lasting 3-4
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hours according (11). When precise localization by preoperative
methods is achieved, the time required for awake surgery and
intraoperative cortical mapping may be less, and attendant risks
may be reduced (12).

In order to map the language cortex preoperatively, a new technique
combining advanced imaging and electrophysiology, namely navigated
transcranial magnetic stimulation (nTMS), has been introduced (13, 14).
Transcranial magnetic stimulation (TMS) is a non-invasive stimulating
technique that generates an alternating magnetic field, thereby inducing
transient electric fields within the targeted brain cortex that, in turn,
alters neural plasticity, restores synaptic connections, and finally excites/
inhibits neurons (15). In cognitive studies, TMS is used to interfere with
neural circuits in a temporally precise manner to create what is known as
“virtual lesion”. Researchers then study the eftect of this lesion on a
certain behavior (16). Consequently, online nTMS mapping may
provide information about the brain functional boundary in a reliable
noninvasive manner, anticipating information that otherwise may be
available to surgeons only during an operation using DES. Many
previous studies have compared TMS to DES to test if eloquent areas
can also be reliably predicted in a noninvasive manner (17-21), and
reported that nTMS provided mapping effects equivalent to those that
DES provided, especially with respect to target location (22), and
outperformed DES in functional preservation (23). These studies have
provided valuable insights into the prediction accuracy of TMS for
neurosurgical guidance (24) and established TMS as a useful tool for
presurgical planning. However, direct evidence of the elucidating
mechanisms, such as induced electric fields in the cortex and
subcortical fiber tracts, has been lacking.
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Individual target (IT)-TMS, a novel form of nTMS that combines the
personalized stimulation site and dose with precise robotic targeting,
has already been shown to increase the remission rates of major
depressive disorders significantly compared with intermittent theta
burst stimulation (25) as well as improve primary insomnia (26),
postpartum depression (27), and Meige’s syndrome (28). The term
“individual” refers in this context to the construction of unique brain
regions in each subject and selection of stimulation sites, that is,
location. The term “target” refers to the navigated stimulation of the
selected site with the help of robotic TMS equipment sets, that is,
positioning. It is as yet unclear whether IT-TMS enhances the
reliability of preoperative mapping results. The main aim of this
study was, accordingly, to compare the reliability and effectiveness of
IT-TMS with those of DES with respect to language mapping in
patients with glioma, so as to provide evidence that matches with the
evidence provided by DES and, therefore, reduces the time required
for and risks associated with the operation.

2 Materials and methods

2.1 Subjects

This study included sixteen patients, 6 men and 10 women aged
28-69 (mean 52.69 * 12.7 years, all right-handed), with brain glioma
located in areas surrounding classic Broca’s area, inferior frontal gyrus
and ventral precentral gyrus. All surgeries were performed by the
same surgeon, who commonly finishes about 150 glioma surgeries
every year in his department. All of the subjects provided written
informed consent. All of the procedures in this study were approved
by the ethics committee of Xijing Hospital and conducted under the
guidelines of the Declaration of Helsinki.

2.2 Magnetic resonance imaging

The subjects received preoperative and postoperative awake MRI
scans, including T1, T2, and DTI. The scans were performed using a
3.0 T scanner equipped with a 32-channel head coil. T1-weighted
sagittal anatomical images were obtained with the following
192; repetition time (TR) = 7.24 ms;
echo time (TE) = 3.10 ms; slice thickness/gap = 0.5/0 mm; in-plane

parameters: sagittal slices =
resolution = 512 x 512; inversion time (TT) = 750 ms; flip angle = 10%
field of view (FOV) = 256 x 256 mm; voxel size = 0.5 x 0.5 x 1 mm;
and T2 with TR/TE/FOV/voxel size/slice number 2,500 ms/236 ms/
240 mm/1 mm x 1 mm X 1 mm/200. The DTI data were acquired
with the repetition time (TR) = 12,676 ms; echo time (TE) = 88.6 ms,
slice thickness = 2 mm, flip angle = 90°. All subjects wore earplugs to
reduce the noise and possible head motion.

2.3 Preoperative IT-TMS mapping

We used the Black Dolphin Navigation Robot (S-50, a sub-
millimeter smart positioning system, Solide Medical Sci. & Tech.
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Co., Ltd., Xi’an, Shaanxi, China) with a figure-of-8 coil (Yingchi Tech,
Shenzhen, China) to perform the IT-TMS. An infrared camera and a
three-dimensional individual mask were used for precise navigation
of the coil over the target area under real-time visualization. The
possible individual language sites close to the lesions of each subject in
the nTMS group were marked prior to the experiments. Briefly, based
on individual MRI brain images, the predefined targets were
integrated into the operation system, in which a 3D restoration of
the brain images and targets was visualized that allowed for the visual
selection and monitoring of the immediate targets selection and
monitoring. Next, online continuous theta burst stimulation (cTBS)
examining these sites was performed before the subjects entered the
operation room, with a number-counting task being performed in the
meantime. When language was disturbed, the site was regarded as an
nTMS hotspot (HS,1ms)- The resting motor threshold (rMT, defined
as the lowest TMS intensity capable of eliciting a 50 uV MEP
amplitude in at least 5 out of 10 consecutive trials) was measured
over the abductor pollicis brevis (APB).

2.4 Intraoperative DES mapping

For each subject in the two groups, an awake craniotomy was
performed to gain access to the tumor regions near the language areas,
during which procedure the language task and DES targeting the
language cortex were conducted to test whether language was
disturbed. The DES was guided by the results of the preoperative
data provided by the nTMS and nTMS-based DTI-FT (when
available). A single anodal square pulse (pulse duration 0.2 ms) was
employed. The minimum intensities from 1 mA, 2 mA to maximally 6
mA were applied when no response was achieved. When language
was disturbed in three consecutive trials (29, 30), the site was regarded
as DES hotspots (HSpgs).

2.5 Language task

Given the uniformity of enrolled subjects, we aimed to identify
language-eloquent sites for speech production. Hence, only number-
counting task was performed during the nTMS and DES procedures
(2, 31, 32). Briefly, each was asked to count from 1 to 20 in succession
while the nTMS and DES mapping were being conducted. Once
counting was interrupted in three consecutive trials, this stimulation
site and parameter were recorded as positive and deserving of
further analysis.

2.6 Electromagnetic simulation

SimNIBS software (Version 3.2.4) served to generate for each
subject the finite element mesh model based on the T1 images. A
3Dslicer served to segment the tumor using the intensity threshold
method, and manual correction was performed. The isotropic tissue
conductivity was as follows: Oy;n=0.465 S/m, Og,=0.010 S/m,
Ocsr=1.654 S/m, 05=0.2765 S/m, Ow»=0.126 S/m The electrical
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conductivity of glioma tissue was consistent with that of surrounding
gray matter.

For the nTMS, SimNIBS software again served to simulate the electric
field. The coil model was established by measuring the magnetic field from
the center of gravity (CoG). For the DES, the monopolar electrical
stimulation was modeled by applying a Dirichlet boundary condition
(33) for the electric potential at the stimulation point on the grey matter
surface and a remote large return electrode at the inferior end of the FEM
model. Two small balls with a radius of 1 mm served as the positive and
negative electrodes of the electrode pen, and the distance between the
centers was 4.4 mm. A realistic head model served to simulate the electric
field generated during the intraoperative stimulation.

2.7 TMS-DES comparison

To compare the extent of the simulated TMS electric field
stimulation area that coincided with the DES stimulation area, we
computed the percentage of the area on the grey matter surface of the
nTMS-induced electric field (E,rnms) included in the area of the DES-
induced electric field (Epgs) in a DES-determined region of interest
(ROI). In the next step we computed the CoG of HS s (HSnwvs-
coc) and HSpgs o for each subject as described previously (34). This
method reduces the electric field maps to a single point. In the
following analysis, we computed the Euclidian distance between the
two CoG points for each subject.

2.8 Diffusion tensor imaging (DTI)-based
fiber tracking (DTI-FT)

All language-positive HS,tms cog and HSpgs.cog sites were
transferred to DSI Studio software to determine the DTI-FT. First,
the group of language-positive sites was fused with the MRI sequences
preoperatively acquired. Next, these sites were defined as a region of
interest, and tractography was conducted. The minimum fiber length
was set at 20 mm for all of the trackings. Fractional anisotropy (FA)
values were predefined as 0.1 as well as 50% of the individual FA
threshold, as is conventionally done for the purpose of fiber tracking

A

dmm—\IS Maghine =

FIGURE 1

(A) Experimental set-up with labeled devices with picture of the IT-TMS system used for preoperative functional mapping prior to brain tumor surgery.
The monitor shows a 3D-reconstruction of the brain with coil localization. (B) Preoperative language-positive mapping sites in one patient. (C) The
intraoperative functional boundary in the same patient. The yellow dots and numbers indicate language-interrupted areas; the grey dots and white
numbers indicate the peritumoral mouth and facial motor areas. The red color indicates the area of the tumor. A similar distribution of positive language-
related sites was observed between pre-operation and intra-operation. S, superior; |, inferior; A, anterior; P, posterior.
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(35-37). We then saved the resulting data set consisting of preoperative
MRI sequences, language-positive sites, and nTMS-based tractography.

2.9 Outcome measurements

A detailed case history and neurological examination, including
the Western Aphasia Battery (WAB) scale (38) as the primary
outcome, was conducted both preoperatively and postoperatively
for each subject in the nTMS and non-nTMS groups.

2.10 Statistical analysis

The parameters assessed in this study are presented as means +
standard deviations and calculated using SPSS software. GraphPad
Prism software served to generate the values and graphs. We
performed all of the computations described here for each subject
individually and then calculated the mean over all of the subjects.

3 Results

3.1 Preoperative and intraoperative
language mapping

First, preoperative IT-TMS mapping was performed on one
subject, as shown in Figure 1. Briefly, a TMS coil exporting the
cTBS signal was used to target the language-eloquent cortical areas so
as to examine the positive sites during the number-counting task for
each subject in the nTMS group. No side effects were reported.
Figure 1 shows the positive mapping results. The yellow dots
indicate language-interrupted areas, and the grey dots indicate the
peritumoral mouth and facial motor area. The location of the glioma
is shown in red. Figure 1 shows the subsequent intraoperative
functional boundary derived from the DES in the same subject.
Again, the yellow numbers indicate the language area, and the
white numbers indicate the peritumoral mouth and facial motor
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area. Figures 1B, C show the similar distribution of positive language-
related sites.

3.2 Distance between HS,tms-coc
and HSpes-cog

The distribution of positive nTMS language mapping sites was
similar to those of DES (Figure 2), reporting a mean distance of 6.32 +
2.6 mm (distance range 2.2-9.3 mm, 95% CI 3.9-8.7 mm). The green
dots indicate the n'TMS-positive sites, and the yellow dots indicate the
DES-positive sites. The red dot indicates the CoG of the nTMS-
positive sites (HS,tms.cog), and the blue dot indicates the HSpgs_cog-

3.3 Comparison of HS,tms-cog-based and
HSDES_CoG—based DTI-FT

As Figure 3 shows, the tractography results of arcuate fasciculus
(AF) and superior longitudinal fasciculus II and IIT (SLE-II + III)
derived from CoG-based DTI-FT were similar between nTMS and
DES mapping. No significant difference in tract length was found
between the two groups (P=0.2290, Table 1). In addition, the FA value
was significantly higher in the nTMS mapping than in the DES
mapping (P=0.0373, Table 1), suggesting that the former may provide
extra assistance in language mapping and functional preservation.

3.4 Distribution of electric field induced by
nTMS and DES

To analyze the accuracy of the nTMS mapping, we compared the
computationally predicted stimulation area in HS,tms.cog With
the HSpgs cog area for each subject in the nTMS group (Figure 4).
The high electric field strengths of E,rys were restricted to the
inferior frontal gyrus. The Epgs was considerably more spatially
restricted and decreased rapidly as the area increased. Over 90%
overlap of the E, s stimulation area fell within the DES electric field
(Figure 4, see more data in Supplementary Material section).

10.3389/fonc.2023.1089787

nTMS

DES

Subject 1

Subject 2

FIGURE 3

The tractography results of arcuate fasciculus (AF) and superior
longitudinal fasciculus Il and Il (SLF-II + I1l) derived from CoG-based
DTI-FT of two subjects, in nTMS and DES, respectively

3.5 Effectiveness of the nTMS mapping
compared with the non-nTMS group

As shown in Figure 5, the members of the nTMS group
demonstrated significantly higher postoperative WAB scores than the
members of the non-nTMS group, suggesting that the preoperative
mapping generated a better result with respect to linguistic
preservation. To be specific, preoperative WAB score in nTMS group
was (97.14 + 2.56, n=9), and in non-nTMS group (97.7 £ 2.5, n=7). The
independent-samples t-test demonstrated no significance
(P=0.658>0.05). Postoperatively, the mean WAB score in nTMS
group was (78.4 + 10.4, n=9), and in non-nTMS group (59.5 + 8.8,
n=7). The independent-samples t-test between these two groups
showed a P value of 0.0321 (less than 0.05). Moreover, according to
the DTI-FT of AF and SLF-II + III results shown in Table 2, greater

FIGURE 2

Distribution of language-positive sites derived from nTMS and DES. The green dots indicate the nTMS-positive sites, among which the CoG is shown in
red. The yellow dots indicate the DES-positive sites, among which the CoG is shown in blue. (A) sagittal view; (B) coronal view; (C) cross view. CoG =
center of gravity; scale bar = 10 mm; L, left; R, right; S, superior; |, inferior; A, anterior; P, posterior.
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TABLE 1 Analysis of fiber-tracking results between nTMS and DES.

FA value Tract length
SD P value SD P value
nTMS 035 ‘ 0.09 63.75 36.05
0.0373 0.2290
DES 0.30 0.09 45.62 11.59

FA, fractional anisotropy; nTMS, navigated transcranial magnetic stimulation; DES, deep electrical stimulation; SD, standard deviation.
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FIGURE 4

Results of electromagnetic simulation and quantification through computational modeling targeting the CoG sites. (A) The distribution of the electric
field induced by nTMS and DES, respectively, in two subjects. Scale bar = 20 mm; S, superior; |, inferior; A, anterior; P, posterior. (B) Percent overlap of
Etms and Epgs; more than 90% overlap of the E,.tus stimulation area fell within the DES electric field. CoG = center of gravity.

postoperative integrity and structure were observed in the n'TMS group
than in the non-nTMS group.

4 Discussion

The management of gliomas close to functional areas is
challenging because of the risk of surgery-related morbidity (6).
Thus, functional mapping is increasingly used for resection (17).
The aim of this study was to verify the reliability and effectiveness of
nTMS in the preoperative period for language mapping, which
surgeons routinely perform during awake craniotomy (39). These
findings provide direct evidence that preoperative nTMS language
mapping is comparable to intraoperative DES mapping in brain
tumor patients. Though intraoperative DES mapping is the gold
standard (6, 7), preoperative language evaluation can be of great
value because the investigation of cortical language functions
beforehand surgery tends to result in safer and more efficient
surgeries (40). In other words, nTMS provided valuable results that
may have otherwise become available only by DES intraoperatively.

Other researchers have explored the effective use of nTMS mapping
in surgical techniques with respect to such considerations as the scope
of craniotomy (22), gross total resection (1), and duration of operations
(41). However, the actual effects and mechanisms of n'TMS mapping on
the brain cortex remain unclear. As shown in Figure 1, online IT-TMS
targeting of the left language-eloquent area was performed to output
the interference signal during the number-counting task (32). The
stimulation sites that disturbed language behavior were detected
(Figure 1) and compared with DES-positive sites (Figure 1). As

Frontiers in Oncology

shown in Figure 2, the comparison between spatial distribution of
nTMS-positive sites and DES-positive sites was completed in nTMS
group (n=9). The mean distance between nTMS-positive sites and
DES-positive sites was 6.32 + 2.6 mm (distance range 2.2-9.3 mm, 95%
CI 3.9-8.7 mm). Compared with the results from Opitz et al. (the
minimum distance between nTMS-positive sites and DES-positive sites
was 6.3 = 0.7 mm) (42), we can draw a conclusion that in our study
nTMS-positive sites were close to those of DES. Hence, the mapping
results acquired from DES and nTMS are similar. These results

WAB Scores

n.s. B nTMS
[ non-nTMS

-

o

o
1

Language performance
wn
o
1

1
Post-operation
Time

L]
Pre-operation

FIGURE 5

WAB scores for the nTMS and non-nTMS groups preoperatively and
postoperatively. No significance was observed preoperatively
(P=0.658). We observed a significant postoperative improvement in
the nTMS group relative to the non-nTMS group (P=0.0321). The
independent-samples t-test was employed. n.s. indicates no significant
difference; *indicates P < 0.05.
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TABLE 2 Analysis of fiber-tracking results between nTMS and non-nTMS.

10.3389/fonc.2023.1089787

Tract length

P value SD P value
nTMS 0.39 0.06 64.35 36.32
Preoperative 0.550 0.971
Non-nTMS 0.30 0.09 64.33 36.73
nTMS 0.34 0.08 57.45 31.71
Postoperative 0.0156 0.0166
Non-nTMS 0.27 0.06 39.29 10.82

FA, fractional anisotropy; nTMS, navigated transcranial magnetic stimulation; non-nTMS, non-navigated transcranial magnetic stimulation; SD, standard deviation.

provided evidences for the reliability of n'TMS mapping, because DES is
the current gold standard for brain mapping.

The fiber tracts, AF and SLF-II + III overlap in the classic Broca’s
area and ventral precentral gyrus, are the main structures responsible
for language production (43, 44). DES of SLF-II + III induces
anarthria or speech arrest (45), and interference with AF causes
phonemic paraphasia (44, 46). The fiber-tracking results of AF and
SLF-II + III, as Figure 3 shows, reflect the degree of functional
preservation after surgery. We observed a significantly higher FA
value with better protection in the nTMS group, but no difference in
tract length. In fact, these DTI data were collected immediately after
tumor resection, once the subject had been allowed to do so. This
procedure can detect the structural preservation of fiber tracts as soon
as possible because an instant comparison between nTMS and DES
DTI-FT is needed before the dynamic reorganization of the brain.
Hence, higher FA values could reflect better functional and linguistic
preservation, as described in previous studies (22).

The analysis of the distribution of the electric fields that nTMS
and DES induce yielded another key finding from this study. In fact,
the cortical and subcortical currents, namely virtual lesions (16),
originating from the induced electric field disturb cortical functions
and, ultimately, language behavior (31). We found the distributions
(Figure 4) of the electric fields in nTMS and DES to be similar,
showing an overlap of up to 90% (Figure 4). Opitz et al. reported a
similar overlap of the TMS- and DES-induced electric fields in a
realistic head model and spherical model, respectively (42), thus
verifying the similarities in the simulation model between TMS and
DES, but the actual effects on the brain cortex remained unclear. Our
results showed the surface electric fields in living subjects, thus
complementing the direct evidence of preoperative localization by
nTMS. In short, the preoperative nTMS mapping proved reliable.

Regarding effectiveness, the findings of a higher WAB score and
better DTI-FT value (Figure 5, Table 2) demonstrated that less
impairment of the language area and linguistic function occurred in
the nTMS group, owing to the precise mapping by nTMS. Because
DES is a local stimulation method for mapping structure-function
relationships in the brain, its application is typically limited to
patients undergoing brain surgery. According to our results, with
the availability of an additional preoperative n'TMS map, a surgeon is
able to address intrinsic functional brain lesions more easily to more
aggressively, thereby optimizing EOR while maintaining quality of
life. Notably, we did not directly compare the advantages and
disadvantages of nTMS and DES, and nTMS did not serve as an
adjunct of DES during our mapping procedures. In other words,
nTMS and DES are parallel approaches.

Frontiers in Oncology

This study thus provides evidence that preoperative nTMS
correlates well with intraoperative DES in language-eloquent
mapping and, therefore, contributes to good language performance
for language-eloquent glioma patients after surgery. The
electromagnetic simulation results reveal a comparison between
nTMS and DES, demonstrating that the brain tissues on or beneath
the cortex receive the equivalent level of electric energy. Above all,
preoperative nTMS mapping is a specific non-invasive method which
does not require a lengthy operation and might significantly reduce
the surgical risk of infections and limitations of other complications.

5 Limitations and conclusion

This study has several limitations. First, the small sample size and
restriction of the population to glioma patients may have introduced
bias. For precise brain-mapping validation, future research could be
conducted with larger samples that include healthy subjects and/or
subjects with other brain diseases. Second, we did not determine
whether IT-TMS-based language mapping alone improves clinical
outcomes. Lastly, we did not compare mapping based on IT-TMS
only and DES only in this study because of a problem with the
ethical review.

In conclusion, we have described here the reliability and
effectiveness of preoperative IT-TMS-based brain functional
language mapping. In doing so, we provide novel evidence of fiber-
tracking and electromagnetic simulation for the preoperative
neurophysiological mapping of language sites prior to surgery to
treat intrinsic brain tumors located in or near eloquent networks.
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Maximal safe resection of diffuse
lower grade gliomas primarily
within central lobe using
cortical/subcortical direct
electrical stimulation under
awake craniotomy

Shujing Yao', Ruixin Yang', Chenggang Du, Che Jiang,
Yang Wang, Chonggi Peng and Hongmin Bai*

Department of Neurosurgery, General Hospital of Southern Theater Command of PLA,
Guangzhou, China

Background: Diffuse lower-grade glioma (DLGG) in the central lobe is a
challenge for safe resection procedures. To improve the extent of resection
and reduce the risk of postoperative neurological deficits, we performed an
awake craniotomy with cortical-subcortical direct electrical stimulation (DES)
mapping for patients with DLGG located primarily within the central lobe. We
investigated the outcomes of cortical-subcortical brain mapping using DES in an
awake craniotomy for central lobe DLGG resection.

Methods: We performed a retrospective analysis of clinical data of a cohort of
consecutively treated patients from February 2017 to August 2021 with diffuse
lower-grade gliomas located primarily within the central lobe. All patients
underwent awake craniotomy with DES for cortical and subcortical mapping of
eloquent brain areas, neuronavigation, and/or ultrasound to identify tumor
location. Tumors were removed according to functional boundaries. Maximum
safe tumor resection was the surgical objective for all patients.

Results: Thirteen patients underwent 15 awake craniotomies with intraoperative
mapping of eloquent cortices and subcortical fibers using DES. Maximum safe
tumor resection was achieved according to functional boundaries in all patients.
The pre-operative tumor volumes ranged from 4.3 cm?® to 137.3 cm?® (median
19.2 cm®). The mean extent of tumor resection was 94.6%, with eight cases
(53.3%) achieving total resection, four (26.7%) subtotal and three (20.0%) partial.
The mean tumor residue was 1.2 cm®. All patients experienced early
postoperative neurological deficits or worsening conditions. Three patients
(20.0%) experienced late postoperative neurological deficits at the 3-month
follow-up, including one moderate and two mild neurological deficits. None of
the patients experienced late onset severe neurological impairments post-
operatively. Ten patients with 12 tumor resections (80.0%) had resumed
activities of daily living at the 3-month follow-up. Among 14 patients with pre-
operative epilepsy, 12 (85.7%) were seizure-free after treatment with antiepileptic
drugs 7 days after surgery up to the last follow-up.
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Conclusions: DLGG located primarily in the central lobe deemed inoperable can
be safely resected using awake craniotomy with intraoperative DES without
severe permanent neurological sequelae. Patients experienced an improved
quality of life in terms of seizure control.

KEYWORDS

lower-grade glioma, central lobe, awake craniotomy, direct electrical stimulation,
maximal safe resection

1 Introduction

Diffuse lower grade glioma (DLGG) is one of the most common
primary brain tumors, and includes tumors classified as Grade 2-3
astrocytoma by the World Health Organization (WHO),
oligodendroglioma, and types with no or slight enhancement on
pre-operative magnetic resonance imaging (MRI) studies where
postoperative pathology demonstrates focal anaplasia. Conversely,
these types of tumors, especially those in or near the eloquent brain
areas, are difficult to treat and are often considered inoperable due
to their propensity for deep infiltration of the surrounding
parenchyma and malignant transformation. However, patients
with DLGG achieve long-term survival if they receive early and
successful surgical treatment. Furthermore, there has been
compelling evidence that an increased extent of resection (EOR)
of DLGG could prolong the survival of patients (1-6). Individuals
with at least 90% EOR achieved 5-year survival rates of 97%, while
patients with less than 90% EOR achieved 5-year survival rates of
76% (1). Therefore, the goal of DLGG surgery should be to
maximize the extent of tumor resection while minimizing the risk
of postoperative neurological deficits to improve overall survival
(OS) and quality of life.

Currently, multiple image-based techniques can be used pre-
operatively to help identify eloquent brain areas and define their
relationship with brain lesions, including functional magnetic
resonance imaging (fMRI), diffusion tensor imaging (DTI), and
magnetoencephalography (MEG). Intraoperative aids, such as
functional neuronavigation, intraoperative MRI, intraoperative
ultrasound, and fluorescent tumor markers, have also been
applied to maximize the safety of aggressive resection around
eloquent areas. However, these techniques have limited sensitivity
and specificity for cortical or subcortical functional mapping (2-5).
Consequently, surgeons often face difficulties in distinguishing
compensable areas that can be resected and critical areas that
must be surgically preserved.

Direct electrical stimulation (DES) mapping is considered the
gold standard for neurosurgical planning and can provide a more
direct assessment of neuronal function. A recent large meta-analysis
that included more than 8000 patients found that glioma resections
using intraoperative stimulation mapping were associated with
fewer severe late neurologic deficits and more extensive resection,
although lesions were more frequent in eloquent areas (6-10).

Frontiers in Oncology

In this study, we summarized our surgical experience in 15 cases
of awake craniotomy with intraoperative DES for DLGG located
primarily in the central lobe to explore the efficacy of maximal safe
glioma resection using intraoperative cortical and subcortical
mapping by DES under awake craniotomy.

2 Methods
2.1 Patient enrollment

From February 2017 to August 2021, a total of 13 patients (15
operations) suspected of DLGG in the central lobe based on pre-
operative MRI were successively treated with awake craniotomy. All
the patients recruited had no severe pre-operative neurological
deficits or mental disorientation.

Clinical, radiological and histopathological characteristics were
collected during admission, including sex, age, symptoms,
neurological deficits, Karnofsky performance scale, seizure attacks,
tumor location, and pathological grades and subtypes were revised
according to the WHO Classification of Tumors of the Central
Nervous System, Fifth Edition (CNS 5). The regional ethics
committee approved the procedures and all subjects provided
their informed written consent prior to participation in this study.

2.2 Pre-operative examinations

All patients underwent detailed neurological and psychological
evaluations before surgery. Two neurosurgeons completed a
neurological function assessment and motor function was scored
using a standard muscle strength score ranging from 0 to 5 (0,
complete paralysis; 5, entirely normal strength). Neuropsychologists
evaluated the general cognitive function of the patients using a brief
psychiatric examination. All patients were assessed for handedness
using a standardized questionnaire (Edinburgh Handedness
Inventory) and were examined with the Mini-Mental State
Examination (MMSE). Language function was assessed using an
aphasia screening chart, a dysarthria chart, and naming of images.
Aphasia screening included oral, written, and sign language
comprehension and expression. The dysarthria chart was evaluated
by orofacial movement, vowels, and consonant articulation, with a
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total score of 14 points. The picture naming task was to name 80
black and white pictures with a naming accuracy rate >95% being
normal. The grade of neurological deficits are presented in Table 1.
Within 3 days before surgery, MRI was performed using a 3.0-T
scanner (GE HealthCare, Chicago, IL, USA) to obtain T1, T2, T2-
fluid attenuated inversion recovery (FLAIR), gadolinium enhanced
diffuse tensor imaging (DTI), magnetic resonance spectrum (MRS)
and perfusion-weighted sequences. All patients were informed in
detail about the risks of surgery and the intraoperative stimulation
monitoring procedure was performed by a trained nurse responsible
for intraoperative motor and language testing.

2.3 Surgical procedure

As previously described (11), the critical points of awake
surgery include patient position, awake anesthesia,
neuronavigation, intraoperative ultrasound, DES mapping, and
tumor resection. All patients were anesthetized by administration
of propofol and remifentanil by target-controlled infusion, using a
laryngeal mask airway for intubation during the craniotomy. The
ipsilateral critical sensory scalp nerves, pin insertion, and scalp
incision sites were injected with local anesthetic (0.67% lidocaine
and 0.33% ropivacaine) with 1:200,000 adrenaline to provide rapid
and long-lasting local anesthesia while reducing bleeding.
Anesthesia was withdrawn to wake up the patient. The location
of the tumor was detected intraoperatively using ultrasound before
brain mapping and tumor resection. DES mapping was performed
using a 5-mm interval bipolar electrical nerve stimulator (Osiris
NeuroStimulator; inomed Medizintechnik GmbH, Emmendingen,
Germany) with a frequency of 60 Hz, a pulse duration of 1 ms, a
current of 2-6 mA (usually 3-4 mA), and a duration of 1 s for
motor and sensory tasks and 4 s for language or other cognitive
tasks. Positive motor area stimulation was assumed when
movements of the contralateral limb or face were induced.
Positive stimulation affecting sensory areas was considered when
an abnormal feeling was generated in the contralateral limb or face.
Positive stimulation of language areas was considered when the
patient exhibited counting arrest, anomia, speech repetition, or
other language disturbances without twitching of the mouth. After
cortical mapping, the lesion was removed by alternating resection
and regular subcortical stimulation.

To protect functional pathways, the patient was asked to
continue to move their arm and hand or leg, count numbers, or
name pictures when the resection moved closer to the subcortical
structures. If the patient experienced weakness of the limb,

TABLE 1 Grading of neurological deficits.

10.3389/fonc.2023.1089139

abnormal language, or abnormal sensation, subcortical DES was
performed immediately with the same stimulation parameters. If
the above-mentioned positive reaction occurred, it was confirmed
to be an essential subcortical conduction pathway. The resection
was then interrupted in this direction and was continued in other
directions. If no positive response occurred, after the patient’s
function recovered, resection was continued until the subcortical
areas (positive stimulation) or normal meninges (such as the falx
cerebri, fissures), ventricles, or arachnoid borders were
encountered, or when more than 1 cm outside of normal white
matter surrounding the tumor could be visualized. Tumors were
resected 2 mm from the sulci near the eloquent brain areas and then
were resected inside the pia mater to avoid damage to the vital
supplying arteries in the subarachnoid space. Lesions were safely
removed to the greatest extent possible to preserve the cortical and
subcortical structures of critical functional areas, drainage veins,
and supplying arteries.

2.4 Postoperative evaluation

Detailed neurological examinations and cognitive function
assessments, such as language, were performed 1 day and 5 days
after surgery, at discharge, and 3 months after surgery. Neurological
dysfunction within 3 months was defined as the early onset stage
and after 3 months was defined as the late onset stage. Neurological
dysfunction was defined as mild, moderate, or severe based on the
assessments described above, which included muscle strength,
aphasia detection, articulation disorder detection, and picture
naming. Cranial MRI was completed 48 hours after surgery, T2-
weighted images or FLAIR imaging was used as a reference, and
tumor volume was calculated using 3D Slicer software (v4.6; http://
www.slicer.org) (12). Total resection was defined as 100% resection,
with 90-100% resection and residual tumor volume < 10 cm’ as
subtotal resection and < 90% resection and residual tumor volume >
10 cm® considered partial resection.

3 Results

3.1 Demographic, clinical, and
tumor characteristics

From February 2017 to August 2021, a total of 13 patients (15
cases) met the inclusion criteria for this study, including two
patients who underwent awake surgery twice in our hospital due

Neurological Deficit Normal Moderate Severe
Muscle strength (Grade) 5 5 4 <3
Aphasia Screening (correct rate, %) 100 75 ‘ 50 <25
Articulation Screening (scores) 14 >10,<14 ‘ >5,<10 <5
Naming Screening (correct rate, %) >95 >75,<95 ‘ >25,<75 <25
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to tumor recurrence 3 to 4 years after the first surgery. The patient
sample included 7 men and 8 women, aged 24-62 years (average
36.3 years). Twelve patients had experienced seizures before
admission, and the other patient also experienced seizures before
the second operation. Two patients presented headaches. All
patients had MMSE scores > 28. Twelve patients were right-
handed and only one patient was ambidextrous.

Pre-operative tumor volumes ranged from 4.3 to 137.3 cm’,
with a median of 19.2 cm’. In all cases, the tumor was primarily in
the central lobe (including precentral and postcentral gyri and
paracentral lobule) or invaded the central lobe (66.7% of the cases
on the left side, 33.3% on the right side). There was involvement of

10.3389/fonc.2023.1089139

the frontal lobe in nine cases, involvement of the frontoparietal and
parietal lobe in two cases and involvement of the insular lobe and
parieto-occipital lobe in one case. The exact gyri invaded by the
tumors are shown in Table 2.

3.2 Intraoperative DES mapping, tumor
EOR, and pathological diagnoses

An awake craniotomy was successfully performed in all cases.
After DES in all cases reached a certain intensity (2.0-4.0 mA,
median 3.0 mA), DES-induced movement was observed in 13 cases,

TABLE 2 Demographic data, clinical features, intraoperative mapping, extent of resection, postoperative deficits, and oncological features.

Lesion
volume
(cm?)

Lesion loca-
tion (side)

Case
N.

Age
(year)/
sex

Pre-operative
symptoms

1 62/F Posterior central 44.1

gyrus and
superior parietal
lobule (L)

Seizure

Residual lesion
volume (cm?3)/
EOR (%)

Pathology (WHO Grade)

4.3/90.2 Astrocytoma (2)/IDH(+)

Posterior central 16.8

gyrus and
superior parietal
lobule (L)

53/F Seizure

28/M Headache Middle part of
the precentral

gyrus (L)

4.3

37/F Seizure Superior part of 19.2
the precentral

gyrus and

posterior central

gyrus (R)

2.4/85.7 Oligoastrocytoma (3)/IDH(+), 1p19q LOH

0/100 Astrocytoma (2)/IDH(+)

3.7/80.8 Astrocytoma (2)/IDH(+)

25/M Inferior 36.2
precentral gyrus

and posterior

Seizure

inferior frontal
gyrus (R)

28/F Seizure Inferior 26.9
precentral gyrus

and posterior of

inferior frontal

gyrus (L)

0/100 Astrocytoma (2)/IDH(+)

0/100 Oligoastrocytoma (2)/IDH(+), 1p19q LOH

28/F Posterior central 118.9
gyrus and

superior and

Headache, seizure

inferior parietal
lobule (L)

54/M Posterior central 137.3
gyrus and
superior parietal

lobule (R)

Seizure

27/F Inferior 13.0
precentral gyrus

(L)

Seizure,

10/4 40/F Seizure Superior
precentral gyrus
and posterior

central gyrus (R)

0/100 Oligoastrocytoma (2)/IDH(+), 1p19q LOH

0/100 Oligoastrocytoma (2)/IDH(+), 1p19q LOH

0/100 Oligoastrocytoma (3)/IDH(+), 1p19q LOH

1.2/90.6 Astrocytoma (2)/IDH(+)
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TABLE 2 Continued

Pre-operative  Lesion loca- Lesion Residual lesion Pathology (WHO Grade)
symptoms tion (side) volume volume (cm?3)/
(cm?) EOR (%)
11 38/M Seizure Hand knob of 16.8 0/100 Astrocytoma (2)/IDH(+)
the precentral
gyrus (R)
12 35/M Seizure Inferior 27.4 0/100 Astrocytoma (3)/IDH (=) NEC

precentral gyrus
and posterior of
inferior frontal
gyrus (L)

13 34/F Seizure Inferior 26.2 1.4/94.7 Oligoastrocytoma (3)/IDH(+), 1p19q LOH
precentral gyrus
and posterior of
inferior frontal

gyrus (L)
14/3 32/M Seizure Middle part of 5.9 0.5/91.5 Astrocytoma (2)/IDH(+)
the precentral
gyrus (L)
15 24/M Seizure Inferior 34.7 4.8/86.2 Oligoastrocytoma (2)/IDH(+), 1p19q LOH

precentral gyrus
and posterior of
inferior frontal

gyrus (L)
Cortical ~ Subcortical Cortical sites  Subcortical  Cortical sites Subcortical = Early Late
sites for  site for motor = for sensory sites for for language sites for neurological  neurological
motor (n) (n) Sensory (n)  (n) language deficits deficits
(n) (n)
1 2 1 2 1 0 0 Severe paralysis Moderate
paralysis
2 3 1 1 0 2 0 Moderate Normal
paralysis
3 2 0 2 0 2 1 Severe paralysis Normal
and aphasia
4 2 1 2 0 0 0 Severe paralysis Normal
5 2 2 1 0 0 0 Moderate Normal
aphasia
6 0 1 1 0 1 0 Moderate Normal
aphasia
7 2 1 3 2 0 2 Severe paralysis Normal
8 0 0 1 1 0 0 Moderate Normal
paralysis
9 1 2 3 1 1 0 Moderate Normal
aphasia
10/5 1 2 1 0 0 0 Severe paralysis Normal
11 1 2 3 0 0 0 Moderate Normal
paralysis
12 0 0 0 0 2 1 Severe paralysis Mild paralysis

and aphasia

13 2 0 2 0 3 0 Severe aphasia Mild aphasia

14/3 1 1 2 0 3 1 Severe paralysis Normal
and aphasia

15 1 0 0 0 1 1 Severe aphasia Normal

n, number; F, female; M, male; L, left; R, right; EOR, extent of resection; +, mutation; -, wild-type.
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including 20 cortical sites in 12 cases and 14 subcortical sites in 10
cases. Stimulation-induced sensation was observed in 13 cases,
including 24 cortical sites in 13 cases and five subcortical sites in
four cases. Twenty-one sites showed language responses in 9 cases
(15 cortical areas in 8 cases and 6 subcortical regions in 5 cases).
Pyramidal tracts, suprathalamic radiation, or fibers of white matter
related to language were identified surrounding the tumor in all
patients. Maximum safe tumor resection was achieved according to
functional boundaries in all patients.

The mean extent of tumor resection was 94.6%, with 8 cases
(53.3%) achieving total resection, 4 (26.7%) subtotal, and three (20.0%)
partial resections. The mean residual tumor volume was 1.2 cm’. In
terms of pathology, tumor grades and subtypes were revised according
to the WHO CNS 5. There were 7 cases of diffuse astrocytoma with
IDH mutation (Grade 2), 1 case of diffuse astrocytoma with wild-type
IDH (Grade 3, NEC), 4 cases of oligodendroglioma with IDH mutation
and 1p19q LOH (Grade 2), and 3 cases of oligodendroglioma with IDH
mutation 1p19q LOH (Grade 3).

3.3 Complications

During surgery, no adverse events related to awake craniotomy
were observed. One patient experienced partial DES-induced
seizures during resection, which was controlled by cold normal
saline irrigation for about 3 minutes.

All patients experienced early postoperative neurological
deficits or worsening of symptoms. Nine cases presented severe
neurological deficits and 6 showed moderate deficits. Three patients
(20.0%) experienced late postoperative neurological deficits at the 3-
month follow-up, including one case of mild Broca’s aphasia and 2
cases of inflexible movements (one mild, one moderate). One
patient (6.7%) experienced moderate late neurological sequelae
after awake craniotomy for DLGG in the central lobe. None of
the patients experienced post-operative late onset severe
neurological impairments. Ten patients with 12 tumor resections
(80.0%) had resumed normal activities of daily living at the 3-
month follow-up.

Among the 14 cases of pre-operative epilepsy, 12 (85.7%) were
seizure-free after receiving antiepileptic drugs from 7 days after
surgery up to the last follow-up.

3.4 |llustrative cases

341Casel

A 27-year-old right-handed woman (case 9) presented a two-
week history of transient language disruptions accompanied by loss
of consciousness. Physical examination revealed no neurological
impairments, and pre-operative MRI revealed a low-grade glioma
in the left central lobe (Figures 1A-E). DTI-based fiber tracking
showed that the arcuate fasciculus and the pyramidal tract were
below and medial to the lesion, respectively (Figures 1F, G). After
revealing the dura, intraoperative ultrasound showed a tumor in the
inferior part of the left precentral gyrus. Eloquent cortices, including

Frontiers in Oncology

10.3389/fonc.2023.1089139

sensory, motor, and language areas, were found by cortical mapping
(Figure 1H). Three subcortical sensory and motor sites were
detected during tumor resection using DES (Figure 1I).
Postoperative MRI revealed total tumor resection (Figures 1J-L).
The patient experienced moderate aphasia about one week after
surgery, with normal language function at discharge.

3.4.2 Case 2

A 28-year-old right-handed man (case 3) presented with a
headache. A surface rendering of pre-operative T1-weighted MRI
revealed a tumor located entirely within the precentral gyrus
(Figures 2A-E). The surface rendering of the functional areas
overlapped with T1-weighted MRI and fMRI identified the active
sites for hand grasping and naming tasks (Figure 2F). DTI-based
fiber tracking showed a close relationship between the tumor and
white matter fibers (Figures 2G, H). Under awake craniotomy using
cortical and subcortical DES, the maximum safe tumor resection
was achieved with an EOR of 100% (Figures 2I-L). The patient
experienced paralysis of the right hand and Broca aphasia three
days after surgery, but resumed normal life 3 months after surgery.
The histological diagnosis was astrocytoma with IDH mutation
(Grade 2). This patient presented seizures 40 months after surgery,
with MRI revealing a recurrent tumor anterior to the residual
surgical cavity (Figures 2M, N). Thus, we performed a second
awake craniotomy (case 14), with subtotal tumor resection and an
EOR of 91.5% (Figures 20, P). Following surgery, the patient
experienced severe paralysis and aphasia, but recovered to normal
at the 3-month follow-up.

343 Case 3

A 38-year-old man (case 11) experienced recurrent left hand
convulsions one month before admission. MRI revealed a low-grade
glioma located precisely in the hand knob of the right precentral
gyrus (Figures 3A-D). The pre-operative physical examination
showed normal muscle strength in all limbs. To achieve
maximum safe tumor resection, the patient underwent awake
craniotomy (Figures 3E, F), resulting in total tumor resection
with cortical and subcortical boundaries (Figures 3G, H) and
moderate transient postoperative paralysis at one week
after surgery.

4 Discussion

DLGG frequently occurs in young patients and life expectancy
is longer in patients with active social and professional lives (1,
13). The first-line therapeutic option for DLGG is maximum safe
resection, with EOR being a significant independent prognostic
factor. Studies have shown that higher EOR is associated with
better progression-free survival and OS (1-6, 14-18). Even some
cases with grade 3 or 4 transformation foci with a grade 2
background do not necessarily require immediate adjuvant
therapy following a radical maximal safe resection under awake
craniotomy. Therefore, we selected patients with DLGG having a
grade 2 background, which included four cases presenting
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FIGURE 1

Maximum safe resection of oligodendroglioma harboring IDH mutation and 1P/19Q codeletion (WHO Grade 3) in the inferior left precentral gyrus under
awake craniotomy in a 27-year-old woman presenting with seizures (Case 9); (A—E) Pre-operative T2 axial, T2 FLAIR axial, T1-weighted gadolinium-
enhanced axial, T2 sagittal, and T2 coronal MRI revealed the tumor's location precisely in the inferior lateral left hand knob of the precentral gyrus

(F, G) DTI-based reconstructed fibers showed arcuate fasciculus beneath the lesion and slightly distorted, and the pyramidal tract was medial to the
lesion; (H) Intraoperative view before tumor resection; Tumor borders marked by letters (a, anterior; b, superior; c, inferior). Number of tags denotes
positive DES mappings (1, paresthesia of the right little and ring fingers; 2, numbness of the right thumb; 3, paresthesia of the right corner of mouth; 4,
motor responses in the right corner of mouth; tag 5 is on the surface of the tumor, where speech arrest and convulsions of the right corner of the
mouth were induced during DES); (I) Intraoperative view after tumor resection based on the functional boundary; The tumor was removed until DES
mapping encountered eloquent brain areas at cortical and subcortical levels (Tag 7, movement of the right hand during DES; 8, movement of the right
corner of the mouth; 9 with a yellow arrow, an electrifying sensation of the right index finger); (3J-L) Twenty-four hours postoperative T2 axial, T2 FLAIR
axial, and T1-weighted gadolinium-enhanced sagittal MRl demonstrated total tumor resection.

focal grade 3 anaplasia as our cohort (19). Furthermore, because
oligodendroglioma is sensitive to radiotherapy and chemotherapy,
some clinicians have a conservative attitude toward surgical
resection. When oligodendroglioma is located in eloquent brain
areas, to avoid postoperative neurological deficits, some clinicians
sustain that excessive resection is not necessary, and elect only
partial resection or biopsy as the therapeutic option. It is
challenging to classify tumors as oligodendroglioma or
astrocytoma pre-operatively. Furthermore, recent research has
also confirmed that the EOR of oligodendroglioma is closely
related to prognosis. Studies registered in the extensive
Surveillance, Epidemiology and End Results database and in the
National Cancer Database revealed that the extent of resection was
associated with an increase in OS for both histologically confirmed
oligodendrogliomas and molecularly defined tumors (IDH
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mutations with 1p/19q-codeletion) (17, 20). However, the major
challenge in neurosurgery is to eradicate the tumor as much as
possible while maximally preserving neurological functions.
Various techniques have been introduced to achieve this goal,
such as fluorescence-guided surgery, intraoperative ultrasound,
intraoperative MRI combined with functional neuronavigation,
and Raman spectroscopy (21-27).

Although fMRI, a noninvasive mapping method, is becoming
increasingly applied in neurosurgery, its precision remains
controversial and the parameters used in different studies vary
significantly (9, 19, 21-23, 28). Recently, Weng et al. (21) performed
a systematic review that included ten studies with a total of 214
patients with brain tumors to assess the accuracy of fMRI for
language mapping with direct cortical stimulation and found that,
per patient, the pooled sensitivity and specificity of fMRI was 44%
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FIGURE 2

Maximum safe resection of astrocytoma with IDH mutation (WHO Grade 2) in the inferior left precentral gyrus in two successive awake craniotomies
over four years (Cases 3 and 14); (A—-D) Pre-operative T1 axial, T2 axial, T1 sagittal, and T1 coronal MRI; (E) Surface rendering of pre-operative T1-
weighted MRI revealed a tumor in the middle of the left precentral gyrus, which was separated into the dorsal and ventral parts by the tumor; (F) Surface
rendering of functional areas overlapped with T1-weighted MRI and fMRI; Red denotes active sites for hand grasp task; green represents active sites for
naming task; (G, H) Pre-operative planning using neuro-navigation showed a close relationship between the tumor and white matter fibers;

(1) Intraoperative view before tumor resection; An ultrasonic tumor border is marked with the dotted yellow circle. Numbers on tags denote zones of
positive DES mapping (2 and 4, finger movement; 3, mouth sensation; 5, finger sensation; 1, speech arrest during counting; 8, anomia during naming)
(J) Intraoperative view after tumor resection; glioma was removed until eloquent neural structures were encountered at cortical and subcortical levels
using subcortical DES; Tag 6, pyramidal tract for right thumb movement; 7, area responsible for speech arrest during counting; Postoperative axial

(K) and coronal (L) T2 FLAIR-weighted MRI demonstrated total tumor resection; (M, N) Follow-up MRI revealed a recurrent tumor anterior to the
previous surgical residual cavity; (O) Intraoperative view of the second surgery before tumor resection; Number and letter tags denote zones of positive
DES mapping (2, thumb movement; 3, mouth sensation; 5, finger sensation; 0, 1, and E, both speech arrest and interrupt of hand grasp during a dual
coordinate task); (P) Postoperative axial T2 FLAIR MRI showed subtotal tumor resection with a residue of 0.5 cm?®.

and 80%, respectively; per tag, the pooled sensitivity and specificity
were 67% and 55%, respectively. Another meta-analysis by Metwali
et al. (23) included six studies of language activation and two of
motor activation. The study concluded that fMRI alone (due to
neurovascular uncoupling) or analysis of the findings present
limitations in reliability compared to direct cortical stimulation,
and using fMRI alone for surgical planning could lead to
undesirable outcomes. Additionally, a clinical survey conducted
by Stopa et al. on the use and attitudes of neurosurgeons towards
fMRI as a surgical planning tool in neurooncology patients revealed
that 70% of the responders presented a resected fMRI positive
functional site, of which 77% did so because the area was ‘cleared’
using intraoperative cortical stimulation. If the results of fMRI and
intraoperative mapping disagreed, 98% of the respondents would
rely on intraoperative mapping (25).

DTI tractography, a noninvasive method for visualizing white
matter tracts, can provide clinically relevant information during
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pre-operative planning and intraoperative mapping for brain tumor
resection (8, 21, 25). However, DTT tractography relies only on the
indirect reconstruction of fibers based on measuring the diffusion of
water molecules. The results depend on many factors, including
data acquisition, geometrical models, software programs, and
regions of interest (7, 9, 10, 23, 26, 27). Maier-Hein reported that
most state-of-the-art algorithms produce tractograms containing
90% of the ground-truth bundles, while the same tractograms have
many more invalid than valid bundles. Consequently, DTI
tractography is not sufficiently reliable to be the basis for
neurosurgical decision making, and the possibility of incorrectly
displayed fibers leads to a risk of postoperative deficits for the
patient (2).

It should be mentioned that to date, intraoperative DES
mapping under awake anesthesia remains the standard goal for
brain surgery, especially at the subcortical level (11, 12, 28-37). In
the present study, we performed an awake craniotomy in patients
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FIGURE 3

Maximum safe resection of astrocytoma with IDH mutation (WHO Grade 3) in the hand knob of the right precentral gyrus under awake craniotomy
in a 38-year-old man presenting with seizures (Case 11); Pre-operative T2 axial (A, B), T2 FLAIR axial (C) and T2 coronal (D) MRI revealed the tumor’s
location precisely on the hand knob of the right precentral gyrus; (E) Intraoperative view before tumor resection; Tumor borders marked with letter
tags (Tag U, anterior; G, superior; S, inferior; R, posterior). Number tags show positive points of DES mapping (8, changes in vocal tone; 1, 2, 4,
primary sensory cortex, paresthesia of the left forearm, palm, and thumb, respectively); (F) Intraoperative view subsequent to tumor removal; Tag L,
subcortical area for wrist movement; O, subcortical area for finger movement; Postoperative axial (G) and coronal (H) T2-weighted MRI

demonstrated total tumor resection

pre-operatively suspected of DLGG located primarily in the central
lobe. The postoperative outcomes also illustrated the power of this
procedure to detect functional tissue around tumors. From a
traditional standpoint, DLGG is considered inoperable in the
central lobe, which is composed of the pre- and postcentral gyri
and the paracentral lobule, which are the eloquent brain areas (38-
41). According to our experience in this study, awake surgery and
DES can also achieve maximum safe resection of DLGG when it is
located entirely in the central lobe due to functional remodeling of
the brain.

In this retrospective report, functional white matter fibers were
identified surrounding the tumor in all patients, and maximum safe
tumor resection was achieved according to functional limits in all
patients. The mean extent of tumor resection was 94.6%. The mean
tumor residue was 1.2 cm’. Only one patient (6.7%) experienced
moderate late onset postoperative neurological deficits and none of
the patients experienced severe late neurological impairments.
Among 14 cases with pre-operative epilepsy, 12 patients (85.7%)
were seizure-free after taking antiepileptic drugs starting 7 days
post-operatively to the last follow-up after surgery (3 months).
Lower-grade glioma located primarily in the central lobe can be
safely resected using awake craniotomy with intraoperative DES
without severe permanent neurological sequelae. All patients
achieved a better quality of life with respect to seizure control.

Although the application of subcortical DES to remove DLGG
in functional areas can reduce the incidence of late onset
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neurological dysfunction, the incidence of early neurological
dysfunction is high. All the patients in the present cohort
exhibited early neurological dysfunction, which may be related to
postoperative tumor cavity edema, ischemia, or damage to some
auxiliary functions of the cortical and subcortical fibers. However,
early postoperative neurological dysfunction will prolong hospital
stays, and most patients require rehabilitation treatment, leading to
increased medical costs.

During awake craniotomy procedures, surgeons should
pay closer attention to the following details: 1) maintain the
integrity of the fiber tracts of white matter as subcortical electrical
stimulation is as essential as cortical mapping, and the tumor
should be excised using alternating resection and regular
subcortical stimulation (42-44); 2) ensure postoperative arterial
supply and venous drainage of surrounding normal brain tissue,
and some vital blood vessels must be preserved, such as the
central sulcus artery, the artery of pre- and post-central sulcus
artery, the paracentral artery, and veins of Labbé and Trolard (41,
42); 3) the functional boundaries detected by intraoperative DES
and pia mater can be used as essential protective tissue to avoid
injury to important blood supply arteries located in the
cerebral sulcus.

There are some limitations to this study. First, this was a single-
center retrospective study with a small sample size, and patient
selection was based on the economic status and intraoperative
cooperation of awake craniotomy of the patient. Therefore, to
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evaluate the fundamental role of awake craniotomy surgery for
DLGG in the central lobe, further prospective and randomized
multicenter cohort studies with larger sample sizes are required.
Second, in such a clinical study, some mixed factors could lead to
potentially biased results. To reduce bias in surgical procedures,
surgeries in all cases were performed by the same team composed of
experienced neurosurgeons, anesthetists, and trained nurses. Third,
we attempted to analyze the relationship between seizure control
after surgery and LGG EOR. However, no definitive conclusion
could be drawn due to the small sample size, although the incidence
of seizure after tumor total resection was seemingly lower than that
of nontotal resection.

5 Conclusions

Based on our experience in this study, DLGG located
exclusively in the central lobe and considered inoperable can
be safely resected with a mean EOR of nearly 95% under awake
anesthesia with intraoperative DES. Although numerous non-
invasive imaging techniques are becoming increasingly popular
and accurate, their validity in identifying eloquent cortical areas
and white matter tracts is still inferior to intraoperative DES.
However, a prospective and more extensive randomized cohort
studies are needed to evaluate the fundamental role of awake
craniotomy surgery for DLGG in the central lobe.
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The clinical and neurocognitive
functional changes with awake
brain mapping for gliomas
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Institutional experience and
the utility of The Montreal
Cognitive Assessment
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Shaanxi, China, 2Department of Health Statistics, Fourth Military Medical University, Xi‘an,

Shaanxi, China, *National Time Service Center, Chinese Academy of Sciences, Xi'an, Shaanxi, China,
4School of Optoelectronics, University of Chinese Academy of Sciences, Beijing, China

Objective: Awake craniotomy with intraoperative brain functional mapping
effectively reduces the potential risk of neurological deficits in patients with
glioma invading the eloquent areas. However, glioma patients frequently present
with impaired neurocognitive function. The present study aimed to investigate
the neurocognitive and functional outcomes of glioma patients after awake brain
mapping and assess the experience of a tertiary neurosurgical center in China
over eight years.

Methods: This retrospective study included 80 patients who underwent awake
brain mapping for gliomas invading the eloquent cortex between January 2013
and December 2021. Clinical and surgical factors, such as the extent of resection
(EOR), perioperative Karnofsky Performance Score (KPS), progression-free survival
(PFS), and overall survival (OS), were evaluated. We also used the Montreal
Cognitive Assessment (MoCA) to assess the neurocognitive status changes.

Results: The most frequently observed location of glioma was the frontal lobe
(33/80, 41.25%), whereas the tumor primarily invaded the language-related
cortex (36/80, 45%). Most patients had supratotal resection (11/80, 13.75%) and
total resection (45/80, 56.25%). The median PFS was 43.2 months, and the
median OS was 48.9 months in our cohort. The transient (less than seven days)
neurological deficit rate was 17.5%, whereas the rate of persistent deficit (lasting
for three months) was 15%. At three months of follow-up, most patients (72/80,
90%) had KPS scores > 80. Meanwhile, compared to the preoperative baseline
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tests, the changes in MoCA scores presented significant improvements at
discharge and three months follow-up tests.

Conclusion: Awake brain mapping is a feasible and safe method for treating
glioma invading the eloquent cortex, with the benefit of minimizing neurological
deficits, increasing EOR, and extending survival time. The results of MoCA test
indicated that brain mapping plays a critical role in preserving neurocognitive
function during tumor resection.

KEYWORDS

glioma, awake brain mapping, extent of resection (EOR), Karnofsky Performance Status
(KPS), neurocognitive status, Montreal Cognitive Assessment (MoCA)

Introduction

Balancing maximal tumor removal and neurological functional
preservation is always a challenge for patients with glioma
infiltrating the eloquent regions of the cortex. Surgical resection is
considered the first-line treatment for glioma management, with the
benefit of reducing tumor volume and increasing survival time (1).
However, when glioma is identified in the eloquent areas, the
potential risk of neurological function disturbances increases
significantly (2). Therefore, awake surgery, which allows for
intraoperative brain mapping of motor-sensory and language
functions by directly stimulating cortical and subcortical areas,
has been adopted to improve the safety of surgical interventions
(3-5). Evidence has suggested that awake surgery could maximize
the extent of resection (EOR) of tumors and relieve the symptoms
caused by tumor mass effect, particularly in low-grade gliomas
(LGG) (2, 6).

More glioma patients benefit from longer survival durations as
glioma treatment regimens advance (7). However, glioma patients
frequently present with impaired neurocognitive functions, such as
memory, language, attention, and executive functions (7-9).
Meanwhile, medical providers and patients have paid recent
attention to neurological and neurocognitive status (7, 10, 11).
Previous research has also indicated that neurocognitive function is
an important predictor for glioma patients, providing insight into
overall survival (OS), progression-free survival, and further tumor
management (12, 13). Therefore, assessing the neurocognitive
status is crucial for optimal surgical and oncological management.

The Montreal Cognitive Assessment (MoCA) is a brief
screening tool that helps medical service providers make more
informed medical decisions to assess a patient’s cognitive health
(14, 15). Compared to comprehensive neuropsychological
assessment batteries, which are too long and sophisticated for
most patients in routine care, MoCA provides a short and
sensitive enough tool to detect cognitive impairment, particularly
in people with brain metastases (16, 17). However, the utility and
feasibility of MoCA for glioma patients receiving awake surgery
have seldom been reported (10, 18, 19).

Frontiers in Oncology

In the present study, we aimed to evaluate the experience of one
tertiary neurosurgical center over eight years, performing awake
brain mapping for glioma patients using direct cortical and
subcortical stimulation to preserve neurological functions. We
presented the clinical outcomes and evaluated the effect of awake
mapping techniques on perioperative cognitive changes using
MoCA tests.

Methods and materials
Patients and study design

As an observational retrospective study, we reviewed a cohort of
80 patients who underwent awake surgery with intraoperative direct
electrical mapping for dominant and nondominant hemispheres.
All patients were treated at Department of Neurosurgery, Tangdu
Hospital, Airforce Medical University, from January 2013 to
December 2021. The inclusion criteria were (1) age > 18 years,
(2) newly diagnosed glioma, including astrocytoma,
oligodendroglioma, anaplastic oligodendroglioma, anaplastic
astrocytoma, anaplastic oligoastrocytoma, and glioblastoma, based
on the WHO 2007 classification. The WHO 2016 classification was
applied in 2017-2019 (31 cases), and the WHO 2021 classification
of glioma was applied in 2021 (18 cases). The exclusion criteria
included biopsy and incomplete MRI data calculating the
tumor volume.

Demographic, clinical, and histological data were collected and
analyzed from patients and neurocognitive and functional
outcomes. The Institutional Review Board at Tangdu Hospital
approved the study (TDLL-202210-18).

Perioperative neuroradiological evaluation
Preoperative MRI imaging (T1 and T2-weighted imaging,

diffusion-weighted imaging, with and without gadolinium) was
performed one week before surgery. Postoperative MRI (T1 and
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T2-weighted imaging) was also performed within 72 h to assess the
EOR three months later and every three months after that.

The region of interest was delineated manually, and the
volumetric analysis was performed according to the thickness of
the scanning layer by evaluating pre- and post-operative tumor
volumes. EOR was estimated by measuring volumes of
perioperative T1-weighted, T2-weighted and T2-fluid-attenuated
inversion recovery (T2-FLAIR) images. EOR was defined as follows:
(1) supratotal resection, EOR > 100%; (2) gross total resection
(GTR), EOR > 95%; (3) subtotal resection (STR), EOR = 85%-95%;
and (4) partial resection (PR), EOR < 85% (1).

Preoperative and postoperative
neurocognitive assessment

Basic clinical features of patients were obtained through
neurological and physical examinations and Karnofsky
Performance Score (KPS). KPS was the most applied tool to
assess daily functional status, especially for cancer patients (20).

To minimize the test-retest effect, the Chinese version of MoCA
test, including Beijing version of MoCA (MoCA-BJ) and Changsha
version of MoCA (MoCA-CS), was used for neurocognitive
evaluation to assess patients’ cognitive health (14, 21, 22). All
patients were evaluated with MoCA test at three-time points: 48 h
before surgery with MoCA-BJ, discharged from the hospital with
MoCA-CS, and clinic follow-up three months after surgery with
MoCA-BJ. The MoCA test score ranged from 0 to 30, with a higher
score indicating better cognitive function. The MoCA test consisted
of seven sections: visuospatial/executive (5 points), naming (3
points), attention, concentration and working memory (6 points),
language (3 points), abstraction (2 points), delayed recall (5 points),
and orientation (6 points). Subjects with scores > 26 were
considered cognitively normal. Scores 18-25 indicated mild
cognitive impairment, 10-17 indicated moderate cognitive
impairment, and < 10 indicated severe cognitive impairment.

Awake craniotomy and intraoperative
mapping tasks

We adopted the asleep-awake-asleep protocol for awake
craniotomy with direct brain stimulation, and tumor removal was
performed on all 80 patients. After removing the bone flap, the
patient was awakened, and cortical mapping was used to identify
language and motor areas. The StealthStation S7 neuronavigation
(Medtronic Navigation) was applied in each case to plan the surgical
incision and identify tumor margins related to brain sulcal and gyral
surface structures. Intraoperative ultrasound was also used to help
distinguish the tumor boundaries. Before the brain shifts, numerical
and letter tags were placed along the cortical tumor margins.

A biphasic current (pulse frequency 60 Hz; single pulse duration
0.5 msec) was delivered through a bipolar stimulator with a 5 mm
interelectrode distance for cortical stimulation. The initial setting
was 1 mA, gradually increasing the amplitude in 0.5-1 mA
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increments until reproducible response (motor or sensory
function) was obtained or discharge potentials were detected
(baseline 1 mA, maximum 8 mA). Stimulation was applied for 4 s
at the indicated areas, with a pause of 2-4 s between stimulations.
Cortical and subcortical regions were identified using a similar
stimulation protocol.

Sensorimotor mapping was first performed to confirm the
positive responses (movement and/or paresthesia). Stimulations
were repeated at least three times to confirm the positive sites. A
negative sensorimotor area was also indicated when no response
occurred in the area of interest.

For language mapping, the patient was asked to perform three
verbal tasks: counting (regular rhythm, from 1 to 10, repetitively),
picture naming (DO80) and word-reading task to identify the
essential cortical sites which might be inhibited by stimulation.
During the picture naming task, the patient was asked to read a
short phrase in Chinese as “this is a ...... ” before naming each
picture to check whether seizures were generated and induced
speech arrest if the patient could not name the picture
successfully. During the word-reading task, the patient was asked
to read Chinese words presented on the computer screen. The
duration of each stimulation was also about 4 s. Between each actual
stimulus interval, at least one picture was presented without
stimulation, and no site was stimulated twice in succession. The
types of language disturbances (speech arrest, dysarthria, phonetic/
phonemic/semantic paraphasia, anomia, and alexia) found
intraoperatively were classified by neuropsychological experts in
our department.

By applying the same stimulation parameters, the glioma was
removed with alternating resection and electrostimulation for
subcortical functional mapping. The patient continuously
performed the above tasks throughout glioma resection.

Outcome evaluation

Each patient receiving awake surgery was followed up, and the
primary outcome was postoperative KPS, defined as general daily
performance status three months after surgery. Secondary
outcomes included OS, defined as the duration from diagnosis to
death or most recent follow-up, and PFS, defined as the time from
diagnosis to disease progression or the latest follow-up imaging
study if no progression occurred.

Statistical analysis

One-way ANOVA with Bonferroni’s multiple comparisons
tests was applied to detect the changes in MoCA total scores and
related subdomains. The Kaplan-Meier curves and log-rank tests
were used to estimate survival curves. The significance level was set
at 0.05, and all tests were performed using SPSS Statistics, Version
25.0 (IBM Corp, Armonk, NY, USA) and GraphPad Prism (version
8.0). The figures were generated by OriginPro 2021 software
(OriginLab Corporation, Northampton, MA, USA).
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Results
Patient demographic characteristics

The present study included 80 glioma patients (45 males and 35
females) who underwent awake surgery from January 2013 to
December 2021. Table 1 summarizes the clinical and
demographic information for each patient. The mean age for the
awake surgery was 43.84 years (range: 19-68 years). The frontal
lobe (n = 33, 41.25%), temporal lobe (n = 12, 15%) and parietal lobe
(n = 12, 15%) were the most common tumor locations. Most
patients (44/80, 55%) had seizures when admitted to the hospital,
and generalized seizures (26/80, 32.5%) were common among them.

In our cohort, the most common type of glioma histology was
WHO grade II diftuse astrocytoma (23/80, 35%). Glioblastoma (19/
80, 23.75%), oligodendroglioma (14/80, 17.5%), anaplastic
astrocytoma (9/80, 11.25%), and anaplastic oligodendroglioma (7/
80, 8.75%) were the other major pathological types. Based on the
development of WHO CNS classification, Supplementary Table 1
lists the detailed pathological diagnosis with a different version of
WHO CNS dlassification. We summarized the tumor locations by
regions in the eloquent cortex by considering the location
differences and the relationship between awake surgery and
functional outcome. In our case series, the glioma most invaded
language-related cortex (36/80, 45%), followed by the premotor
cortex (19/80, 23.75%), the primary motor cortex (14/80, 17.50%)
and primary sensory cortex (11/80, 13.75%) (Table 2).

The extent of resection and outcomes

Table 2 summarizes the EOR calculated by volumetry. The
mean preoperative tumor volume was 55.01 + 67.13 mm’® (range:
0.99-392.1 mm?). Compared to the preoperative calculation,
postoperative imaging demonstrated a mean residual tumor
volume of 3.593 + 10.82 mm® (range: 0-69.21 mm®). The mean
EOR measured by volume was 51.41 + 59.57 mm’® (range: 0.99-
322.9 mm’). According to EOR definition, 11/80 (13.75%) patients
achieved supratotal resection, 45/80 (56.25%) patients achieved
GTR and 13/80 (16.25%) with STR.

In our cohort, KPS > 80 was considered good functional status,
while KPS < 80 was considered a poor outcome. We presented the
dynamic changes in KPS at three different time points: preoperative,
discharging, and three months follow-ups (Supplementary
Figure 1). Most patients (79/80, 98.75%) performed well on
preoperative KPS. Before being discharged from the hospital, 74/
80 (92.50%) patients had an excellent KPS status, and three-month
follow-up KPS indicated a similar trend, with 72/80 (90%) patients
having KPS scores above 80.

In our case series, the mean PFS was 43.2 months (95% CI:
16.81-69.58), and the mean OS was 48.9 months (95% CI: 23.17-
74.63) in all patients (Figure 1).

Table 3 summarizes the frequency of transient (less than seven
days) or persistent (lasting three months) postoperative
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TABLE 1 Patient clinical characteristics and demographic features.

Parameters Value Percent
Age

Mean 43.84 -

Median 43.5 -

Range 19-68 -
Sex

Male 45 56.25%

Female 35 43.75%
Site of lesion

Right 14 17.50%

Left 66 82.50%
Main tumor location, n (%)

Frontal lobe 33 41.25%

Temporal lobe 12 15.00%

Parietal lobe 12 15.00%

Insular 10 12.50%

Frontal insular lobe 7 8.75%

Temporal insular lobe 5 6.25%

Frontotemporal insular lobe 1 1.25%
Seizure history, n (%)

Yes 44 55.00%

No 36 45.00%
Seizure types, n (%)

Focal seizures 16 20.00%

Generalized seizures 26 32.50%

Auditory/visual hallucinations 2 2.50%
WHO grade, n (%)

WHO Grade I 43 53.75%

WHO Grade III 18 22.50%

WHO Grade IV 19 23.75%
WHO classification, n (%)

Diffuse astrocytoma 28 35.00%

Oligodendroglioma 14 17.50%

Oligoastrocytoma 1 1.25%

Anaplastic astrocytoma 9 11.25%

Anaplastic oligodendroglioma 7 8.75%

Anaplastic oligoastrocytoma 2 2.50%

Glioblastoma 19 23.75%
Comorbidities

(Continued)
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TABLE 2 Continued

Parameters Value Percent Parameters Value Percent
Diabetes mellitus 18 22.50% 80 4 5.00%
COPD 13 16.25% 70 1 1.25%
CHD/Hypertension 21 26.25% Discharge KPS, n (%)

Smoker 36 45.00% 100 60 75.00%

Miscellaneous 11 13.75% 90 10 12.50%
WHO, World Health Organization; COPD, chronic obstructive pulmonary disease; CHD, 30 4 5.00%
chronic heart diseases.
-, not applicable or none. 70 4 5.00%
TABLE 2 Surgical characteristics of patients receiving awake surgery in 60 2 2.50%
eloquent regions.

3-month follow-up KPS, n (%)

Parameters Value Percent 100 64 80.00%

Tumor locations, n (%) 90 5 6.25%
Primary motor cortex 14 17.50% 80 3 3.75%
Primary sensory cortex 11 13.75% 70 7 8.75%
Premotor cortex 19 23.75% 60 1 1.25%
Language cortex 36 45.00% SD, Standard deviation; IQR, Interquartile range; KPS, Karnofsky Performance Score.

-, not applicable or none.
Preoperative tumor volume, ml
neurological deficits, such as motor or language disturbance. Due to
Mean (SD) 55.01 + 67.13 - : . . .
brain plasticity after traumatic event of the surgery, we still
Median (IQR) 34.59 (20.56-58.65) - considered the timepoint of three months after surgery follow-up
Range 0.99-392.1 ~ was in the recovery process. During the postoperative period, 11
patients (13.75%) developed new transient speech and language-

Postoperative tumor volume, ml related deficits, while 3 (3.75%) presented with transient motor-
Mean (SD) 3.593 + 10.82 - related symptoms. After removing the tumor, 12 patients developed

. . . . . o
Median (IQR) 0(0-248) ~ persistent deficits lasting for three months, including five (6.25%)
with motor-related disturbance and seven (8.75%) with speech and
Range 0-69.21 B language disturbance. No cases of persistent speech and language

Extent of resection by volume disturbance were reported among patients with tumors located in
Mean (SD) 5141+ 5957 B the parietal and temporal-insular lobes.

Median (IQR) 31.62 (19.78-54.83) - . .
Neurocognitive status with MoCA test
Range 0.99-322.9 -
Extent of resection We totally reviewed MoCA test scores from 79 cases, and one
case lost post-op and follow-up test. Table 4 summarizes the
Supratotal resection 11 13.75% . X .
changes and distribution of MoCA scores at the preoperative
Gross total resection 45 56.25% baseline test, discharge from the hospital, and three months
Subtotal resection 13 16.25% follow-up. The total MoCA score increased significantly from
) ) baseline to 3-month follow-up (19.95 + 1.99 vs. 26.65 + 1.41, p <
Partial resection 11 13.75% . .
0.001). At the three months follow-up visit, most patients (65/80,

Mapping and surgical adjuncts 81.25%) achieved normal neurocognitive status with MoCA score >

Intraoperative mapping 80 100.00% 26. At a 3-month follow-up, we found no cases of moderate-to-
severe cognitive impairment (MoCA < 20).
Intraoperative ultrasound 71 88.75% . Lo .
We further analyzed the subdomain score distribution for each

Preoperative KPS, n (%) MoCA test (Figure 2; Supplementary Table 2). With surgical
100 62 77.50% intervention, we noticed that the scores of subdomains were
% » Lo elevated significantly for most domains in each timepoint (post-

N 0
op vs. pre-op, 3-month follow-up vs. pre-op, 3-month follow-up vs.
(Continued)
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and naming domains. For example, in the language domain, the
patients demonstrated favorable recovery outcomes as evidenced by
post-operative and follow-up assessments. This may be attributed to
the measures employed during intraoperative surgical
manipulations. However, no significant improvement was
observed in the abstraction domain test.

Due to the glioma invading the eloquent area, we divided
patients into the functionally related cortex, including the
primary motor cortex, primary sensory cortex, premotor cortex,
and language cortex (Supplementary Figure 2). In general, our
findings demonstrated that MoCA scores of patients at three
months follow-ups were significantly higher than the baseline
MoCA scores in the present cohort. Specifically, for gliomas
invading the primary motor cortex and primary sensory cortex,
each domain in MoCA test indicated a significant increase from
preoperative to three months test (p < 0.001). Whereas, for gliomas
invading the premotor and language cortex, most domains in
MoCA test presented similar increments at all three-time points,
except for the abstraction domain. Although the scores in the
domain of abstraction improved in both groups, no significant
difference was observed between the preoperative and three months
follow-up tests (for premotor cortex, improved score: 0.16 + 0.69,
range:-1~1, p = 0.3306; for language cortex, improved score:
0.00 + 0.69, range: -1~1, p > 0.99). Supplementary Table 3
indicates the detailed MoCA scores and subdomain distribution
stratified by glioma locations.

In this study, we applied 26 points as the cut-off value to
distinguish normal and cognitive impairment cases. We did not
observe severe impairment patients but with eight moderate
cognitive impairment cases in pre-op tests. To further clarify the
relationship between pre-op MoCA status with patients’ clinical
features, we established Kaplan-Meier curve and performed the
survival analysis. In Supplementary Figure 3, we presented PFS and
OS for normal and mild cognitive impairments. In Supplementary
Figure 4, we stratified the WHO pathological categorical
classification and presented the OS of each grade glioma case.
However, no significant difference was observed in PFS/OS with
different MoCA statuses. We also presented the dynamic changes in
MoCA scores according to WHO grades (Supplementary Figure 5).
Based on our current data, although WHO classification grades,
including Grade II, III and IV, did not show the survival benefit by
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TABLE 3 Distribution of patients with transient and persistent
neurological deficits.

Transient deficit (%)

Persistent deficit (%)

Impairment
No. Percent No. Percent
Motor-related 5 6.25% 3 3.75%
Frontal lobe 2 2.50% 1 1.25%
Parietal lobe - - 2 2.50%
Insular 1 1.25% 2 2.50%
Language-related 11 13.75% 7 8.75%
Frontal lobe 3 3.75% 5 6.25%
Parietal lobe 4 5.00% -
Insular 1 1.25% 2 2.50%
Tempo-insular 3 3.75% - -
Total 14 17.50% 12 15.00%

Transient deficits: less than seven days; persistent deficits: lasting three months.
-, not applicable or none.

MoCA scores stratification, the rate of normal MoCA score was
significantly improved, especially at 3-month follow-up test.

Discussion

Awake brain mapping, a technique for functional preservation,
has been widely adopted by neurosurgical institutions in recent
years (8, 10, 23, 24). Despite advancements in intraoperative MRI,
neuro-navigation systems, and intraoperative imaging techniques,
intraoperative direct electrical stimulation for patients with gliomas
in eloquent areas remains the gold standard for eloquent cortex
localization (25). Studies have indicated that awake brain mapping
could improve tumor EOR and OS and reduce the rate of persistent
postoperative neurofunctional deficits (6, 26-28). We
retrospectively reviewed our institutional experiences with awake
surgery in this study. We applied MoCA test to assess the
neurocognitive status of patients with glioma in eloquent areas.
Our findings confirmed the safety and feasibility of awake surgery in
treating gliomas in the eloquent cortex. The awake functional

B oS
_ 100
©
2
2
=
)
s
2> 50
E
©
Qo
[
o
) 50 100
Months

Kaplan-Meier curve estimates of progress-free survival (A) and overall survival (B) for the patients with glioma receiving awake brain mapping surgery

in our cohort.
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TABLE 4 Treatments and neurological deficit and general performance scores.

Parameter Value Percent
Postoperative adjuvant therapy
Radiotherapy only 4 5.00%
Chemotherapy only 16 20.00%
Both radiotherapy & chemotherapy 37 46.25%
With TTF 3 3.75%
None 23 28.75%
Pre-operative MoCA score
Mean (SD) 19.95 + )
1.99
Median (IQR) 20 -
Range 16-26 -
Discharging MoCA score
21.87
Mean (SD) 189 -
Median (IQR) 22 -
Range 18-26 -
3 months follow-up MoCA score
Mean (SD) 26.65 % -
1.41
Median (IQR) 27 -
Range 23-30 -
3 months follow-up MoCA score
Normal 65 81.25%
Abnormal 14 17.50%
Median progression-free survival, months (95% 432 16.81-
CI) 69.58
Median overall survival, months (95% CI) 489 271 1673

TTF, Tumor treating field; MoCA, The Montreal Cognitive Assessment; SD, Standard deviation;
IQR, Interquartile range; KPS, Karnofsky Performance Score; CI, Confidence interval.
-, not applicable or none.

mapping enabled favorable functional and neurocognitive
outcomes with MoCA test.

Evidence suggests that EOR > 78% of the contrast-enhanced
portion of glioma is an important prognostic factor (29). However,
whether awake surgery can improve EOR and OS remains
debatable. Gerritsen et al. demonstrated that awake surgery could
improve EOR, but the treatment did not affect the patient’s OS (30).
Another study found comparable EOR and OS for awake surgery
and general anesthesia craniotomy (31). Considering the limited
number of cases from previous studies and the difference in
technique application between institutions, most surgeons
planned to perform the resection based on the preoperative daily
status of the patient and intraoperative real-time stimulation
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feedback. In this study, total resection was achieved in more than
half cases (45/80, 56.25%), consistent with previous studies (30, 32).

In addition, supratotal resection (11/80, 13.75%) was achieved
for selected cases. Supratotal resection was still defined differently
by neurosurgical oncologists. Generally, resection beyond 1-2 cm
for contrast-enhanced tumors or 1-2 cm beyond the boundary in
Flair images for non-enhanced tumors could be considered
acceptable supratotal resection (33). Evidence indicated that
supratotal resection might improve EOR and prolong the
progression-free as well as OS in glioma patients (34). Our
findings also suggested that awake brain mapping enabled
surgeons to achieve supratotal resection with favorable
neurological and clinical outcomes while preserving the
neurocognitive function.

As the primary purpose of brain mapping, neurosurgeons in the
operation room always prioritize minimizing the risk of
postoperative neurological deficits. Previous studies reported
varied morbidity rates. A meta-analysis revealed that with
stimulation mapping, the early neurological deficit rate could be
47.8%, and the late neurological deficit rate could be 6.4% (27). Li
et al. demonstrated that early and late deficit rates were 19.6% and
10.7%, respectively (35). In contrast, Trinh et al. reported 38% and
13%, respectively (36). This study revealed that the transient deficit
rate was 17.5%, significantly lower than previous studies, while the
persistent deficit was 15%, which was consistent with most studies.

Notably, language-related deficits accounted for the most
significant proportion of transient and persistent morbidities
(13.75% and 8.75%, respectively). Considering the similar
proportion of glioma in the premotor cortex (35/80) and
language cortex (36/80), the differences in morbidity rate between
these two groups suggested that awake brain mapping for the
language cortex required more sophisticated intraoperative
monitoring and evaluation. Meanwhile, previous research
indicated that awake surgery with brain mapping could reduce
late severe persistent neurological deficits.

This cohort observed early transient speech and motor
disturbances in 11/80 and 5/80 patients. In contrast, the late
persistent speech and motor disturbance rates were 7/80 and 3/
80, respectively. Most transient deficits were recovered within a few
weeks after resolving tissue swelling and reducing stress responses.
Consequently, awake mapping enabled tumor resection by more
precisely identifying the critical structures to avoid persistent
functional deficits, which significantly helped intraoperative
tumor resection manipulation control (2).

Neurological performance status is a prerequisite for awake
mapping (35). Several studies have found that postoperative KPS
scores were significantly improved in awake craniotomy than in
general anesthesia (35, 37). The preoperative baseline KPS score in
the present cohort was good (KPS > 80, 79/80). Most patients
returned to their preoperative KPS score after the awake mapping
and tumor resection. However, a small portion of cases experienced
transient neurological deficits. At the three-month follow-up visit,
most cases indicated an improvement in KPS between pre-and
postoperative periods, corresponding to the improvement in
neurological deficits.
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Changes of total MoCA scores (A) and subdomain score distribution (B-H) at each MoCA test timepoint. One-way ANOVA with Bonferroni's multiple

comparisons tests. **: <0.001; ****:<0.0001; ns, not significant.

Although MoCA was initially designed for patients with mild
cognitive impairment (MCI) and Alzheimer’s disease, the evidence
suggests that it is superior to Mini-Mental State Examination
(MMSE) in detecting cognitive impairment in patients with brain
metastases (38, 39). The sensitivity of MoCA was lower compared
to a comprehensive neuropsychological battery in sensitivity to
detecting cognitive deficits (40). However, due to the intrinsic
nature of a comprehensive battery, the comprehensive battery
administration process may take several hours, and the presence
of fatigue may interfere with the patient’s performance (41). In
addition, the results of comprehensive battery may be affected by
the professional expertise and level of experience of the evaluators,
limiting the scope of its application as routine tests. Therefore,
researchers tried to investigate the use of MoCA in the primary
brain tumor population, especially in the setting of global COVID-
19 pandemic (16, 42).

In our case series, we identified that MoCA has a surprisingly
high sensitivity in neurocognitive impairments detection. The
overall MoCA score improvements (preoperative baseline vs.
three-month follow-up test) indicated that surgical intervention
had a clinical benefit in terms of neurocognitive improvement. In
this study, several patients presented with lower baseline MoCA
scores (median: 20; range: 16-26; Normal: 1 case; Mild: 70 cases).
When the patients were discharged from the hospital, they revealed
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a trend of improvement (median: 22; range: 18-26; Normal: 1 case;
Mild: 79 cases), while a three-month follow-up test demonstrated a
significant increase in MoCA score (median: 27; range: 23-30;
Normal: 65 cases; Mild: 14 cases; Supplementary Figure 6).

Detailed analysis of MoCA domains supported the
improvement of cognitive conditions in most cases. For
abstraction domain, we did not observe any significant
improvement during the whole hospitalization and 3-month
follow-up. According to Zhang et al, the scores of memory
function and abstract thinking were significantly different
presented for grade III glioma patients, and their results implied
that patients with IDHwt-astrocytoma/anaplastic astrocytoma are
more susceptible to suffering from neurocognitive function decline
than those with other subgroups of grade II and III gliomas (43).
Our current data did not further support the relationship between
the cognitive status of MoCA scores and the pathological
classification (Supplementary Figures 3-5). More concern should
be paid to this issue in future work.

Other studies suggested that KPS, age, education, and previous
treatment were associated with patient MoCA outcomes and that
the cutoff score appropriate for neuro-oncology establishment
required further validation (16, 40). Therefore, based on our
results, MoCA administration for neurocognitive monitoring was
feasible and convenient for patients undergoing awake surgeries.
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Since we applied MoCA tests three times during the study, it
was inevitable that the test-retest effects could influence the data
and results. Several factors might impact the test-retest effect, such
as the number of test administrations, test speed, test form, and test-
retest interval (44). Considering our current study design, an
alternative of applying MoCA test with Beijing version and
Changsha version could greatly minimize the retest effect. In
addition, though MoCA-Beijing was applied twice, the test
interval was almost more than three months. We suggest that this
setting up of MoCA tests diminishes the size of retest effect, as the
patients are less likely to remember the test contents.

Other new tools for language deficit assessments were reported
recently. El Hachioui et al. reported ScreeLing application for
assessing the presence and severity of aphasia and linguistic
deficits 12 days after stroke (45). The ScreeLing aimed at the
basic linguistic components (semantics, phonology, and syntax)
and has been adopted as an important tool for assessing long-term
post-stroke aphasia patients (46) (47). Currently, there is no
evidence supporting ScreeLing in language function prediction for
glioma patients. Language Screening Test (LAST) was another
important screening tool (48), and recently its Chinese version,
CLAST, has been developed and reported as an efficient and time-
saving bedside aphasia screening tool for stroke patients in the acute
phase (49). New evidence also implied that CLAST is suitable for
Chinese post-stroke patients with high reliability, validity,
sensitivity, and specificity (50). Meanwhile, in the background of
Covid-19, TeleLanguage test has drawn special attention. A short
telephone-based language test battery for pre- and postoperative
language assessments was developed and piloted for 14 brain tumor
patients. Preliminary results showed that TeleLanguage battery
could provide convenient, optimized patient care and enable
longitudinal clinical research (42). For MoCA tests, Jammula
et al. also reported a pilot study on the feasibility and utility of
telehealth and in-person clinical assessments (16). Considering the
unique nature of awake surgery, it is necessary to further evaluate
the patients’ language status with more specific tools to better help
their neurofunctional recovery process in our future work.

Limitations

The current study has several limitations. First, the pathological
classification of glioma has changed several times due to the time
span of the current cohort. Almost half of the cases were diagnosed
using previous versions of diagnosis criteria, which correlated with
the patient’s prognosis. Second, due to institutional constraints, the
comprehensive neurocognitive battery was not applied until 2019,
which constrained us to compare the findings of other tests. Third,
the test-retest effect was inevitable since MoCA test was performed
three times for each patient. We managed to diminish the size of
retest effect by adopting two versions of MoCA test. Especially for
MoCA-B]J test, the test interval was more than three months. In
addition, considering the unique nature of awake surgery, it is
necessary to further evaluate the patients’ cognitive status, such as
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language status, with more specific tools to better help their
neurofunctional recovery process in our future work.

Conclusion

In conclusion, the present study investigated the role of awake
functional mapping in the surgical treatment of glioma invading the
eloquent cortex. The technique reduced the risk of neurological deficit
while providing clinical benefits such as better KPS, increased EOR,
and longer survival time. Notably, the postoperative and follow-up
neurological and cognitive status on MoCA assessment was improved
compared to preoperative status. Our findings demonstrated that
awake functional mapping could achieve favorable neurological,
neurocognitive, and functional outcomes for glioma patients.
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Gliomas are one of the most common primary central nervous system tumors,
and surgical treatment remains the principal role in the management of any
grade of gliomas. In this study, based on the introduction of gliomas, we review
the novel surgical techniques and technologies in support of the extent of
resection to achieve long-term disease control and summarize the findings on
how to keep the balance between cytoreduction and neurological morbidity
from a list of literature searched. With modern neurosurgical techniques, gliomas
resection can be safely performed with low morbidity and extraordinary long-
term functional outcomes.

KEYWORDS

review, intraoperative techniques, extent of resection (EOR), gliomas, imaging
technologies, intraoperative stimulation mapping, awake craniotomy, augmented
reality high-definition fiber tractography and fluorescein

Introduction

Gliomas stem from glial cells of the central nervous system (CNS), and they are the most
common primary CNS tumors. According to the 2021 World Health Organization (WHO)
classification of CNS tumors, gliomas are classified as low-grade gliomas (LGGs; WHO
grades I or II) and high-grade gliomas (HGGs; WHO grades III or IV). Supratentorial
gliomas account for approximately 30% of all adult primary intracranial tumors, and more
than 50% of these are high-grade gliomas (HGGs) (1). Several clinical features (both
pathological and non-pathological) determine the grade, with pathological features
including nuclear atypia, mitotic activity, vascular proliferation, necrosis, and so on, and
non-pathological ones including clinical course and treatment outcome (2). Glioma is more
common in whites and blacks, and the incidence of it in men is 1.5 times that in women (3).

China is one of the countries with the largest prevalence and death rates of CNS tumors
(4). Overall incidence rates with adjusted age for all gliomas range from 4.67 to 5.73 per
100,000 persons (5, 6). The median overall survival (OS) times were 78.1, 37.6, and 14.4
months for low-grade gliomas, anaplastic gliomas, and glioblastomas, respectively (7).
Most cases of gliomas are of sporadic onset, although some are related to Mendelian
disorders such as tuberous sclerosis, neurofibromatosis type 1 or type 2, and so on (8).
There are several factors that influence prognosis, including the Karnofsky Performance
Status Scale at diagnosis, histology, and molecular markers. Age and tumor histology have
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been identified as primary predictors of patient prognosis (9, 10).
Irradiated brain or scalp in the past may increase the risk of
developing gliomas (11, 12).

Gliomas have variable presenting symptoms depending on
tumor size and location. A systemic review summarizes the
symptom prevalence and concludes several symptoms, of which
the most prevalent ones are seizures, cognitive deficits, drowsiness,
and dysphagia during different phases (13). In these tumors,
seizures are the most common presenting symptom since they
tend to be highly epileptogenic. It is common in low- and high-
grade gliomas. The risk of seizures varies between 60% and 100%
among low-grade gliomas and between 40% and 60% among
glioblastomas (14). Seizure control and decreasing neurocognitive
deficits are the two main purposes for some of the patients
diagnosed with gliomas, which they always pursue.

The principle of surgical treatment of gliomas is necessary to
reduce the mass effect caused by the tumors, maximize the extent of
resection, and in the meantime reduce the damage to the
surrounding tissue structure, especially the gliomas located in the
eloquent area, to protect neurological function. The treatment
procedures are different depending on the grade of the gliomas.
We will introduce LGGs, HGGs, and recurrent gliomas separately.

Low-grade gliomas

LGGs account for up to 15% of all brain tumors in adults (15).
Some volumetric studies support the idea of “extent of resection”
(EOR) to improve survival in patients with LGGs. These ones
illustrated mean survival time variation (61.1 to 90.5 months) with
maximal resection (10, 16, 17). Low-grade gliomas are the most
common and uniformly fatal disease in young adults (mean age 41
years), with survival averaging approximately 7 years (18). EOR is a
statistically significant predictor of overall survival. The data from
these studies emphasize the importance of achieving a complete
resection, cannot be overstated. LGGs have a diverse anatomical,
histopathological, and molecular profile, which reflect the clinical
outcome (19). In addition to affecting overall survival in LGG
patients, the EOR also influences the malignant transformation
rate and seizure-free status (20). A retrospective study including
153 glioma patients followed by “watch and wait” and early surgical
resection, respectively, demonstrated that patients with LGGs who
underwent early surgery had a higher chance of survival, which
suggested that the timing of resection was crucial (21).

High-grade gliomas

For patients with primary HGGs such as glioblastoma,
retrospective analysis from a randomized trial has concluded that
survival and progression-free survival are highly influenced by the
extent of tumor resection; the fact that incomplete resections result in
more rapid neurological deterioration also attests to the importance
of complete resections on progression-free survival (22-24).

One retrospective study on the comparison of “gross total” and
“subtotal” resection data demonstrated that the gross total section
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of HGGs had a greater survival rate for 1 year follow-up, which
decreased to 19% at 2 years, than subtotal resection (25). Some MRI
scans of these patients diagnosed as HGGs always show a
noncontrast-enhancing surrounding abnormality, so the study of
the resection rate on the abnormality’s surroundings remains
unclear. Li reported the results that the group that underwent
gross total resection of >53.21% of the surrounding FLAIR
abnormality beyond the 100% contrast-enhancing resection was
associated with a significant prolongation of survival compared
with that following less extensive resection (p <0.001) (26).

In the discussion of the extent and rate of resection, Sanai
reported that for glioblastoma multiforme (GBM), aggressive EOR
equated to improvement in overall survival, even at the highest
levels of resection. A significant survival advantage was seen with as
little as 78% EOR, and stepwise improvement in survival was
evident even in the 95%-100% EOR range (27).

Recurrent gliomas

No matter which classification the recurrent gliomas (LGGs or
HGGs) are, many patients accept repeat resection as a common
treatment option to pursue a good quality of life (28). A significant
benefit had been seen in 52 patients with reoperated LGGs; the
principle of undergoing reoperation demonstrated an overall 10-
year survival rate of 57%; variable prognostic factors such as the use
of upfront radiation and pathology at recurrence influenced the
overall survival rate (29). A large study on recurrent HGGs reported
to date that the median overall survival duration was 19 months
with a median progression-free survival following re-resection of
5.2 months, suggesting that the survival benefit of microsurgical
resection did not diminish despite biological progression (30). At
present, the clinical benefit of reoperation for both recurrent LGGs
and HGGs demonstrates that the extent of resection can be the
strongest predictor of overall survival in each individual patient.

Advances in surgical techniques and neurosurgical tools make
neuro-oncology practice easier, meanwhile improving favorable
outcomes and maximizing cytoreduction for patients with
gliomas. Advanced neurosurgical imaging technologies, including
intraoperative neuronavigation (31, 32), DTI tractography (33),
intraoperative MRI (IoMRI) (34, 35), intraoperative
ultrasonography (IoUS) (36, 37), fluorescence-guided surgery (38,
39), intraoperative stimulation mapping (IoSM), the awake
craniotomy (AC) approach (40, 41), augmented reality high-
definition fiber tractography and fluorescein (AR HDFT-F) (42,
43), intraoperative hand-held microscopy, and intraoperative
mutational analysis have improved the complete radiographic
resection rate of gliomas.

Neuronavigation systems

Neuronavigation systems have been widely used in the
operative management of gliomas and offer lots of advantages to
surgeons. Preoperatively precise planning of the craniotomy in real
time and the identification of small intracranial lesions are some of
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the principal benefits. In addition to the basic settings, it is also now
possible to add functional MRI (fMRI) and DTI tractography
information as an overlay available to the surgeon
intraoperatively. fMRI does not rely on the use of radiation; it can
produce images with high spatial resolution by the millimeter and
poor temporal resolution because of a 5-second lag between initial
neural activity and image; it can capture a clear picture of brain
activity picture only if the patient stays still but not moment-to-
moment brain activity. Neuronavigation can generate relationships
between mass lesions and functional areas. A randomized
controlled trial on the study of the effectiveness of
neuronavigation demonstrated that the mean amount of residual
tumor tissue was 13.8% for surgery involving neuronavigation
compared with 28.9% for standard surgery, although there was no
rationale for the use of neuronavigation to improve the extent of
tumor resection because of the size or location of the lesion (33).

DTI tractography

DTT is utilized to plan major fibro-parcel pathways in 3D and
keep away from significant white-matter packages. The imagined
white-matter groups are integrated into a 3D model to limit the
level of careful dreariness brought about by disturbance of
significant white-matter packs.

Nevertheless, some perioperative trials about the effect of DTI
neuronavigation on reducing morbidity did not show clear evidence
because of tumor infiltration and edema (31, 44, 45). Given the
insufficient approximation of functional sites, DTT itself cannot be
used as a tool for surgical decision-making. Diffusion-weighted MRI
as a novel technique is being used to overcome the previous issue of
accurately mapping peritumoral edema tissue (46).

Intraoperative MRI

Intraoperative MRI (IoMRI) changes the way we deal with
gliomas. IoMRI not only helps us to solve the problem of brain
shift but also assists the neurosurgeon to highlight the tumor
remnants and reach a higher EOR. In one prospective study
including 100 adult patients operated on for gliomas using IoMRI
with neuronavigation, Leroy reported that the median EOR was
100% whatever the type of glioma and location. It was only in the
insula area that residue levels were higher. There was no difference
between LGGs and HGGs in the median KPS at different follow-up
times after surgery. “Staged volume” surgery was also introduced by
him to ensure a high level of security for the surgeon and low
morbidity for the patients (47). Several other nonrandomized studies
also indicate that IoMRI can increase the resection rate of LGGs and
HGGs, preserve neurofunction, and prolong patient survival (48-50).

Intraoperative ultrasound

Intraoperative ultrasound (IoUS) is an affordable tool that can
be easily incorporated into existing infrastructure and operative
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workflows. IoUS has dramatically evolved with well-integrated
navigation tools and improvements in image quality compared
with the previous artifact-prone image quality of ultrasound (51).
However, it is difficult to detect residuals below 1 cm in diameter
when using IoUS (52), and the cone-shaped field of view can
sometimes make it hard to see the lesion.

Fluorescence-guided surgery

Recently, intraoperative fluorescence surgery using 5-
aminolevulinic acid (5-ALA) has been widely adopted (22, 53). 5-
ALA as a prodrug to heme can be converted to protoporphyrin IX
(PpIX), and PpIX can be accumulated preferentially in tumor cells
and epithelial tissues when 5-ALA is administered through the
intact blood-brain barrier (BBB) (53, 54). The properties of PpIX,
which emits fluorescence of red-violet light, have been used for the
detection of tumor tissues during glioma resection (38, 39).

The sensitivity of 5-ALA to gliomas has been demonstrated up
to 95% in one study as a growing technology (55). Specificity for 5-
ALA in predicting malignant tissues has a wide degree of variance,
and in most studies it can be above 70% (56-58). The visible
fluorescence varies depending on the grade of glioma, which is
95.4% in glioblastomas compared with 24.1%-26.3% in grade I and
II gliomas (59). Alessandro reported the resection outcome guided
by 5-ALA fluorescence: overall gross total resection of >98% was
achieved in 93% of HGG patients, and the boundaries of fluorescent
tissue exceeded those of tumoral tissue by neuronavigation in 43%
of the patients (60).

Intraoperative 5-ALA fluorescence is ineffective at guiding
LGGs because they do not produce a level of fluorescence that is
visible to the naked eye (38). Hence, the approaches of
intraoperative confocal microscopy have been developed and used
to visualize 5-ALA-based tumor fluorescence in LGGs when
exposed to resection procedures. With this microscopy, PpIX
fluorescence has been detected in cellular infiltration identified at
the tumor margins of WHO grade I and II gliomas (61).

Intraoperative stimulation mapping
and awake craniotomy approach

Because it allows for a more precise identification of functional
areas (especially in the dominant hemisphere), intraoperative
stimulation (IS) mapping has emerged as the standard treatment of
choice for eloquent tumors. This allows surgeons to achieve higher
extents of resection (EOR) and reduce postoperative morbidity.

This technique involves electrical stimulation to depolarize a
focal area of the functional cortex. An electrode precisely stimulates
the focal neurons to depolarize, passes the signal within the area of
interest, and causes local excitation, inhibition, or perhaps diffusion
to distant areas (40). The whole procedure can be monitored by an
electrophysiologist if the patient is performing a motor or language
task. With the help of a bipolar probe, the neurosurgeon can
perform more precise mapping.
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Sometimes the nidus of gliomas is located within functional
cortical areas of the brain. Neurosurgeons cannot use the classic
anatomy of the central nervous system (CNS) to predict functional
areas (such as language or motor sites) because of individual cortical
heterogeneity (62, 63). The mass effects of gliomas can distort the
topography of the brain, and the brain’s plasticity can cause
functional networks to be rearranged (64).

A meta-analysis of IoSM enrolled patients diagnosed with
supratentorial gliomas; the result showed that the gross total
resections were 75% of the patients whose resection was guided by
IoSM, compared with 58% of the patients without intraoperative
mapping; the IoSM did not influence the extent of the resection
(65). Another meta-analysis shared similar results, especially the
outcome of delayed severe deficits, which demonstrated a lower
incidence (3.4%) in patients with IoSM significantly (63), and the
deficits were always transient because of brain structures adjacent to
the resection cavity. The use of IoSM during resection surgery reduces
late, severe neurological deficits (65). The recommendation for awake
craniotomy (AC) guided surgery is for gliomas affecting the dominant
mid-to-posterior frontal, temporal, and mid-to-anterior parietal lobes.
AC techniques can monitor more complex cognitive functions such as
spatial and emotional recognition more effectively (41).

Based on some experience, the maximum duration that patients
can stay conscious and complete mapping tasks is about 1 h. During
this period there are several task series for IoSM, such as language
tasks (the major tasks are number counting and picture naming)
and non-language tasks (vision and other higher cognitive functions
include calculation, working memory, and music) (66, 67). When
tumors are near language or motor networks, it is recommended
that direct cortical stimulation be used to help preserve function in
appropriately selected patients. This often involves proceeding with
an awake craniotomy, for which technical nuances and anesthesia
considerations have been previously reported (68). If the gliomas
are located within the area associated with severe complications, the
rate of permanent complications will be about 10% with the use of
AC mapping techniques (69).

A random-effects meta-analysis showed that AC (90.1%) had a
higher mean EOR than general anesthesia (GA) (81.7%), which was
found to be the case (p = 0.06). For analysis, neurological deficits
were divided according to their severity and timing. Early
neurological deficits, late neurological deficits, and non-severe and
severe morbidity were not significantly different between patients
who underwent AC and GA, respectively. The results suggested that
IoSM when resecting gliomas located in the eloquent area can be
carried out safely and effectively with AC (70).

Other adjunct loSM methods

There are some other adjunct IoSM methods. Functional MRI
(fMRI) mainly provides vital information regarding the location of
sensory and motor pathways, but it is unable to map language sites
(71). Somatosensory-evoked potential (SSEP) phase-reversal
techniques can be used to identify the location of the primary
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sensory cortex. However, the level of SSEP is only useful for locating
the primary somatosensory cortex (72).

Augmented reality high-definition
fiber tractography and fluorescein

As with simulating three-dimensional virtual objects with real
objects, the application of augmented reality (AR) in neurosurgery
has the potential to change the way neurosurgeons plan and
perform surgical procedures. The AR neuronavigation system has
been used in surgical planning (73), integrating MR or CT images
into the surgical field (74). Lopez et al., in a review, illustrated that as
the second most frequent use in brain tumors, AR enabled the
neurosurgeon to locate the fiber tracts and guide resection (42). It
can improve intraoperative safety. It facilitates and simplifies the
selective anatomy of the lesion and adjacent structures, although
there is no established method for precise measurement of 3D error
and bias in deep injuries.

DTTI high-definition fiber tractography (HDFT) has been tested
as a useful tool for glioma resection planning and assessment of
postoperative connectivity of the fiber tracts (43). Sodium
fluorescein (F) has been used as a fluorescent dye in HGGs to
increase the EOR (75). Although there is still a wide range of
limitations, there are several studies about the combined utility of
AR and HDFT-F. AR HDFT-F improves the neurosurgeon’s
intraoperative spatial location and allows for differential
visualization of each tract as needed. Luzzi (1) enrolled 117
patients newly diagnosed as supratentorial HGGs, of whom 54
underwent surgery with the AR HDFT-F technique and 63 with
conventional neuronavigation surgery. The results suggested that
the AR HDFT-F group had a higher extent of resection and longer
progression-free survival, although there was no significant
difference in complication rates between the two groups. Surgery
with AR HDFT-F is regarded as a safe and effective procedure for
patients’ neurofunction recovery. However, the present procedures
involve only GA patients, and the whole process is still limited by
the DTT’s only supply of anatomical information (76).

There are some other intraoperative tools that have been
described to achieve maximal tumor resection, and most of them
are still in debate.

(1) Intraoperative hand-held microscopy

This is a technique in which a single optical fiber combined with
miniaturized scanning and optical systems supplies high-resolution
images (77). It can solve problems at the cellular level. The histological
characteristics of gliomas, meningiomas, and central neurocytomas
have been distinguished by intraoperative confocal microscopy to
visualize fluorescein (78). Further study is needed to determine
whether this technique can be used to complement resection
procedures and conventional neuropathological diagnostic techniques.

(2) Intraoperative mutational analysis

The analysis can be used in real time to theoretically determine the
true tumor margins. All these methods include genotyping for known
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TABLE 1 Perioperative treatment options.
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Timepoint Techniques Advantages
Preoperative Neuronavigation systems (1) preoperative precise planning of the craniotomy in real time and the identification
of small intracranial lesions.
(2) can add functional MRI and DTI tractography information intraoperatively.
Preoperative DTT tractography Plan major fibro-parcel pathways in 3D and keeping away from significant white-
matter packages.
Intraoperative | Intraoperative MRI (IoMRI) Solve the problem of the brain shift and increase the rate of EOR.
Intraoperative | Intraoperative ultrasound (IoUS) The tool that can be easily incorporated into operative workflow to detect the residual
above lcm in diameter.
Intraoperative | Fluorescence-guided surgery (1) fluorescence of red-violet light: for the detection of tumor tissues during HGGs
resection.
(2) intraoperative confocal microscopy with fluorescence: for LGGs.
Intraoperative | Intraoperative Stimulation Mapping (IoSM) and Awake Resect gliomas located in the eloquent area can be carried out safely and effectively.
craniotomy (AC) approach
Intraoperative | Augmented reality high-definition fiber tractography and Improve intraoperative spatial location and allow for differential visualization of each
fluorescein (AR HDFT-F) tract.
Intraoperative | Intraoperative hand-held microscopy Solve problems at cellular resolution with a single optical fiber.
Intraoperative | Intraoperative mutational analysis Genotyping and mass spectroscopy in real time to determine the true tumor margins.

tumor mutations using PCR-based approaches, such as isocitrate
dehydrogenase 1 or 2 (IDH1/2) aberrations (79); mass spectroscopy
based on defined tumor spectral profiles, which is similar to magnetic
resonance spectroscopy techniques (80); All these methods need to be
further tested for specificity and sensitivity in resectioning gliomas.

Conclusions

Preoperative (such as neuronavigation systems and DTI
tractography) and intraoperative (including IoMRI, IoUS,
fluorescence-guided surgery, IoSM and AC approaches, AR HDFT-F,
intraoperative hand-held microscopy, and mutational analysis) surgical
options for gliomas therapy supply a lot of choices for neurosurgeons to
improve the greater extent of resections of any grade of gliomas
(Table 1). The neuronavigation system is always used for
preoperatively precise planning. DTT tractography can plan surgical
fibro-parcel pathways, keeping away from significant white-matter
packages. IoMRI can solve the intraoperative brain shift. IoUS can be
easily incorporated into operations to detect residuals above 1 ¢cm in
diameter. Fluorescence-guided surgery can detect the tumors in HGGs
and LGGs with confocal microscopy and fluorescence. IoSM and AC
approaches can be used for gliomas located in the eloquent area. AR
HDFT-F can improve intraoperative spatial location and allow for
differential visualization of each tract. As the methods need to be further
tested, intraoperative hand-held microscopy and mutational analysis
also provide the methods for glioma resection. The development of
surgical techniques has changed the principles of gliomas and
characterized them as accurate, effective, and real-time to maximize
tumor resection, preserve neurological function of the eloquent area
near the lesion, decrease morbidity, and improve outcomes.
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Automatic bundle-specific white
matter fiber tracking tool using
diffusion tensor imaging data:

A pilot trial in the application

of language-related

glioma resection
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Institute of Fudan University, Shanghai, China, *Shanghai Clinical Medical Center of Neurosurgery,
Shanghai, China, ®*Shanghai Key Laboratory of Brain Function Restoration and Neural Regeneration,
Shanghai, China, °Research Units of New Technologies of Micro-Endoscopy Combination in Skull
Base Surgery, Chinese Academy of Medical Sciences (CAMS), Shanghai, China, “Institute of
Neuroscience, National Yang Ming Chiao Tung University, Hsinchu, Taiwan, 8Department of
Neurosurgery, Neurological Institute, Taipei Veterans General Hospital, Taipei, Taiwan, °Magnetic
Resonance (MR) Collaboration, Siemens Healthineers Ltd., Shanghai, China, *°Department of
Neurosurgery, National Regional Medical Center, Fudan University Huashan Hospital, Fuzhou,
Fujian, China

Cerebral neoplasms like gliomas may cause intracranial pressure increasing,
neural tract deviation, infiltration, or destruction in peritumoral areas, leading to
neuro-functional deficits. Novel tracking technology, such as DTI, can
objectively reveal and visualize three-dimensional white matter trajectories; in
combination with intraoperative navigation, it can help achieve maximum
resection whilst minimizing neurological deficit. Since the reconstruction of
DTl raw data largely relies on the technical engineering and anatomical
experience of the operator; it is time-consuming and prone to operator-
induced bias. Here, we develop new user-friendly software to automatically
segment and reconstruct functionally active areas to facilitate precise surgery. In
this pilot trial, we used an in-house developed software (DiffusionGo) specially
designed for neurosurgeons, which integrated a reliable diffusion-weighted
image (DWI) preprocessing pipeline that embedded several functionalities from
software packages of FSL, MRtrix3, and ANTs. The preprocessing pipeline is as
follows: 1. DWI denoising, 2. Gibbs-ringing removing, 3. Susceptibility distortion
correction (process if opposite polarity data were acquired), 4. Eddy current and
motion correction, and 5. Bias correction. Then, this fully automatic multiple
assigned criteria algorithms for fiber tracking were used to achieve easy
modeling and assist precision surgery. We demonstrated the application with
three language-related cases in three different centers, including a left frontal, a
left temporal, and a left frontal-temporal glioma, to achieve a favorable surgical
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outcome with language function preservation or recovery. The DTI tracking
result using DiffusionGo showed robust consistency with direct cortical
stimulation (DCS) finding. We believe that this fully automatic processing
pipeline provides the neurosurgeon with a solution that may reduce time costs
and operating errors and improve care quality and surgical procedure quality
across different neurosurgical centers.

KEYWORDS

awake neurosurgery, brain mapping, diffusion tensor imaging, functional neuroimaging,
white matter tracts fiber tracking software for neurosurgeon

1 Introduction

Glioma is the most common malignant intradural tumor, with a
new incidence of about 4 per 100,000 people worldwide every year
(1). Surgery is the first-line treatment for debulking tumors and
obtaining tissues for pathology analysis. It has widely been agreed
that the extent of tumor removal is positively correlated with patient
survival and that residues surrounding the tumor margin always
lead to early recurrence (2, 3). However, glioma grows infiltratively
along fiber tracts, making it difficult to determine the tumor
boundary only according to surgeons’ experiences. Extended
resection may impair eloquent brain areas and cause functional
disorders such as hemiplegia and aphasia. Therefore, precise tracing
of tumor boundary is the key to balancing the survival and quality
of life of glioma patients (4).

Diffusion tensor imaging (DTI) is a noninvasive technique that
can probe the molecular diffusivity of water within the white matter
to reflect the intravoxel architecture by measuring the water self-
diffusion tensor (5, 6). Linking the anisotropic orientation determined
by the principal eigenvector of the tensor has been widely applied to
map neuronal tracts (7, 8). This method has been used to reveal and
visualize three-dimensional white matter trajectories and provides
crucial information to neurosurgeons for neurosurgical planning and
navigation (9, 10). Thus, DTI tractography has been considered
routine for many neurosurgical procedures.

Many imaging techniques and surgical adjuncts, such as
integrated neuro-navigation with DTI or blood oxygen level-
dependent functional magnetic resonance imaging (BOLD-fMRI),
have been developed to delineate the tumor margin and protect
eloquent areas to avoid increasing postoperative deficits during
aggressive tumor resection (11). Currently, these techniques are
routinely applied in many neurosurgical procedures for cortical
eloquence and white matter assessment. However, the complexity of
imaging processing will increase the clinical burden, and insufficient
experience in imaging processing in some clinical centers may
misguide the surgical procedure, leading to consequent
complications. Therefore, a simple, automatic, less time-
consuming, high-accuracy imaging processing and easy-to use
software is needed to reduce the clinical burden for the
neurosurgeon and narrow the gap between different clinical centers.
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Imaging quality and preprocessing procedures are crucial to
obtain robust and reliable tractography for neurosurgery. Despite
having a few helpful workstations provided by the magnetic
resonance imaging (MRI) machine vendors and powerful
software (such as MRtrix3, FSL, DSI-studio, 3D-Slicer, etc.) used
for reconstructing neural tractography, complicated processing
procedures, and reconstructing reliability have hindered its
clinical applications, especially for neurosurgery (12). A well-
trained technician or surgeon must integrate different software
programs for surgical planning based on prior anatomical
knowledge, which is time-consuming and prone to operator-
induced bias (13). Thus, an automatic imaging processing
pipeline and fiber tractography segmentation tool are necessary.

Here, we develop an in-house software, “DiffusionGo” that
integrates a fully automatic preprocessing pipeline for diffusion
MRI data and a boosted tractography algorithm to achieve efficient
and reliable modeling. In this pilot trial, the surgical plan of three
language-related cases from multicenter, including one left frontal-
temporal-insular glioma, one left temporal glioma, and one left
frontal-insular glioma, was reconstructed by DiffusionGo, and
favorable surgical outcomes with language function preservation
was achieved.

2 Materials and methods
2.1 Study design and patient recruitment

This was a multicenter, observational, prospective pilot trial.
We report three patients with preoperatively imaging-diagnosed
gliomas who underwent surgical resection at Huashan Hospital
(Shanghai, China), Taipei Veterans General Hospital (Taipei,
Taiwan), and the First Affiliated Hospital of Fujian Medical
University (Fujian, China) between December 2020 and March
2022. We collected clinical, imaging, treatment, and outcome data.
This study was approved by the local Hospital Ethics Committee
(Approval No. KY2021-452 and KY2019-008) and was conducted
under the Declaration of Helsinki. All patients were verbally
informed, and the signature of a specific informed consent
was obtained.
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2.2 Imaging acquisition

As a pilot trial, three typical cases from three different centers,
respectively, with completed MRI and clinical assessment, were
described here. The MRI images of the first case were acquired on a
3.0 Tesla MRI scanner (Magnetom Verio; Siemens, Erlangen,
Germany) with a 12-channel head coil at Huashan Hospital,
Shanghai, China, including high-resolution three-dimensional T1-
weighted images (TIWI, TR = 1630 ms; TE = 2.9 ms; flip angle = 9°
field of view (FOV) = 172 x 250 x 176 mm?>; voxel size =1x 1 x 1
mm3), diffusion-weighted images (DWI, TR = 6500 ms; TE = 95 ms;
FOV = 220 x 220 x 140 mm?’; voxel size = 2 x 2 x 2 mm?, 30
directions of b value = 1000 s/mm?; average = 2).

The MRI images of the second case were acquired on a 3.0 Tesla
MRI scanner (Siemens Magnetom Tim Trio, Erlangen, Germany) at
National Yang Ming Chiao Tung University, Taipei, Taiwan, using
a 12-channel head array coil. High-resolution T1W images were
acquired using a 3D magnetization-prepared rapid gradient echo
sequence (MPRAGE, TR/TE = 2530/3.5 ms; TI = 1100 ms; FOV =
256 mm; voxel size = 1 x1 x 1 mm?; flip angle = 7°) for image
segmentation, registration, and brain mask extraction. Multishelled,
multiband DWIs were acquired using a single-shot spin-echo
planar imaging sequence (monopolar scheme; TR = 3525 ms; TE
=109.2 ms; FOV = 240 x 240 x 144 mm’; voxel size: 2 x 2 x 2 mm?;
multiband factor = 3; phase encoding: anterior to posterior) with
two b-values of 1000 s/mm? (30 diffusion directions) and 3000 s/
mm? (60 diffusion directions), in which b0 images were interleaved
in every six volumes. Data with the same DWI protocol using an
opposite polarity (phase encoding from posterior to anterior) were
also acquired for three B, images.

The MRI images of the third case were acquired on a 3.0 Tesla
MRI scanner (Siemens Magnetom Prisma, Erlangen, Germany) at
the First Affiliated Hospital of Fujian Medical University, Fuzhou,
Fujian, China, using a 64-channel head array coil. High-resolution
TIW images with a 3D MPRAGE sequence (TR/TE = 2300/2.32
ms; TI = 946 ms; FOV = 240 mm; voxel size = 0.94 x0.94 x 0.90
mm?; flip angle = 8) and DWI with a single shot spin-echo planar
imaging sequence (monopolar scheme; TR = 3700 ms; TE = 92 ms;
FOV = 220 x 220 x 130 mm®; voxel size: 1.72 x 1.72 x 5.2 mm” with
20 diffusion directions and b-values of 1000 s/mm?) were acquired.

2.3 Automatic bundle-specific neuro-fiber
tractography by DiffusionGo

DiffusionGo integrates a reliable preprocessing pipeline with a
fully automatic multiple assigned criteria algorithm for bundle-
specific tractography using DTI data based on anatomical
connectivity (14). First, structural (typo) images were coregistered
with DWI by using Advanced Normalization Tools (ANTS, http://
stnava.github.io/ANTs/). All DWIs underwent diffusion
preprocessing pipeline and DTI model fitting with MRtrix3
(https://www.mrtrix.org) (15) and FSL (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki) (16): 1. DWI denoising (17-19), 2. Gibbs-ringing
removing (20), 3. Susceptibility distortion correction (process if
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opposite polarity data were acquired), 4. Eddy current and motion
correction (21), 5. Bias correction (22), and 6. DTI fitting. A patent-
protected multiple assigned criteria (MAC) algorithm (14) for fiber
tracking was used. The motor pathway (corticospinal tract, CST),
language pathway (arcuate fasciculus, AF, superior longitudinal
fasciculus, SLF, frontal aslant tract, FAT, inferior longitudinal
fasciculus, ILF, inferior fronto-occipital fasciculus, IFOF, and
uncinate fasciculus, UF), and visual pathway (optic radiation,
OR) were segmented automatically. The potential false-positive
tracts were identified and manually removed by experiences
neurosurgeon. The workflow is demonstrated in Figure 1.
Validation results for the DiffusionGo automatic fiber tractography
are summarised in the Supplementary Material.

2.4 Three-dimensional visualization

The cortical surface was reconstructed by FreeSurfer (version 7.1,
https://surfer.nmr.mgh.harvard.edu) (23) and integrated into
DiffusionGo with DTI tractography to build 3D model visualization.

3 Case study

Here, three exemplary cases from three different neurosurgical
centers were demonstrated respectively. The first case was a 42-
year-old woman with left frontal-temporal-insular lobe
astrocytoma in Huashan Hospital. The lesion was about 79mm in
diameter with high signal in T2 and not enhanced after contrast;
and had a close relationship to the speech output language area with
high surgical risk. Considering the tumor might not be highly
aggressive and malignant and was more sensitive to subsequent
radiotherapy and chemotherapy, we focused more on functional
protection to maintain a relatively high living quality for the patient.
DTI fiber tractography and conventional MRI sequences were
integrated with DiffusionGo for surgical planning (Figure 2).
Multimodality-guided awake surgery under electrophysiology
monitoring for language function mapping and preservation was
used. Speech arrest was defined as discontinuing number counting
without simultaneous motor response by direct cortical stimulation
(DCS). In the language mapping phase, we found that the eloquent
area of speech arrest was located in the classical Broca’s area as the
terminal territory of our reconstructed AF. The surgery was
conducted under awake surgery, and the tumor subtotally
resected. There was no language dysfunction during the whole
procedure. The patients was finally diagnosed as astrocytoma,
WHO grade 2, IDH mutant. For this case, the automatic
algorithm was used to reconstruct the AF and SLF-II, which were
considered the major white matter tracts adjacent to the lesion.

The second case was diagnosed and treated at Taipei Veterans
General Hospital. This 41-year-old woman suffered from
intermittent headaches, which progressed gradually. In addition,
she could not write or read words that she knew. Ignoring the
objects on her right side was also noted. She went to the clinic, and
MRI of the brain showed a heterogeneous mass, 55 mm in diameter,
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FIGURE 1

The automatic pipeline of DiffusionGo. MAC, multiple assigned criteria; DICOM, digital imaging and communications in medicine; DSA, digital
subtraction angiography; DWI, diffusion weighted image; DTI, diffusion tensor imaging; BOLD, blood oxygen level-dependent

over the left temporal lobe with mild perifocal edema. DTI fiber
tractography of the language-related pathways (AF, and SLF-II) was
reconstructed and displayed in DiffusionGo. Superior displacement
of the left Wernicke’s area was identified with intact AF projecting
to the left premotor and left Broca areas (Figure 3). After a complete
survey, since the patient could not endure an awake surgery, tumor
removal was performed under general anesthesia without any
neurological deficits postoperatively. MRI of the brain revealed
total gross removal without residual tumor. Unfortunately,
glioblastoma was diagnosed.

The third case was recently conducted at the First Affiliated
Hospital of Fujian Medical University. This 41-year-old female
suffered from recurrent seizures attack for 4 years. Conventional
MR indicates a left frontal-insular lesion of 3.8 cm, with high signal
in T2WT and not enhanced after contrast. Preoperative DTI showed
the AF and SLF were located below and behind the tumor,
respectively (Figure 4). Considering the close relationship between
the lesion and Broca’s region, multimodality-guided awake surgery
under electrophysiology monitoring for language function mapping
and preservation was conducted. After craniotomy, in the language
mapping phase using DCS, we found that the eloquent area of
speech arrest was located in the terminal territory of our
reconstructed AF and SLF. The surgery was conducted under
awake surgery. Since there was no clear boundary between the
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tumor and the eloquent area and SLF behind the tumor, a subtotal
resection of tumor was achieved. There was no language
dysfunction during the whole procedure. The pathology showed
anaplastic astrocytoma, and the patient was discharged for
adjuvant radiotherapy.

4 Discussion

Sensorimotor and language eloquence are considered higher
brain function, and even mild impairment causes poor outcomes
(24). Unlike the sensorimotor area, the eloquent language area is
more diverse, and currently, researchers have revealed that it is
quite different from classical canonical classification (25, 26).
Classic language eloquent models posited that motor and sensory
language cortex existed in Broca’s area (including pars triangularis
and pars opercularis) and Wernicke’s area, respectively (26).
However, cortical maps generated with intraoperative direct
cortical stimulation (DCS) data revealed extraordinary variability
in language localization in the dominant hemisphere, and the
eloquent language areas are quite different from the classical
canonical models (27). The expression tasks are best mapped in
the frontal lobe, with 100% of sensitivity and 66% of specificity with
a 5-mm resolution (28). Tate et al. found that speech arrest regions
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FIGURE 2

10.3389/fonc.2023.1089923

T2-FLAIR

Representive imaging of a patient with left frontal-temporal lobe astrocytoma. Case 1, a 42-year-old woman with left frontal-temporal lobe
astrocytoma (WHO grade Il) in MR images (A). The relationship between language-related fiber tracts (AF in red and SLF-1I in green color) and tumor
(dark green color) were shown in (B). The cortical termination of each tract was projected on the cortical surface (C). The eloquent area of intro-

operative speech arrest (DCS) was marked with stars. (MD, Mean Diffusivity)

(or the speech output region) seemed to be localized in the ventral
premotor cortex rather than the classical Broca’s area (29).
According to Wu et al. study, most Chinese speech arrest areas
were located at specific language production sites, which 50%
positive sites in the ventral precentral gyrus, 28% in the pars
opercularis and pars triangularis. Additionally, the left middle
frontal gyrus (Brodmann’s areas 6/9) was found to be unique for
Chinese production. Moreover, Chinese speakers’ inferior ventral
precentral gyrus (Brodmann’s area 6) was used more often than
English speakers (30). Therefore, the combinational speech arrest
map can be divided into four clusters: Cluster 1 was mainly located
in the ventral precentral gyrus and the pars opercularis, which
contained the peak of speech arrest in the ventral precentral gyrus;
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Cluster 2 was in the ventral and dorsal precentral gyrus; Cluster 3
was in the supplementary motor area; Cluster 4 was in the posterior
superior temporal gyrus and supramarginal gyrus (31).

The white matter tracts transmit information between different
cortical regions, and their connectivity enables the central nervous
system to function normally. Hence, the idea of “eloquent areas”
should be expanded to include deep structures rather than a purely
cortical concept. BOLD-fMRI and DTI tractography have been
routinely applied in many neurosurgical procedures for cortical
eloquence and white matter assessment.

However, conventional DTI tractography methods rely on the
technician to manually select the region of interest based on prior
knowledge of anatomy, then generate the fibers from there, then clean
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FIGURE 3

Preoperative and post-operative imaging of a patient with left temporal lobe astrocytoma. Case 2, A 41-year-old woman with temporal lobe
glioblastoma over the left temporal lobe with mild perifocal edema was reconstructed and displayed in DiffusionGo (A). The AF (red) and SLF-II
(green) were automatically reconstructed and integrated with the cortical surface (gray), arteries and veins (gold), tumor (dark green), and
peritumoral edema (light blue with translucent). Superior displacement of the left Wernicke's area was identified with intact AF projecting to the left
premotor and left Broca's areas. After a complete survey, since the patient could not endure an awake surgery, tumor removal was performed under
general anesthesia without any neurological deficits postoperatively. Two months later, MRI of the brain revealed total gross removal without
residual tumor, and DTl showed preservation of the AF (red) and SLF-II (green) (B). (FA, Fractional Anisotropy).

and refine the bundle obtained. This approach is time-consuming,
prone to operator-induced deviation, and without any “gold standard”
(32). Therefore, the training of a specialized technician does need a
learning curve. Unfortunately, most hospitals in China do not even
provide this technician position due to the huge inequalty of medical
resources among different neurosurgery centers (33). Although there
are several automatic algorithms for whole-brain tractography, tracts
derived from these algorithms can deviate significantly from each
other, making it difficult to identify the most accurate one (12). A
feasible automatic bundle-specific neurofiber tractography algorithm
is not yet available.

Given this, we have developed an automatic bundle-specific
white matter fiber tracking tool (DiffusionGo) with a fully
automatic multiple assigned criteria (MAC) algorithm for bundle-
specific neurofiber reconstruction (14) to achieve multimodality
modeling and visualization for precision surgical planning with
minimal human processing error. Previous bundle-specific
tractography studies mostly used manually tractography but faced
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significant challenges in identifying accurate tracts, especially in
cases with apparent lesion effects for neurosurgical implementation
(34-36). In contrast, DiffusionGo was developed based on
anatomical connectivity from clinical and autopsy data.

Modern neuroscience research has revealed a dorsal language
pathway (arcuate fasciculus, AF, and superior longitudinal
fasciculus II, SLE-II) using DTI tractography responsible for
verbal repetition by integrating sensory-motor information. The
SLE/AF system is the most comprehensive association fiber system
at the lateral surface, connecting the frontal, temporal, parietal, and
occipital lobes. AF was considered to connect the classic Broca’s
area and Wernicke’s area. Specifically, the SLF connects the frontal
and parietal lobes, allowing communication between the dorsal
premotor and prefrontal cortices to the angular gyrus. The SLF also
contains frontal-to-parietal connections terminating within the
supramarginal gyrus (26).

In these three cases, both AF and SLF were automatically
generated using DiffusionGo. In Case 1, the actual speech arrest
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FIGURE 4

10.3389/fonc.2023.1089923

T2-FLAIR

Representive imaging of a patient with left frontal lobe astrocytoma. Case 3, a 41-year-old female with left frontal lobe astrocytoma (WHO grade II1)
in MR images (A). The relationship between language-related fiber tracts (AF in red and SLF-Il in green color) and tumor (dark green) were shown in
(B); the eloquent area of intro-operative speech arrest (DCS) was marked with a star(Projecting terminal territory of AF) and an arrow (Projecting

terminal territory of SLF-II)

areas were located at the tract-based cortical termination of SLF-II.
Independently, our glioma team’s study of language mapping in
glioma surgery showed that in Chinese people the goodness of fit
between the terminal territories of the manually tracked AF and SLF
and the DSC-mapped eloquent speech output area in the pars
opercularis and ventral premotor cortex was 82% and 86%,
respectively (25). For Case 2 treated in another institute, although
nonawake surgery was performed, the automatic tracked
neurofibers still augmented surgical plans, with an exceptionally
safe approach design, for removing highly invasive gliomas by
analyzing the relationship between the tumor and white matter
tracts. Similar results were reported previously (37) and as in Case 3.

The major limitation of this pilot study was its limited sample
size and lack of a control group. However, these results did show the
promising value of the clinical implementation of DiffusionGO. We
are now pursuing a multicenter clinical trial of this automatic DTI
tractography pipeline to prove its potential role as an efficient,
clinically applicable bundle-specific tractography tool to augment
technical equality and improve surgical planning precision across
different hospitals in China.

5 Conclusion

We demonstrated the application of DiffusionGo in three language-
related cases. The fully automatic processing pipeline may provide the
technician or surgeon with a solution to reduce time cost and operating
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error. We believe that this promising technique can improve care
quality and surgical procedure quality across different facilities.
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Minimally invasive treatment for
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Background: Although there have been some reports on endoscopic glioblastoma
surgery, the indication has been limited to deep-seated lesions, and the difficulty
of hemostasis has been a concern. In that light, we attempted to establish an
endoscopic procedure for excision of glioblastoma which could be applied
even to hypervascular or superficial lesions, in combination with pre-operative
endovascular tumor embolization.

Methods: Medical records of six consecutive glioblastoma patients who received
exclusive endoscopic removal between September and November 2020 were
analyzed. Preoperative tumor embolization was performed in cases with marked
tumor stain and proper feeder arteries having an abnormal shape, for instance,
tortuous or dilated, without passing through branches to the normal brain.
Endoscopic tumor removal through a key-hole craniotomy was performed by
using an inside-out excision for a deep-seated lesion, with the addition of an
outside-in extirpation for a shallow portion when needed.

Results: Endoscopic removal was successfully performed in all six cases. Before
resection, endovascular tumor embolization was performed in four cases with
no resulting complications, including ischemia or brain swelling. Gross total
resection was achieved in three cases, and near total resection in the other three
cases. Intraoperative blood loss exceeded 1,000mlin only one case, whose tumor
showed a prominent tumor stain but no proper feeder artery for embolization. In
all patients, a smooth transition to adjuvant therapy was possible with no surgical
site infection.

Conclusion: Endoscopic removal for glioblastoma was considered to be a
promising procedure with minimal invasiveness and a favorable impact on
prognosis.

endoscope, glioblastoma, tumor embolization, cylinder surgery, key-hole surgery
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Introduction

Glioblastoma, one of the most common primary brain neoplasms,
comprises 15% of all intracranial neoplasms and 60-75% of astrocytic
tumors (1). Its treatment outcomes have improved only incrementally
over the last several decades, with a tragic course, having a mean
survival time fewer than 2 years after diagnosis, despite many efforts
having been made in various fields, including surgical resection,
radiation therapy, chemotherapy, and treatments based on novel
concepts (2-4). Regarding surgical treatment, maximizing the extent
of resection, which must be balanced finely with minimizing
morbidities, has been confirmed to be essential for extending patients’
survival time (1, 5, 6). A broad variety of refinements to achieve
optimal resection have been made through the utilization of multiple
modalities, including preoperative techniques such as diffusion tensor
imaging (7), functional magnetic resonance imaging (MRI) (8-10), or
magnetoencephalography (11), and intraoperative modalities such as
image guidance (12), photodynamic diagnosis, for instance using
5-aminolevulinic acid (13), functional mapping via awake surgery,
intraoperative ultrasound imaging, or intraoperative MRI (14, 15).
Nevertheless, the prognosis of this devastating disease has not been
substantially improved. Given this state of affairs, anything that can
contribute to ameliorating the bleak prognosis of this disease is to
be greatly desired.

Current neurosurgical procedure is undergoing what could
be considered a transitional era, with a conventional operating
microscope (OM), an endoscope, or an exoscope employed
divergently according to the lesion or to surgeons’ preferences. The
OM, which appeared in the 1960s, revolutionized improvement in
neurosurgical outcomes (16, 17) by providing a stable, illuminated,
magnified, 3-dimensional view, though at the cost of sacrificing the
surgeon’s ergonomic comfort insofar as a bulky object between the
operative field and the surgeon’s eyes (18). In contrast, an exoscope,
developed through advances in digital imaging, offers an operative
view equivalent to an OM and superior ergonomics, though even
experts in microsurgery require a certain amount of practice to attain
a level clinically comparable to maneuvering under an OM (19). Since
an exoscope, as with OM, utilizes illumination from the outside, a
sufficiently large opening is necessitated; nevertheless, blind spots are
still likely to occur in the deep areas (18). On the other hand, an
endoscopic procedure with superior ergonomics can be performed
through a narrow opening and corridor and reduce blind spots in
deep areas (20). However, its maneuverability is limited by space, and
in comparison to other devices, some time is required to acquire a
sufficient level of skill. In addition, the current technology of
endoscope provides inferior images of the operative field compared to
other devices.

Introducing endoscopic surgery through a small opening for
glioblastoma removal might benefit patients by virtue of limiting the
invasiveness of the procedure, reducing the burden on patients,
simplifying wound healing, decreasing the chance of infection, and
contributing to the smooth transition to adjuvant treatment. In fact,
some reports have described the utilization of an endoscope for
glioblastoma surgery through a narrow transparent sheath, and it has
been confirmed that endoscopic procedures could be performed as
efficaciously as with an OM (21, 22). However, the same reports
recommended that the procedure be essentially limited to deep-seated
lesions. Moreover, the procedure necessitates initially entering the
middle of a lesion, which can sometimes be vascular-rich, creating
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difficulty in achieving hemostasis through a limited corridor.
Therefore, in this study, we attempted to develop an optimal and
minimally invasive surgery for glioblastoma, which could be applied
even to hypervascular or superficial lesions, by utilizing endovascular
tumor embolization and endoscopic removal through an outside-in
procedure following inside-out decompression (Figure 1).

Methods

All procedures performed in this study were in accordance with
the 1964 Declaration of Helsinki and its later amendments and were
reviewed and approved by the Institutional Review Board (IRB) at
Nagoya City University (IRB number: 60-20-0187). Additionally,
written informed consent was obtained from all the participants or
appropriate surrogate decision-makers. Between September and
November 2020, 6 consecutive glioblastoma patients, who were set to
undergo surgical resection, were enrolled in this study. Data regarding
clinical manifestation, neuroimaging, intraoperative videos, and
surgical outcomes were analyzed.

Surgical procedure
Endovascular tumor embolization

Tumor embolization was performed if there was a marked tumor
stain and prominent feeding arteries with abnormal shapes, for
instance, tortuous or dilated, without passing through branches to the
normal brain (Figure 2A). A cone-beam computed tomography (CT)
was effective for confirming these findings. Under general anesthesia,
a 5Fr guiding catheter was inserted into the main trunk, and a flow-
guide microcatheter (Marathon; ev3 Neurovascular, Irvine, CA,
United States) was advanced into the feeder vessel as close to the
tumor as possible. The tumor was embolized with approximately 20%
NBCA (Figure 2B). Platinum coils were also used for feeder vessel
occlusion to prevent migration of NBCA. After this procedure, tumor
removal proceeded continuously, or if time was required until tumor
excision, general anesthesia was maintained in the intensive care unit
to avoid brain swelling.

Endoscopic tumor removal

Surgical procedures of endoscopic tumor removal were performed
with the aid of 4-mm rigid endoscopes with 0 or 30-degree angled
lenses fixed with an exclusive holder (HD-EndoArm, Olympus,
Tokyo, Japan), a high-speed drill, an ultrasonic surgical aspirator, and
a series of endoscopic surgical instruments with a slender or single
shaft. Under general anesthesia, patients were placed with their head
positioned so that the location of a key-hole craniotomy was highest
in the operative field and the axis from there to the center of the tumor
was slightly tilted forward, allowing both hands of the surgeon to
assume an ergonomically advantageous position. A key-hole
craniotomy, which was simulated preoperatively to determine the
proper size and location using an image workstation, was set precisely
and performed using an image guidance system (SealthStation S8;
Medtronic, Minneapolis, MN, United States) (Figure 3A). The lateral
edge of the craniotomy was conically widened to allow, to the extent
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Transparent sheath

FIGURE 1

reduction.

Schematic representation demonstrating surgical procedures. (A) As the first step, the tumor was removed in an inside-out fashion through a
transparent sheath inserted into the tumor's center under the guidance of a neuronavigation system. (B) For tumors having a shallow portion, the
residual part was removed in an outside-in fashion after obtaining enough space by subsidence of the brain surface through substantial tumor volume

Surgical
instruments

FIGURE 2

arteries were preserved.

Case 4: lateral view of pre-embolization (A) and post-embolization (B) in digital subtraction angiograms of the right internal carotid artery. Marked
tumor stain and prominent feeding arteries with abnormal shapes (arrowheads) disappeared through tumor embolization with 20% NBCA, and normal

possible, manipulation over a wide range (Figure 1). After insertion of
a transparent sheath with a diameter of 10 mm (NeuroPort; Olympus,
Tokyo, Japan) into the center of the tumor, guided by the image
guidance system (Figure 3B), an endoscope was introduced. Initially,
internal decompression of the tumor was conducted using suction or
an ultrasonic surgical aspirator in an inside-out fashion while attaining
hemostasis rigorously through cauterization by bipolar forceps with a
slender or single shaft, or hemostatic material such as fibrin glue. If a
lesion had only a deep-seated portion, it could be entirely removed
through repetition of these procedures. For a lesion that also had
shallow portions, after obtaining substantial subsidence of the brain
surface and sufficient working space by internal decompression, the
transparent sheath was taken out (Figure 3C), and the remaining part
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was resected in an outside-in fashion through a sufficient cortical
incision (Figure 3D). Finally, after confirming hemostasis, BCNU
wafers were placed over the extent of the tumor bed. The highlights of
the procedure can be seen in Supplementary Video S1.

Results

Endoscopic removal was successfully performed in six
glioblastoma cases as an initial treatment through a key-hole
craniotomy approximately 20 mm in diameter. Clinical features and
surgical outcomes of six cases were shown in Table 1. Prior to
resection, endovascular tumor embolization was performed in four
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FIGURE 3

Case 2: intraoperative photographs of right cerebellar glioblastoma. (A) Key-hole craniotomy approximately 20mm in diameter. (B) Insertion of 10mm
transparent sheath into center of tumor through guidance of neuronavigation system. The tumor was subsequently removed in an inside-out fashion.
(C) After obtaining sufficient space by subsidence of brain surface through substantial tumor volume reduction, transparent sheath was removed.

(D) Residual portion of tumor resected in an outside-in fashion through sufficient cortical incision.

cases, in which marked tumor stain and proper feeding arteries were
detected by preoperative angiography. In all four cases, there were no
complications related to tumor embolization such as ischemia or brain
swelling. In three cases, where tumor developed only in a deep-seated
area, the portion identified on gadolinium-enhanced T1-weighted
MRI was removed entirely in one and near-totally in two cases, in an
inside-out fashion (Figures 4A-C). In the remaining three cases, the
procedure was supplemented with outside-in excision, and gross-total
resection in two patients (Figures 4D,E) and near-total resection in
one patient was achieved (Figure 4F). In two patients where a
premotor area was involved, tumor removal could be performed with
minimal deterioration of hemiparesis (one grade on MMT) by
identifying and preserving the motor strip and pathway through
motor-evoked potential mapping, after creating space by initially
removing the forward portion of the lesion, a maneuver which was
considered to be relatively safe. One other patient had transient upper
extremity motor weakness postoperatively. Intraoperative blood loss
exceeded 1,000 ml in only one case, where the patient did not receive
preoperative tumor embolization due to the lack of a proper feeder for
embolization, despite having a prominent tumor stain. In all patients,
a smooth transition to adjuvant therapy was possible with no surgical
site infection.

Discussion

This study successfully demonstrated the feasibility and
effectiveness of an endoscopic excision for glioblastoma not only for
the deep-seated portion via the inside-out procedure through a
narrow transparent sheath, but in addition even for the shallow
portion via the outside-in procedure. Since the goals of surgical
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resection of glioblastoma are to provide ample tissue for an accurate
histological and genomic diagnosis and continued study of the disease,
to relieve symptoms, and to extend patient survival by achieving
maximal cytoreduction without morbidity, it was thought that this
procedure could realize these aims to nearly the same extent as the
ordinary microscopic procedure. Predicted difficulty in manipulation
capability through narrow opening and corridor produced virtually
no stress even during the inside-out phase through a 10mm
transparent sheath. Furthermore, in the subsequent process preceded
by thorough internal decompression, the space through the key-hole
craniotomy could be sufficient for adequate removal via the
outside-in procedure.

Bleeding is one of the most likely complications during the
removal of glioblastoma because glioblastoma is often highly
vascularized by neoformed vessels, as microvascular proliferation is
one of its diagnostic hallmarks (23). Therefore, endovascular tumor
embolization was considered indispensable for the smooth and safe
progression of an endoscopic glioblastoma excision procedure if the
target lesion was vascular-rich. In fact, blood loss relatively increased
in the case of hypervascular lesion, which could not be embolized due
to a lack of a suitable feeder artery. In such cases, thorough
preparation of hemostatic devices and transfusion blood will
be required. On the other hand, because glioblastoma is an
intraparenchymal tumor, proper selection of intratumoral vessels to
be embolized, which were characteristically tortuous and dilated in
shape (24), and which ended in the tumor without passing through
branches to the normal brain, was considered very important. A
cone-beam CT, which does not require particularly exceptional
equipment (25), was useful for identifying those findings in this
study. In either case, endovascular tumor embolization has not been
standard treatment for glioblastoma, and even in this study, it was

frontiersin.org


https://doi.org/10.3389/fneur.2023.1170045
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sakata et al.

TABLE 1 Clinical characteristics and outcomes of the six patients with fully endoscopic glioblastoma removal.
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only performed in four cases. Therefore, a future study including a
more significant number of cases will be necessary to establish the
efficacy and safety of this technique.

Surgical intervention is confirmed to cause a neurophysiological
reflex response involving hypothalamic-pituitary-adrenal axis
activation, and results in complex neuroendocrine, inflammatory,
metabolic cascade, and immunological responses (26-29).
Experimentally, inflammatory mediators, such as CINCI, IL-8,
TNF-a, and NO, have also been found to increase proportionately
depending on the length of the skin incision experimentally (29). In
addition, the reduction of the inflammatory response has been proven
with the laparoscopic procedure compared to open surgery (30-32).
Therefore, surgical intervention, including skin incision, muscle
dissection, and craniotomy, should be minimized not just for the sake
of reducing pain and better cosmetic results but also from the
standpoint of mitigating the surgical stress response, and the
endoscopic procedure was considered to be suitable for its realization
even in surgery of glioblastoma.

Surgical site infections (SSI) after cranial surgery, which are an
inevitable complication and have been reported to occur in 1-16% of
patients (33-42), especially in glioblastoma surgery, would not only
lead to the discontinuation of postoperative treatment but would also
affect patient survival (33). While various risk factors for SSI have
been assumed, e.g., number of operations (34-38, 41), duration of
operation (35, 37, 39, 40), emergency operation (37), cerebrospinal
fluid leakage (34, 35, 37, 39, 42), CSF drainage (35, 39), and American
Society of Anesthesiologists score (>2) including body mass index and
diabetes mellitus (34-36, 38, 42), there have also been reports that
craniotomy itself could constitute a risk factor (40, 41). Therefore, by
using endoscopic resection for glioblastoma through key-hole
craniotomy as in this study, it may be possible to reduce SSI to a level
similar to that of other organs (43, 44), and facilitate a smooth
transition to postoperative therapy.

The largeness of a lesion would not be a contraindicating factor
for this procedure since, in principle, the larger the lesion, the larger
the space that can hypothetically be secured through an internal
decompression. On the other hand, it can be inherently difficult in this
procedure, which employs endoscopic surgery through a narrow
opening, to remove a lesion which extends widely in a shallow area.
Even for such lesions, however, successful removal could be achieved
in this study by making space through internal decompression,
provided there was the appropriate volume and depth. This study was
not able to establish the relationship between the extent of the surface
and volume in the deep portion, where this procedure can
be successfully utilized. A lesion close to eloquent areas, for which the
use of brain mapping would be essential for removal, could
be assumed to be another limitation of this procedure. Brain mapping
may also be possible if a lesion involving the eloquent area has a
significant amount of lesion in the adjacent non-eloquent area, as was
the situation in two cases in this study, whose premotor lesions were
successfully resected by using motor evoked potential mapping.
Moreover, this procedure, performed through small skin incision and
craniotomy, may be suitable for awake surgery because of the reduced
burden on the patient. Notwithstanding, since the present study is
only a preliminary report, including a small number of patients and
only a few types of lesions, further studies with more cases are needed
to clarify the efficacy and safety of this endoscopic procedure for
glioblastoma and to eliminate such limitations.
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FIGURE 4

Preoperative (three columns on the left) and postoperative (three columns on the right) gadolinium-enhanced magnetic resonance images of all cases.
Cases 1, 2, 3 (A—C) were treated through tumor removal only in an inside-out fashion. Cases 4, 5, 6 (D—F) combined excision in an outside-in fashion.
As a result, gross-total resection in cases 1, 4, and 5 (A,D,E) and near-total resection in cases 2, 3, and 6 (B,C,F) was achieved.

Conclusion

Endoscopic removal of glioblastoma using an inside-out
style excision for a deep-seated lesion was considered to be a
promising procedure, with the addition of an outside-in style
extirpation for a shallow portion if needed. This procedure could
be performed via small skin incision and key-hole craniotomy
less invasively and had a positive effect on patients’ prognosis,
facilitating a smooth transition to postoperative adjuvant
therapy. In addition, endovascular tumor embolization, when it
was needed before resection, was also considered beneficial.
However, a more extensive number of patients will need to
be evaluated in future studies to confirm the efficacy and safety
of this procedure.

Frontiers in Neurology

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Institutional Review Board at Nagoya City University.
The patients/participants provided their written informed consent to
participate in this study. Written informed consent was obtained from
the individual(s) for the publication of any potentially identifiable
images or data included in this article.

frontiersin.org


https://doi.org/10.3389/fneur.2023.1170045
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sakata et al.

Author contributions

TS: conceptualization, project administration, acquisition,
methodology, investigation, resources, data curation, formal analysis,
and writing-original draft. MT: methodology, investigation, resources,
and writing-review and editing. HY, RE, YN, and SY: methodology,
investigation, and resources. MM: conceptualization, funding
acquisition, and supervision. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Young RM, Jamshidi A, Davis G, Sherman JH. Current trends in the surgical
management and treatment of adult glioblastoma. Ann Transl Med. (2015) 3:121. doi:
10.3978/j.issn.2305-5839.2015.05.10

2. Kobayashi T, Nitta M, Shimizu K, Saito T, Tsuzuki S, Fukui A, et al. Therapeutic
options for recurrent glioblastoma-efficacy of Talaporfin sodium mediated
photodynamic  therapy.  Pharmaceutics. ~ (2022)  14:353. doi:  10.3390/
pharmaceutics14020353

3. Wen PY, Weller M, Lee EQ, Alexander BM, Barnholtz-Sloan ]S, Barthel FP, et al.
Glioblastoma in adults: a Society for Neuro-Oncology (SNO) and European Society of
Neuro-Oncology (EANO) consensus review on current management and future
directions. Neuro-Oncology. (2020) 22:1073-113. doi: 10.1093/neuonc/noaal06

4. Kinzel A, Ambrogi M, Varshaver M, Kirson ED. Tumor treating fields for
glioblastoma treatment: patient satisfaction and compliance with the second-generation
Optune((R)) system. Clin Med Insights Oncol. (2019) 13:1179554918825449. doi:
10.1177/1179554918825449

5. Li YM, Suki D, Hess K, Sawaya R. The influence of maximum safe resection of
glioblastoma on survival in 1229 patients: can we do better than gross-total resection? J
Neurosurg. (2016) 124:977-88. doi: 10.3171/2015.5.JNS142087

6. Sanai N, Polley MY, McDermott MW, Parsa AT, Berger MS. An extent of resection
threshold for newly diagnosed glioblastomas. J Neurosurg. (2011) 115:3-8. doi:
10.3171/2011.2.JNS10998

7. Zhu FP, Wu JS, Song YY, Yao CJ, Zhuang DX, Xu G, et al. Clinical application of
motor pathway mapping using diffusion tensor imaging tractography and intraoperative
direct subcortical stimulation in cerebral glioma surgery: a prospective cohort study.
Neurosurgery. (2012) 71:1170-84. doi: 10.1227/NEU.0b013e318271bc61

8. Kuchcinski G, Mellerio C, Pallud J, Dezamis E, Turc G, Rigaux-Viode O, et al.
Three-tesla functional MR language mapping: comparison with direct cortical
stimulation in  gliomas. Neurology. (2015) 84:560-8. doi: 10.1212/
‘WNL.0000000000001226

9. Trinh VT, Fahim DK, Maldaun MV, Shah K, McCutcheon IE, Rao G, et al. Impact
of preoperative functional magnetic resonance imaging during awake craniotomy
procedures for intraoperative guidance and complication avoidance. Stereotact Funct
Neurosurg. (2014) 92:315-22. doi: 10.1159/000365224

10. Roux FE, Boulanouar K, Ranjeva JP, Tremoulet M, Henry P, Manelfe C, et al.
Usefulness of motor functional MRI correlated to cortical mapping in Rolandic low-
grade astrocytomas. Acta Neurochir. (1999) 141:71-9. doi: 10.1007/s007010050268

11. Tarapore PE, Tate MC, Findlay AM, Honma SM, Mizuiri D, Berger MS, et al.
Preoperative multimodal motor mapping: a comparison of magnetoencephalography
imaging, navigated transcranial magnetic stimulation, and direct cortical stimulation. J
Neurosurg. (2012) 117:354-62. doi: 10.3171/2012.5.J]NS112124

12. Wu JS, Zhou LE, Tang WJ, Mao Y, Hu J, Song YY, et al. Clinical evaluation and
follow-up outcome of diffusion tensor imaging-based functional neuronavigation: a
prospective, controlled study in patients with gliomas involving pyramidal tracts.
Neurosurgery. (2007) 61:935-49. doi: 10.1227/01.neu.0000303189.80049.ab

13. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen H]J, et al.
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. doi: 10.1016/S1470-2045(06)70665-9

14. Serra C, Stauffer A, Actor B, Burkhardt JK, Ulrich NH, Bernays RL, et al.
Intraoperative high frequency ultrasound in intracerebral high-grade tumors. Ultraschall
Med. (2012) 33:E306-12. doi: 10.1055/s-0032-1325369

Frontiers in Neurology

10.3389/fneur.2023.1170045

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1170045/
full#supplementary-material

15. Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V. Intraoperative MRI
guidance and extent of resection in glioma surgery: a randomised, controlled trial.
Lancet Oncol. (2011) 12:997-1003. doi: 10.1016/s1470-2045(11)70196-6

16. Jamieson KG. Excision of pineal tumors. J Neurosurg. (1971) 35:550-3. doi:
10.3171/jns.1971.35.5.0550

17.Stein BM. The infratentorial supracerebellar approach to pineal lesions. J
Neurosurg. (1971) 35:197-202. doi: 10.3171/jns.1971.35.2.0197

18. Ridge SE, Shetty KR, Lee DJ. Heads-up surgery: endoscopes and exoscopes for
otology and Neurotology in the era of the COVID-19 pandemic. Otolaryngol Clin N Am.
(2021) 54:11-23. doi: 10.1016/j.0tc.2020.09.024

19. Pafitanis G, Hadjiandreou M, Alamri A, Uff C, Walsh D, Myers S. The exoscope
versus operating microscope in microvascular surgery: A simulation non-inferiority
trial. Arch Plast Surg. (2020) 47:242-9. doi: 10.5999/aps.2019.01473

20. Tanikawa M, Yamada H, Sakata T, Hayashi Y, Sasagawa Y, Watanabe T, et al.
Exclusive endoscopic occipital transtentorial approach for pineal region tumors. World
Neurosurg. (2019) 131:167-73. doi: 10.1016/j.wneu.2019.08.038

21. Ogura K, Tachibana E, Aoshima C, Sumitomo M. New microsurgical technique
for intraparenchymal lesions of the brain: transcylinder approach. Acta Neurochir.
(2006) 148:779-85. doi: 10.1007/s00701-006-0768-7

22. Kassam AB, Engh JA, Mintz AH, Prevedello DM. Completely endoscopic resection
of intraparenchymal brain tumors. ] Neurosurg. (2009) 110:116-23. doi:
10.3171/2008.7.JNS08226

23.Rajagopalan V, Chouhan RS, Pandia MP, Lamsal R, Rath GP. Effect of
intraoperative blood loss on perioperative complications and neurological outcome in
adult patients undergoing elective brain tumor surgery. ] Neurosci Rural Pract. (2019)
10:631-40. doi: 10.1055/5-0039-3399487

24.Jain RK, di Tomaso E, Duda DG, Loeffler JS, Sorensen AG, Batchelor TT.
Angiogenesis in brain tumours. Nat Rev Neurosci. (2007) 8:610-22. doi: 10.1038/
nrn2175

25.Radbruch A, Eidel O, Wiestler B, Paech D, Burth S, Kickingereder P, et al.
Quantification of tumor vessels in glioblastoma patients using time-of-flight angiography
at 7 tesla: a feasibility study. PLoS One. (2014) 9:¢110727. doi: 10.1371/journal.
pone.0110727

26.Kohl BA, Deutschman CS. The inflammatory response to surgery and
trauma. Curr Opin Crit Care. (2006) 12:325-32. doi: 10.1097/01.
¢cx.0000235210.85073.fc

27. Desborough JP. The stress response to trauma and surgery. Br ] Anaesth. (2000)
85:109-17. doi: 10.1093/bja/85.1.109

28. Watt DG, Horgan PG, McMillan DC. Routine clinical markers of the magnitude
of the systemic inflammatory response after elective operation: a systematic review.
Surgery. (2015) 157:362-80. doi: 10.1016/j.surg.2014.09.009

29. Toannidis A, Arvanitidis K, Filidou E, Valatas V, Stavrou G, Michalopoulos A, et al.
The length of surgical skin incision in postoperative inflammatory reaction. JSLS. (2018)
22:€2018.00045. doi: 10.4293/JSLS.2018.00045

30. Novitsky YW, Litwin DE, Callery MP. The net immunologic advantage of
laparoscopic surgery. Surg Endosc. (2004) 18:1411-9. doi: 10.1007/500464-003-8275-x

31.Kim TK, Yoon JR. Comparison of the neuroendocrine and inflammatory
responses after laparoscopic and abdominal hysterectomy. Korean ] Anesthesiol. (2010)
59:265-9. doi: 10.4097/kjae.2010.59.4.265

frontiersin.org


https://doi.org/10.3389/fneur.2023.1170045
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2023.1170045/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1170045/full#supplementary-material
https://doi.org/10.3978/j.issn.2305-5839.2015.05.10
https://doi.org/10.3390/pharmaceutics14020353
https://doi.org/10.3390/pharmaceutics14020353
https://doi.org/10.1093/neuonc/noaa106
https://doi.org/10.1177/1179554918825449
https://doi.org/10.3171/2015.5.JNS142087
https://doi.org/10.3171/2011.2.JNS10998
https://doi.org/10.1227/NEU.0b013e318271bc61
https://doi.org/10.1212/WNL.0000000000001226
https://doi.org/10.1212/WNL.0000000000001226
https://doi.org/10.1159/000365224
https://doi.org/10.1007/s007010050268
https://doi.org/10.3171/2012.5.JNS112124
https://doi.org/10.1227/01.neu.0000303189.80049.ab
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.1055/s-0032-1325369
https://doi.org/10.1016/s1470-2045(11)70196-6
https://doi.org/10.3171/jns.1971.35.5.0550
https://doi.org/10.3171/jns.1971.35.2.0197
https://doi.org/10.1016/j.otc.2020.09.024
https://doi.org/10.5999/aps.2019.01473
https://doi.org/10.1016/j.wneu.2019.08.038
https://doi.org/10.1007/s00701-006-0768-7
https://doi.org/10.3171/2008.7.JNS08226
https://doi.org/10.1055/s-0039-3399487
https://doi.org/10.1038/nrn2175
https://doi.org/10.1038/nrn2175
https://doi.org/10.1371/journal.pone.0110727
https://doi.org/10.1371/journal.pone.0110727
https://doi.org/10.1097/01.ccx.0000235210.85073.fc
https://doi.org/10.1097/01.ccx.0000235210.85073.fc
https://doi.org/10.1093/bja/85.1.109
https://doi.org/10.1016/j.surg.2014.09.009
https://doi.org/10.4293/JSLS.2018.00045
https://doi.org/10.1007/s00464-003-8275-x
https://doi.org/10.4097/kjae.2010.59.4.265

Sakata et al.

32. Evans C, Galustian C, Kumar D, Hagger R, Melville DM, Bodman-Smith M, et al.
Impact of surgery on immunologic function: comparison between minimally invasive
techniques and conventional laparotomy for surgical resection of colorectal tumors. Am
J Surg. (2009) 197:238-45. doi: 10.1016/j.amjsurg.2008.01.021

33. Salle H, Deluche E, Couve-Deacon E, Beaujeux AC, Pallud ], Roux A, et al. Surgical
site infections after glioblastoma surgery: results of a multicentric retrospective study.
Infection. (2021) 49:267-75. doi: 10.1007/s15010-020-01534-0

34. Chiang HY, Kamath AS, Pottinger JM, Greenlee JD, Howard MA 3rd, Cavanaugh JE,
et al. Risk factors and outcomes associated with surgical site infections after craniotomy or
craniectomy. J Neurosurg. (2014) 120:509-21. doi: 10.3171/2013.9.JNS13843

35. Fang C, Zhu T, Zhang P, Xia L, Sun C. Risk factors of neurosurgical site infection
after craniotomy: A systematic review and meta-analysis. Am J Infect Control. (2017)
45:e123-34. doi: 10.1016/j.ajic.2017.06.009

36. Jimenez-Martinez E, Cuervo G, Hornero A, Ciercoles P, Gabarros A, Cabellos C,
et al. Risk factors for surgical site infection after craniotomy: a prospective cohort study.
Antimicrob Resist Infect Control. (2019) 8:69. doi: 10.1186/s13756-019-0525-3

37. Korinek AM. Risk factors for neurosurgical site infections after craniotomy: a
prospective multicenter study of 2944 patients. The French study Group of Neurosurgical
Infections, the SEHP, and the C-CLIN Paris-Nord. Service Epidemiologie hygiene et
prevention. Neurosurgery. (1997) 41:1073-81. doi: 10.1097/00006123-199711000-00010

38. Abode-Iyamah KO, Chiang HY, Winslow N, Park B, Zanaty M, Dlouhy B], et al.
Risk factors for surgical site infections and assessment of vancomycin powder as a

Frontiers in Neurology

108

10.3389/fneur.2023.1170045

preventive measure in patients undergoing first-time cranioplasty. ] Neurosurg. (2018)
128:1241-9. doi: 10.3171/2016.12.JNS161967

39.Shi ZH, Xu M, Wang YZ, Luo XY, Chen GQ, Wang X, et al. Post-craniotomy
intracranial infection in patients with brain tumors: a retrospective analysis of 5723
consecutive patients. Br ]| Neurosurg. (2017) 31:5-9. doi: 10.1080/02688697.
2016.1253827

40. Abu Hamdeh S, Lytsy B, Ronne-Engstrom E. Surgical site infections in standard
neurosurgery procedures-a study of incidence, impact and potential risk factors. Br J
Neurosurg. (2014) 28:270-5. doi: 10.3109/02688697.2013.835376

41. Tenney JH, Vlahov D, Salcman M, Ducker TB. Wide variation in risk of wound
infection following clean neurosurgery. Implications for perioperative antibiotic
prophylaxis. ] Neurosurg. (1985) 62:243-7. doi: 10.3171/jns.1985.62.2.0243

42. McClelland S 3rd, Hall WA. Postoperative central nervous system infection:
incidence and associated factors in 2111 neurosurgical procedures. Clin Infect Dis.
(2007) 45:55-9. doi: 10.1086/518580

43. Jensen KK, Henriksen NA, Jorgensen LN. Endoscopic component separation for
ventral hernia causes fewer wound complications compared to open components
separation: a systematic review and meta-analysis. Surg Endosc. (2014) 28:3046-52. doi:
10.1007/500464-014-3599-2

44. Shabanzadeh DM, Sorensen LT. Laparoscopic surgery compared with open
surgery decreases surgical site infection in obese patients: a systematic review and meta-
analysis. Ann Surg. (2012) 256:934-45. doi: 10.1097/SLA.0b013e318269a46b

frontiersin.org


https://doi.org/10.3389/fneur.2023.1170045
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.amjsurg.2008.01.021
https://doi.org/10.1007/s15010-020-01534-0
https://doi.org/10.3171/2013.9.JNS13843
https://doi.org/10.1016/j.ajic.2017.06.009
https://doi.org/10.1186/s13756-019-0525-3
https://doi.org/10.1097/00006123-199711000-00010
https://doi.org/10.3171/2016.12.JNS161967
https://doi.org/10.1080/02688697.2016.1253827
https://doi.org/10.1080/02688697.2016.1253827
https://doi.org/10.3109/02688697.2013.835376
https://doi.org/10.3171/jns.1985.62.2.0243
https://doi.org/10.1086/518580
https://doi.org/10.1007/s00464-014-3599-2
https://doi.org/10.1097/SLA.0b013e318269a46b

:' frontiers ‘ Frontiers in Neurology

‘ @ Check for updates

OPEN ACCESS

Zhifeng Shi,
Fudan University, China

Md Shahnur Alam,

University of Pittsburgh, United States
A. N. M. Mamun-Or-Rashid,

Doshisha University, Japan

Xingyu Miao
miaoxyu@163.com

21 February 2023
16 May 2023
09 June 2023

Cui J, Miao X, Yanghao X and Qin X (2023)
Bibliometric research on the developments of
artificial intelligence in radiomics toward
nervous system diseases.

Front. Neurol. 14:1171167.

doi: 10.3389/fneur.2023.1171167

© 2023 Cui, Miao, Yanghao and Qin. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiersin Neurology

Original Research
09 June 2023
10.3389/fneur.2023.1171167

Bibliometric research on the
developments of artificial
Intelligence in radiomics toward
nervous system diseases

Jiangli Cui, Xingyu Miao*, Xiaoyu Yanghao and Xuqiu Qin

Shaanxi Provincial People's Hospital, Xi'an, China

Background: The growing interest suggests that the widespread application of
radiomics has facilitated the development of neurological disease diagnosis,
prognosis, and classification. The application of artificial intelligence methods in
radiomics has increasingly achieved outstanding prediction results in recent years.
However, there are few studies that have systematically analyzed this field through
bibliometrics. Our destination is to study the visual relationships of publications
to identify the trends and hotspots in radiomics research and encourage more
researchers to participate in radiomics studies.

Methods: Publications in radiomics in the field of neurological disease research
can be retrieved from the Web of Science Core Collection. Analysis of relevant
countries, institutions, journals, authors, keywords, and references is conducted
using Microsoft Excel 2019, VOSviewer, and CiteSpace V. We analyze the research
status and hot trends through burst detection.

Results: On October 23, 2022, 746 records of studies on the application of
radiomics in the diagnosis of neurological disorders were retrieved and published
from 2011 to 2023. Approximately half of them were written by scholars in
the United States, and most were published in Frontiers in Oncology, European
Radiology, Cancer, and SCIENTIFIC REPORTS. Although China ranks first in the
number of publications, the United States is the driving force in the field and
enjoys a good academic reputation. NORBERT GALLDIKS and JIE TIAN published
the most relevant articles, while GILLIES RJ was cited the most. RADIOLOGY is a
representative and influential journal in the field. "Glioma” is a current attractive
research hotspot. Keywords such as “machine learning,” “brain metastasis,” and
“gene mutations” have recently appeared at the research frontier.

Conclusion: Most of the studies focus on clinical trial outcomes, such as the
diagnosis, prediction, and prognosis of neurological disorders. The radiomics
biomarkers and multi-omics studies of neurological disorders may soon become
a hot topic and should be closely monitored, particularly the relationship
between tumor-related non-invasive imaging biomarkers and the intrinsic micro-
environment of tumors.

radiomics, bibliometrics, nervous system diseases, glioblastoma (GBM), deep learning,
multi-omics study
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1. Introduction

Radiomics was first proposed by PhilippeLambin, a Dutch
scholar, in 2012 to measure the shape of tumors and analyze
the differences in image texture (1). With the rapid development
of medical imaging and artificial intelligence, there has been an
increasing number of research in the field of medical image
analysis, such as disease prevention, diagnosis, treatment efficacy
evaluation, and prognosis prediction (2-7).

In recent vyears, digital medical imaging has gradually
transformed into high-dimensional data suitable for data mining
and data science techniques. Aided by powerful computing power
and Quantitative Image Analysis (QIA) technologies, radiomics
has made rapid development (8). Currently, radiomics and deep
learning are the most researched technologies in the field of medical
imaging. Radiomics involves high-throughput extraction of a large
amount of quantifiable information from regions of interest (ROI)
in digital medical images. Deep learning, as a classic artificial
intelligence methods, transforms the extractions into hundreds or
thousands of quantitative imaging features (9). Then, quantitative
extraction and analysis of image features, which roughly include
first-order histograms, shape, texture, and wavelets, is performed
to establish prediction models for clinical decision support. Unlike
traditional computer-aided diagnosis (CAD), radiology focuses
on providing information about human diseases from a deep
and latent perspective, and the recognition of high-dimensional
heterogeneous information in images by radiology is incomparable
to traditional CAD.

As the development of Artificial Intelligence (AI) techniques,
such as deep learning and convolutional neural networks, it has
greatly advanced the performance of computer vision systems
(10). These AI methods have enabled vision systems to achieve
remarkable results in a wide range of applications, including object
detection, video classification, and image segmentation. With the
advancement of deep learning algorithms, AI-based methods such
as convolutional neural networks (CNNs) (11) and recurrent
neural networks (RNNs) (12) have been developed to analyze
imaging data and make predictions with high accuracy. Among
these applications, Al-based approaches have made preliminary
exploration in the field of radiomics. These AI-based radiomics
methods have the potential to improve disease diagnosis (13)
and treatment decision-making (14), as well as facilitate the
development of precision medicine (15).

The workflow of radiomics inspired by AI includes image
acquisition and segmentation, radiomics feature extraction, and
model building. Once the data is collected and organized, ROI
is usually segmented for analysis by qualified professionals such
as doctors, either manually or semi-automatically. Some research
has shown that the results of automatic image segmentation
using deep learning methods are more satisfactory (16, 17). The
feature extraction step is noteworthy as different implementations
produce different radiomics values, and radiomics models are
only applicable to the same feature interpretation. The appearance
of the Image Biomarker Standardization Initiative (IBSI) is
expected to reduce the impact of this problem (18). Once the
image acquisition and radiomics feature extraction are complete,
machine learning algorithms can be used to build radiomics
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models. For example, the software provided by Chen et al. (19)
includes the implementation of various modeling algorithms such
as decision trees, logistic regression, complex random forests,
Bayesian networks, and support vector machines (20-23). These
models can also be optimized for specific performance metrics,
and the receiver operating characteristic curve (AUC) (6) is widely
used for optimization. Another tool to evaluate the models is the
calibration plot (24), which describes the relationship between the
true sample class and the model prediction probability. Overall, the
selection of appropriate modeling algorithms is still an active area
of research.

An important reason for the widespread development of
radiomics Al methods is that, as the increases of the incidence
of neurological diseases and the ratio of disability and death,
traditional imaging techniques can only qualitatively describe
the lesions, and provide size, shape, and other characteristics
which can be similarly recognized by the naked eye. For non-
visualized quantitative data such as textures and histograms,
direct visualization is not available (25). Radiomics can overcome
these shortcomings. Zhang et al. (26) developed an algorithm
for fully automatic segmentation of glioblastoma regions in MRI
and compared it with a reference established by manual tumor
segmentation. The results showed that the algorithm was able
to extract most image features with moderate or high accuracy.
Meanwhile, Upadhaya et al. (27) attempted to use radiomics for
grading and prognostic estimation of glioblastoma multiforme
(GBM) and achieved 90% accuracy. Gillies et al. (8) proposed that
quantitative features in radiomics include not only imaging features
but also clinical and genetic information. This article is currently
the most representative review of radiomics research.

In the 2016 World Health Organization Classification of
tumors of the central nervous system (WHOC), the key features
of the phenotype are combined with genotype, providing new
ideas for precise classification, grading, and participation in
treatment decision-making of brain tumors (28). The application
of machine learning combined with radiomics in the classification,
prediction, and prognostic assessment of neurological diseases has
increased explosively (29-31). Researchers have gradually shifted
their focus to improving the reproducibility of radiomics features,
standardizing MRI, and multi-index joint diagnosis, prediction,
and prognosis (32-34).

With the continuous progress of radiomics in the study of
central nervous system diseases, it is crucial to understand the
new trends and key milestones in related knowledge development.
However, few systematic analysis have been carried out on these
publications. Bibliometrics analysis has been widely used to
organize knowledge structures and explore the trends of extensive
research fields, including quantitative analysis of patterns in the
scientific literature (19). Several studies have shown that CiteSpace
focuses on finding the key points in the development of a domain,
especially key turning points. Due to its rich functionality, it has
become an effective method for analyzing big data at present
(35, 36). To the best of our knowledge, there has been no systematic
bibliometric analysis of radiomics in neurological disease research.
Therefore, we will describe the scientific results of radiomics in
the study of central nervous system diseases to identify trends and
hotspots, and guide the future work of researchers.
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2. Methods
2.1. Search strategy

The data was downloaded from the Science Citation Index
Extended database of the Web of Science Core (WoSCC)
on October 26, 2022. The following search terms were used:
(“radiomics”) and (“brain” or “cerebrum” or “encephalon” or
“pericranium” or “cerebral*” or “central nervous system”) in
the Topic field, including title, abstract, author keywords, and
KeyWords Plus following continuing of existing search methods
(37-39). Original articles and reviews written and published in
English between 2011 and 2022 were included. The result of the
survey was 764 records, which were obtained from this study.

2.2. Data collection and analysis

All records retrieved from WoSCC were downloaded
independently by two authors, including the number of
publications published annually; country/region, institution,
journal, and author output; citation frequency; and H-index.
The H-index represents the number of academic journals or
scholars/countries/regions that have published H papers, each
of which has been cited at least H times It is used to evaluate
the scientific impact of authors or countries. Journal Citation
Reports (JCR) 2022 was used to obtain the impact factor (IF) of
journal categories. The data were then transformed into Microsoft
Excel 2019, VOSviewer, and CiteSpace V for the analysis of basic

10.3389/fneur.2023.1171167

indicators. Microsoft Excel (v.2019) was used to analyze and
organize the data on the basic characteristics of publications and
citations by plotting the annual publication output, H-index, total
IF, and average IF, citation count per article, and total citation
count for each country/region.

VOSviewer (36) was used to create network visualization maps
to analyze the collaboration among countries/regions, institutions,
and highly cited reference authors. Furthermore, VOSviewer
can categorize keywords with high co-occurrence frequency into
multiple clusters, and color them simultaneously according to the
timeline. Co-occurrence analysis determines the research hotspots
and trends. We choose “author keywords” as the unit of analysis.

We use CiteSpace V for a merged analysis of journals,
references, and clusters, and further constructed a merged reference
timeline view, through which the rise and development periods
of some cluster fields can be better understood. In addition,
CiteSpace can capture keywords with strong reference outbreaks,
and construct a visualization map for all projects. Citation burst is
a key indicator for recognizing emerging trends (19). We set the
“number of years per slice” and “number of years before each slice”
to 1 and 50, respectively. Thus, the network map is extracted from
the top 50 references cited in the first year of each article.

3. Results

3.1. Publication output and temporal trend

According to the citation analysis from the Web of Science,
a total of 764 publications met the inclusion criteria, consisting
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of 647 articles and 117 reviews (Figure 1A). In the early stage of
research, the average annual citation frequency of published articles
S :f :f was low due to the lack of research on the application of radiomics
= L . _‘g E 8 <8 % B in neurological diseases. From 2011 to 2017, the field was in a low-
8 2| 2 £ 2 g g £ g z| £ heat period with fewer than 30 articles of related research reports.
-l [SAIN®) Q [SHEGCRN- O = 2| O . .
However, from 2018 to 2022, the number of articles published on
% radiomics in the field of neurological diseases has been steadily
"s’ 2 8 2 Z 2|2 3 3| 3 increasing, with 61 articles published in 2018 alone, surpassing
(Y w < < ¥« w | e | e the previous total. The situation indicates the increasing attention
& in this field. Since 2018, the average annual citation frequency of
" published articles has rapidly increased and stabilized at around
% ol - - ol ol w e ol < 300 per year, further indicating that the study of radiomics in
= R @ o o @ INEERN Al aQ . .
= neurological diseases has reached a more mature stage. The reason
may be due to an increase in the number of neurological disease
Z patients worldwide, as well as the result of interdisciplinary fusion
. © 2 and continuous innovation. In the past 3 years, the number of
.§ = g 3 5, % % papers published in this field has shown a clear upward trend, with
Z g - 9 g E E é S - z % SE § more than 90 papers published each year appearing in highly active
§ g R % . E: f 222 é § :E) E “i g states. With an average annual increase of 70 papers and an average
__.3 é g g % :E) % :5 §"§ % § é g E % g annual growth rate of 57.43%, this indicates that research in this
9 :: 5 gn; ‘g« E § é % :::; § § :5) g % E § field has received increasing attention. While 197 articles have been
- - - published in 2022 so far, this number does not reflect the total
x number of publications throughout the year. To date, these articles
= - e “ D i B B ol = have been cited 10,187 times, averaging 13.3 citations per article.
el
g
2 HEREREIRE: 28 |8lg 3.2. Distribution by country/region and
. | | institution
'_
Between 2011 and 2023, all publications were published in 49
g countries/regions and 1,291 institutions (Table 1). China has the
2 % = 2 o w| % == 5w most publications (194, 44.503%), followed by the United States
o g N < g == =g &l € (81, 25.393%), South Korea (51, 6.675%), Italy (50, 6.545%), and
= France (46, 6.021%). With the exception of the United States, all
= other countries have been published after 2017. Since 2018, China
2 has ranked first in annual publication volume. However, among the
— 2 B o w| |« al ~ five most productive countries, China has the lowest average IF. The
£ annual growth rate of publications produced by the United States
) and Germany also follows a similar trend. Since 2020, although
o Italy’s cumulative publication count from 2011 to 2022 ranked fifth
gg % % § g ¥ g g % 2 2 (50), its annual publication output has grown rapidly exceeding
g A = e e - N China’s by 2022. The total trend of the published numbers by these
o countries each year shows that since 2017, the number of papers
" has rapidly increased (Figure 1B). China has 3,064 citations and
%E c 3 ~ ol e ol < ol a citation/article ratio of 44.503, ranking first among all selected
bl | * SR A o countries/regions, but its citations per article (9.01) are far lower
= than that of Canada (29.67). However, Canada’s total number of
g articles (33) and H-index (11) are relatively weak performance. The
) H-index is a new method for evaluating academic achievements,
é g and a higher H-index indicates that papers are more influential.
§ 3 s §° 2 Combining these paper evaluation indicators, the United States,
"E % %‘ E . _% § s China, and Canada are the three most influential countries in this
8 E % g fg = § ‘:—;’ % § § research field. From this, we further determined the annual national
© O P © A== 2| A Ol output of the 10 most productive countries/regions (Figure 1C).
~ To investigate international cooperation, we constructed a
é e . ol ul e . . e network visualization map of publications in radiomics studies
of neurological diseases using VOSviewer. Figure 2A displays

TABLE 1 Top 10 producing countries/regions and institutions related to radiomics in neurological disease research.
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the collaboration between countries/regions that published more
than 10 papers (38 out of 76 papers). Countries/regions with
high co-occurrence rates are grouped into the same color.
Countries/regions with similar colors are identified as having
closer collaboration and forming clusters. The width of the lines
represents the scale of cooperation. The United States (220) has the
highest total contact strength, indicating its participation in most
of the world’s collaborations. The countries/regions that cooperate
most with the United States are China, Germany, the United
Kingdom, Canada, France, and the United States. The yellow
cluster is led by China and cooperates most with the United States,
Germany, the United Kingdom, and South Korea. As is shown in
Figure 2B, there is less cooperation between the most influential
countries, and future cooperation should be strengthened to further
promote the development of this field. Table 1 shows the 10 most
effective institutions in related research. The main institutions are
Fudan University (45, 5.89%), the Chinese Academy of Sciences
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(41, 5.366%), Capital Medical University (38, 4.974%), General
Electric (35, 4.581%), and Helmholtz Association (34, 4.45%).

3.3. Distribution by journal

A total of 764 publications on brain disease radiomics research
have been published in 257 academic journals. Table 2 lists the 10
most productive and frequently cited journals. FRONTIERS IN
ONCOLOGY (62 articles, 7.984%) with an IF of 5.78 has the most
publishments, followed by EUROPEAN RADIOLOGY (53 articles,
6.937%), CANCERS (34 articles, 6.97%), SCIENTIFIC REPORTS
(33 articles, 4.319%), and FRONTIERS IN NEUROSCIENCE (28,
3.665%). The Journal of MAGNETIC RESONANCE IMAGING
has the highest IF (13.029) among the top 10 most influential
journals in 2019, while EUROPEAN RADIOLOGY has the highest
H-index (19). Among the 10 most productive journals, 4 are
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TABLE 2 Top 10 productive and co-cited journals for radiomics research in neu authors and co-cited authors.

Rank Productive Articles  Percentage IF H- Quartile Co-cited journal Articles IF (2022) H-index Best
journal (N) (N) (2022) index  in category (N) quartile
1 FRONTIERS IN 61 7.984 5.738 10 Q2 1 RADIOLOGY 552 29.146 4 Q1
ONCOLOGY
2 EUROPEAN 53 6.937 7.034 19 Q1 2 EUROPEAN 411 7.034 4 Q1
RADIOLOGY RADIOLOGY
3 CANCERS 34 445 6.575 7 Q1 3 SCIENTIFIC REPORTS 396 4.996 15 Q
4 SCIENTIFIC 33 4319 4.996 15 Q 4 AMERICAN JOURNAL 390 4.966 5 Q
REPORTS OF
NEURORADIOLOGY
5 FRONTIERS IN 28 3.665 5152 7 Q 5 NEURO ONCOLOGY 379 13.029 9 Q1
NEUROSCIENCE
6 FRONTIERS IN 16 2.094 4.086 4 Q 6 PLOS ONE 337 3.752 4 Q
NEUROLOGY
7 MEDICAL PHYSICS 14 1.832 4506 5 Q 7 JOURNAL OF 318 5.119 7 Q1
MAGNETIC
RESONANCE
IMAGING
8 NEURO ONCOLOGY 14 1.832 13.029 9 Q1 8 NEUROIMAGE 266 7.4 1 Q1
9 JOURNAL OF 13 1.702 5.119 7 Q1 9 CLINICAL CANCER 251 13.801 4 Q1
MAGNETIC RESEARCH
RESONANCE
IMAGING
10 NEURORADIOLOGY 13 1.702 2.995 6 © 10 MAGNETIC 240 313 3 (o}
RESONANCE
IMAGING
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TABLE 3 Top 11 prolific authors and co-cited authors of radiomics studies in neurological diseases.

Rank Author Count (N) Rank Co-cited author Count (N)
1 NORBERT GALLDIKS 166 1 GILLIES R] 286
2 JIE TIAN 16 2 LAMBIN P 285
3 PHILIPP LOHMANN 13 3 AERTS HIWL 197
4 JIEUN PARK 13 4 LOUIS DN 185
5 HO SUNG KIM 12 5 Van GRIETHUYSEN JJM 174
6 MARTIN KOCHER 12 6 KICKINGEREDER P 153
7 ZHENYU LIU 11 7 OSTROM QT 106
8 PEIPEI PANG 11 8 KUMARV 104
9 SUNG SOO AHN 10 9 ZWANENBURG A 98
10 DINGGANG SHEN 9 10 HARALICK RM 92
11 KARLJOSEF LANGEN 9 11 STUPP R 86
A SHITING FENG B
JIEHULJIANG PHILIPP KICKINGEREDER 1M CHADDAD A
YONG LIU KARLJOSEF LANGEN LOHMANN P  BAKAS S HARALICK RM
> YUYUNAL=SEIQP!CYANG GONG LAMBIN P
JI EUN PARK o WOLFGANG WICK 723 Lzc VAN GRIETHUYSEN JJM
3 'HO SUNG KIM . 2HOU Hppasanna p e - HULS
YAE WON PARK N BINGSHENG HUANG | ZHANG X ' y MENZE BH
@ETAN ¥ ZHENYU SHU ARTZM oz @WANENBURG A macyszwiL
SEUNGKOO LEé ‘NORBERT GALLDIKS . poES ZACHARAKI EI TIBSHIRANI R JANOPJ;Y:IDU?]
PARK YW \ | o~
ARG @HENYU LIU ZHONGXIANG DING fGILLIES Riw g ARMARGREIGKINGEREDER P
s 7o S e LIU ZY e MAYERHOE ESE
DINGGANG SHEN b STUPP R ZHANG J R
SUNG SOO AHN  p11PP LOHMANN SOROUSR TPraTORE S gkumaRy  WELLERMIL
¥ ¢ PRI e e OSTROM QT
GEREON R FINK * PEIPEI PANG . ¢ JIUANG YO "N AERT O A
SPYRIDON BAKAS y JIMINGILL . | AERTS HJWL
TAO JIANG LOUIS DN .+" " ELLINGSON BM
CHRISTOS DAVATZIKOS W o St
FIGURE 3
CiteSpace visualization of authors. (A) Co-occurrence of authors. (B) Co-cited authors involved in radiomics neurological disease research. The
circle node represents the author of the paper. Links between nodes represent partnerships.

classified in Q1, 5 in Q2, and one in Q3. The most frequently co-
cited journal is RADIOLOGY (552 cited, Q1), with the highest
IF (29.146) in 2021. The next most frequently cited journals
are EUROPEAN RADIOLOGY (411 cited, Q2), SCIENTIFIC
REPORTS (396 cited, Q1), the AMERICAN JOURNAL OF
NEURORADIOLOGY (390 cited, Q3), and NEURO ONCOLOGY
(379 cited, Q1). The dual map shows three main reference paths.
The left side shows the research frontier, with articles concentrated
in journals in the medical, neurological, and clinical fields, while the
right side shows the cited region, with articles primarily published
in journals in the molecular, biological, genetic, psychological,
health, nursing, and medical fields (Figure 2C).

A total of 5,026 authors participated in the study. Table 3
shows the 11 most productive authors. NORBERT GALLDIKS and
JIE TIAN each published 16 articles, ranking first in the number
of publications, followed by PHILIPP LOHMANN and JI EUN
PARK (13 papers), HO SUNG KIM and MARTIN KOCHER (12
papers), and Zhengyu LIU and ZhengYU LIU (11 papers; Figure 3A
and Table 3). It is worth noting that the concentration of authors
is relatively low (<0.03), indicating that the authors’ impact on
neurological disease radiomics research needs to be increased. In
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this figure, each node represents an author, the larger the node,
the more articles are published. The thick lines indicate close
cooperation between authors, as can be clearly seen in Figure 3A,
there is communication and cooperation between authors in
this field. Co-cited authors refer to those commonly cited in
publications, which are critical indicators of author contributions.
Figure 3B and Table 3 show the top 11 co-cited authors, with only
eight authors having more than 100 times citations, where GILLIES
RJ (286) ranked first, followed by LAMBIN P (285), AERTS HJWL
(197), and LOUIS DN (185). Upadhaya is an early researcher in the
field of neurological system radiomics research.

Upadhaya is an early researcher of radiomics research in
the nervous system. In 2017, he first proposed a prognostic
model of glioblastoma multiforme based on multimodal MRI,
marking the beginning of radiomics in the field of the nervous
system. Meanwhile, Galldiks et al. (40) has published the
most articles. In 2020, he summarized the imaging challenges
related to immunotherapy, targeted therapy, and brain metastasis
combined with radiotherapy. This paper also reviewed advanced
imaging techniques that could overcome some of these imaging
challenges. It provides valuable information for the identification
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Analysis of references related to radiomics in the study of neurological diseases. (A) Network of co-cited references. (B) Network diagram of

S [——
Rizzo Steania 2018)
* L% suang 3ot ghangs eorn
B 018y van Griethuysen JJM (2017)
Bakas S (2017) b ‘erls HJWL (2014)
Traverso A GOI8) . "
= o < oy el Lambin P (2017)
. Louis DN (2016) Zwanenburg A (2020)
Macyszyn L (2016) sun R (2018) tikura H (2015)
Ghang P G018) Lu EF 0i0) ST 07
Huts o1y © e oXip SSF (2016) Kickingereder P (2016)
7 v ot ) 5
.4 s(zn“;dtkinqevedev P (2016) Gillies RJ (2016)
athore Tian @ 2018)
oy S S o I poveoiq
Aerts HJWL (2016) eickwngevadev P (2016)
. Atz M 2019)
QuanZH @019)  xniep HC 019)
5
FIGURE 4
co-reference clusters

#17 supratentorial spontaneous intraparenchymal hematoma

#13 lower-grade glioma

XS
ion therapy
1 tumor environment
4 vasart feature

#1 stereotactic radi

#19 molecular marke
% *#4 stereotactic radiosurgery

ggai_ma&riguhnlnmics inform

#3 paradigm shift
e . 4 erall survival prediction
S 3o symour.
#16 practical consideraudil > MFms texture analysis
R
2.

#9 benign tumor.. b
#2 prognostic modg} 4o

tarybrain metastases

#8 radiomics analysis

of changes and recurrences caused by treatment in brain metastasis
lesions, and the evaluation of treatment responses. In the same
year, Kim et al. (41) proposed a method using diffusion and
perfusion-weighted MRI radiomics models to predict isocitrate
dehydrogenase (IDH) mutation and tumor aggressiveness in
diffuse low-grade gliomas. In this paper, multiparameter MRI
radiomics models are also utilized to predict tumor grades.

In 2021, PHILIPP LOHMANN reviewed the basics, current
workflows, and methods of radiomics, and focused on the
application of feature-based radiomics in neural tumors with
clinical examples. Additionally, he studied the usage of FET-
PET radiomics in identifying glioma relapse and progression (42,
43). Park et al. (44) is a senior researcher in the neurological
disease radiomics field. By using deep learning to automatically
segment diffusion and perfusion MRI radiomics, he provided a
reproducible and comparable diagnostic model for glioblastoma.
He concluded that the first-level feature extraction based on
automatically segmented MRI has high reproducibility and
comparable diagnostic efficiency with manual segmentation. This
field remains a key focus of radiomics in the research of nervous
system diseases.

3.4. Analysis of co-cited references

Among the top 10 co-cited articles, four were critical articles,
two were on radiomics, and four were on nervous system diseases.
Additionally, these studies are considered reliable references for
future relevant research. It's worth noting that among the top five
co-cited references, there are no articles about radiomics research
in the nervous system, which indicates that the field still requires
further research (Figure 4A and Table 4). The network diagram of
co-reference clusters is shown in Figure 4B, and the data collection
is shown in Table 5. In 2014, Aerts and HJWL extracted 440
features from computer tomography scan data of 1,019 lung or
head or neck cancer patients, and conducted radiology analysis
on the image intensity, shape, and texture of the tumors. The
results concluded that a large number of radiomics features have
predictive capabilities in an independent dataset of cancer and
head and neck cancer patients. He also proposed the concept
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of radiomics genomics and showed that radiomics genomics
features can capture tumor heterogeneity with underlying gene
expression patterns (45). This study is considered a significant
milestone and marks the transition of radiomics genomics from
basic research to clinical application. Kickingereder et al. (46)
demonstrated that compared to established clinical radiomics risk
models, radiomics-based magnetic resonance imaging signals can
improve the accuracy of predicting survival and stratification of
newly diagnosed glioblastoma patients.

In 2017, Bakas et al. (47) collected the segmentation labels
and radiological features of preoperative multimodal magnetic
resonance imaging (MRI) of gliomas from multiple institutions
in the Cancer Genome Atlas (TCGA), and collected stratified
gliomas by preoperative scans. The significant value of the
study lies in the fact that the data is publicly available. The
generated labels and imaging features can be used for repeatable
and comparable quantitative studies, providing guidance for
addressing reproducibility and feature interpretation problems.
Van Griethuysen et al. (48) proposed a theory that the lack
of standardized definitions and image processing severely affects
the reproducibility and comparability of research results. They
developed a flexible open-source platform PyRadiomics and
discussed the workflow and architecture of PyRadiomics. This
study demonstrates its application in the feature analysis of lung
lesions which is expected to address the standardization problem
of algorithms and image processing. In 2020, Zwanenburg et al.
(18) proposed the Image Bio-Marker Standardization Initiative and
standardized 174 radiomics features, providing a foundation for the
validation and calibration of different radiomics software. It also
provided an effective solution to the current common data island
problem. Despite the involvement of a large number of literature in
the feature standardization study;, it still lacks a better solution.

3.5. Analysis of keyword
co-occurrenceclusters

Keywords were condensed and extracted from the content

of an article to reflect the topic and content of a representative
article. High-frequency keywords are often used to reflect the
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TABLE 4 10 commonly cited literatures in imageomics research of nervous system diseases.

Rank Co-citations (N)  Centrality  First Title Journal Cluster

1 218 0.01 Gillies, RJ 2016 Radiomics: images are more than Radiology 10.1148/radiol.2015151169 #4
pictures, they are data (survey)

2 176 0 Van Griethuysen, 2017 Computational radiomics system to Cancer Research 10.1158/0008-5472.CAN-17-0339 #4

M decode the radiographic phenotype

3 134 0.02 Lambin, P 2017 Radiomics: the bridge between Nature Reviews 10.1038/nrclinonc.2017.141 #4
medical imaging and Clinical Oncology
personalized medicine (survey)

4 114 0.01 Louis, DN 2016 The 2016 World Health Organization Acta 10.1007/s00401-016-1545-1 #4
classification of tumors of the central Neuropathologica
nervous system: a summary

5 70 0.13 Aerts, HHWL 2014 Decoding tumor phenotype by Nature 10.1038/ncomms5006 #4
noninvasive imaging using a Communications
quantitative radiomics approach

6 66 0 Aerts, HHWL 2020 The image biomarker standardization Radiology 10.1148/radiol.2020191145 #2
initiative: standardized quantitative
Radiomics for high-throughput image-
based phenotyping

7 56 0.1 Kickingereder, P 2016 Radiomic profiling of glioblastoma: Radiology 10.1148/radiol.2016160845 #3
identifying an imaging predictor of
patient survival with improved
Performance over established clinical
and radiologic risk models

8 54 0.01 Bakas, S 2017 Data descriptor: advancing the cancer Scientific data 10.1038/sdata.2017.117 #4
genome atlas glioma MRI collections
with expert segmentation labels and
radiomic features

9 45 0.04 Yip, SSF 2016 Applications and limitations of Physics in medicine 10.1088/0031-9155/61/13/R150 #4
radiomics (survey) and biology

10 44 0.27 Zhou, H 2017 MRI features predict survival and Neuro-oncology 10.1093/neuonc/now256 #3
molecular markers in diffuse
lower-grade gliomas
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TABLE 5 Top 10 co-cited reference clusters for radiomics studies in neurological diseases.

Cluster ID Size Silhouette Mean (Year) Top terms

0 40 0.896 2016 Glioma imaging

1 40 0.915 2017 Radiotherapy

2 34 0.947 2016 Prognostic biomarker

3 32 0.982 2018 Tumor aggressiveness

4 32 0.992 2014 Stereotactic radiosurgery

5 31 0.921 2016 Multiple pathologic biomarkers
6 29 0.958 2014 Risk stratification

7 29 0.975 2019 Glioblastoma

8 29 0.994 2018 Radiomics classification

9 29 0.959 2018 Machine learning applications

hot topics in the research field. Thus, a keyword co-occurrence
network is an analysis method based on text content. The
authors collect 383 keywords (Figure 5A) and find the top 25
most frequently cited keywords through keyword burst analysis
(Figure 5B). The blue line represents the time interval, and the
red line represents the burst period of the keywords. As can be
seen from the figure, the burst keywords are mainly concentrated
on the research of radiomics and brain-related diseases, including
but not limited to disease risk analysis, treatment, and tumor
heterogeneity. Feature selection, patterns, magnetic resonance
spectroscopy analysis, and image segmentation are the pioneering
explorations in the early stage. Since then, positron emission
tomography (PET), imaging biomarkers, radiotherapy, support
vector machines, feature selection, tumor heterogeneity, image
texture features, and disease prognostic evaluation became hot
topics. In recent years, computed tomography (CT), nomograms,
brain metastasis, machine learning, and gene mutations have
become new key keywords for outbreaks.

The results in Figure 5C calculated by the log-likelihood
ratio (LLR) show the keyword radiation. The clustering analysis
shows outstanding homogeneity through 17 cluster centers with a
modularity score of 0.781 and an average silhouette value of 0.8346.
They encompass a wide range of radiomics topics in the field of
neurological diseases, including artificial intelligence and imaging
techniques [# 0 mri (32), # 2 radiomics (32), # 3 nomogram (33),
and # 5 deep learning (33)] and indications [# 1 Alzheimer’s disease
(34), # 4 Meningioma (35), # 6 ruptured aneurysm (36), # 7 brain
metastases (37), # 8 treatment (38), # 9 prognosis (38), # 10 high-
grade glioma (38), # 11 tumor heterogeneity (38), # 12 intracerebral
hemorrhage (39), and # 13 tumor detection (39); Figures 5C, D].
In recent years, the advancement of AI technology has significantly
improved the status of radiomics research, making it a hot topic
in the field of the combination of medicine and engineering.
This has brought new opportunities for clinical diagnosis and
treatment. Moreover, radiomics has also been proven to have
good performance in the diagnosis, prediction, and prognosis
of nervous system diseases. Recent researches are more focused
on the relationship between radiomics markers and the internal
microenvironment of nervous system diseases, particularly the
correlation between tumor heterogeneity, immunity, metabolism,
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and imaging markers. The reproducibility and reliability of the
models have always been a focus of research and are expected
to be solved in the future with further development of wireless
technology.

4. Discussion

In recent years, increasing numbers of systematic and narrative
reviews have focused on the application of radiomics in the study of
nervous system diseases (49-52). The use of radiomics techniques
is highlighted in image segmentation, prognosis, and non-invasive
biomarker applications. An advantage of bibliometrics analysis
compared to traditional surveys is that it provides the reader with
an intuitive visualization of the research situation on a particular
topic. Here, we conducted a novel bibliometric analysis to explore
the publications of the past decade and provide a comprehensive
view of research trends.

As the concept of radiomics was first proposed in 2012, we
searched the data from 2012. The sudden rapid growth is related to
the magnetic resonance imaging features proposed by Zhou et al.
(53) that it can be used to predict the survival time and molecular
distribution of low-grade gliomas (LGGs). Texture analysis of MRI
data can accurately predict IDH1 mutation, 1p/19q co-deletion,
histological grading, and tumor progression. This highly cited
study is considered a leap in radiomics from the macroscopic
features of gliomas to the microscopic internal environment,
greatly driving the research in this field. A machine learning
model based on morphological features derived from Pyradiomics
was used to predict aneurysm stability (54), and this marked
the beginning of widespread research on radiomics in the field
of nervous system diseases. Subsequently, Tupe-Waghmare et al.
(55) proposed that compared to traditional risk factors, radiomics
models based on deep learning performed better in predicting the
survival rate of glioblastoma multiforme. To further this work, they
proposed a radiomics nomogram, which proved its good predictive
performance and showed that multi-variable models have statistical
robustness in survival analysis (56-59). In this section, the narrative
logic will unfold from two aspects, traditional explorations and
deep learning processing.
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FIGURE 5
CiteSpace visualization of keywords in radiomics studies of neurological diseases. (A) Key keywords network in radiomics neurological disease
research and related research publications. (B) Time trend plot of emergent keywords. (C) Keyword cluster analysis. (D) Timeline view of
Keywordclusters.

First we analyze the traditional explorations and traditional
imaging techiniques. Since 2018, a large number of radiomics
studies in the field of nervous system diseases have emerged,
including glioma survival analysis and stratified prediction (60),
the differential diagnosis of gliomas (61), and gene mutations
(62). Meanwhile, the research on Alzheimer’s disease is also
growing (63). At the same time, the use of multi-parametric MRI
to predict the IDH mutation status in glioblastoma (GBM) by
employing multi-region radiomics features was also been discussed
(64). The results showed that the multi-region model constructed
by the whole-region features performed better than the single-
region model, and the best performance was achieved when
combined with the age-whole-region. Meanwhile, the research
team made another attempt on predicting the O-6-methylguanine-
DNA methyltransferase (MGMT) promoter methylation status of
GBM based on a multi-region and multi-parametric MRI radiomics
model, and the results showed that combining clinical factors with
radiomics features does not improve predictive performance (65).

Another exploratory work provided by Bobholz et al. (66)
investigated the local relationship between MR-derived radiomics
features and histology-derived “tissue” features using a dataset
of 16 brain cancer patients. Radiomics features were collected
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from T1, post-contrast T1, FLAIR, and diffusion-weighted imaging
(DWI) acquired before death. Similar tissue features were collected
from autopsy samples and registered via magnetic resonance
imaging. The results showed that a subset of radiomics features
can consistently capture texture information of histological tissue.
Su et al. (56) combined eight imaging features and three
clinical variables (age, sex, and tumor location) to construct an
imaging omic-clinical nomogram. The nomogram presented good
discrimination in predicting the isocitrate dehydrogenase 1 (IDH1)
mutation status of primary GBMs. On the other hand, Sakai et al.
(67) found that the XGBoost model trained on DWI data can
achieve an accuracy of 90% in predicting IDH1 mutation status,
but the model trained based on combined FLAIR-DWI radiomics
features could not improve the accuracy.

Following these ideas, the research became more detailed,
including automatic image segmentation (68), multiple sclerosis
(31), application of PET radiomics (69), and more advanced non-
invasive identification of gene mutations (70). Guo et al. (2)
investigated the role of Dsc-PWI dynamic radiomics features in
the diagnosis and prognosis prediction of ischemic stroke. Cao
et al. (71) used the radiomics features of MRI and 18F-FDG-PET
and the joint application of multiple models to identify gliomas.
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Alongi et al. (72) used Al-based 18F-FDG-PET to improve the
accuracy of AD diagnosis. Yao et al. (73) evaluated the ability of
pH and oxygen-sensitive MRI techniques to differentiate glioma
genotypes and concluded that pH and oxygen-sensitive MRI is a
viable and potentially valuable imaging technology to distinguish
glioma subtypes and provide additional prognostic value in clinical
practice. Dounavi et al. (74) suggested that FLAIR texture analysis
can capture subtle alterations in white matter microstructural.

To analyze the deep learning processing part, one extraordinary
method provided by Calabrese et al. (75) combined radiomics
features and convolutional neural network (CNN) features, and the
collaborative model performed well in predicting IDH1 and TERT
promoter hotspot mutations, ATRX and CDKN2A/B pathogenic
mutations, and chromosome 7 and 10 combined aneuploidy,
but not well in predicting other biomarkers. The hybrid CNN-
Transformer encoder based on multimodal MRI proposed by
Cheng et al. (76) achieved good performance in both glioma
segmentation and IDH gene typing prediction, outperforming
single-task learning and other state-of-the-art methods.

Previous studies have found that the use of radiomics features
as biomarkers of treatment response and outcome may be
correlated with clinical phenotypes, histological features, and
genomic features, but robust and reproducible features are needed
to address this issue. The low replicability potential of the current
study is still the reason why radiomics-based strategies have not
yet been translated into routine practice. Tixier et al. (77) found
that the robustness of radiomics features varied by category and
features calculated based on Gray-level Size-zone Matrix (GLSZM),
edge maps, and shape were less robust compared to histograms and
co-occurrence matrics. Ma et al. (78) showed that first-order and
GLCM features extracted from LoG and wavelet-filtered images
were the most crucial factors for glioma recognition. Additionally,
some eigenvalues were considered strongly correlated between
low-grade glioma (LGG) and high-grade glioma (HGG).

Since plenty of scholars have been involved in studying
the robust performance of deep learning feature models, the
results are satisfactory compared to traditional machine learning
models. However, the results of scientific research are still
questionable because the performance of deep learning methods
depends on high-level data processing capability and high-quality
data requirements. On the other hand, the internal algorithm
feature vectors in unsupervised deep learning may not always
be transparent (black box) (79). It is worth illustrating that
the research of feature reproducibility involves multiple aspects,
including support from multi-center data and further research
on image segmentation. Moreover, the optimal feature selection
methods and the non-uniformity and standardization of features
are also urgent problems to be solved.

4.1. Limitations

To the best of our knowledge, this bibliometric analysis is
the first exploration of the development and trends of radiomics
research in the field of neurological diseases. However, this study
has some limitations. Firstly, the data used in this study was
extracted only from the WoSCC database, as we believe this
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database is a reliable software for searching publications and
citations, although it may contain fewer documents and journals
than other databases such as Google Scholar or Scopus. Secondly,
non-English articles were excluded from the database and analysis,
which may have led to a source bias. Additionally, we selectively
analyzed the characteristics of information, so some key points and
details may have been missed.

5. Conclusion

Bibliometrics analysis indicates a good prospect and a
significant increase in related publications for radiomics in the field
of neurological diseases. The main contributors to this research
area have been identified, and the related studies are clustered and
mainly focused on the application of radiomics in glioma, brain
metastasis, and white matter diseases. Differences between regions
and countries still exist, and cooperation between countries needs
to be strengthened. In the process of applying deep learning for
handling radiomics data, there exists such a problem that the data
is in a poorly interpreted form of image features, but this problem
will be gradually solved with the advancement of technology. By
using these methods, it helps better understand the prospects of
radiomics in neurological diseases, and facilitates clinical diagnosis
and treatment decisions, simplifies the diagnostic and therapeutic
process, and ultimately benefits patients.
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