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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).
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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

inferior parietal

lobule (L)

Headache, seizure

54/M Seizure Posterior central 137.3
gyrus and
superior parietal
lobule (R)
Inferior 13.0

27/F Seizure,

precentral gyrus

(L)

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

frontiersin.org


https://doi.org/10.3389/fonc.2023.1089139
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yao et al.

10.3389/fonc.2023.1089139

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); (J—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

Frontiers in Oncology

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.

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 the ethics committee of the General Hospital of
Southern Theater Command of PLA. 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.

References

1. Hervey-Jumper SL, Berger MS. Maximizing safe resection of low- and high-grade
glioma. J Neurooncol (2016) 130:269-82. doi: 10.1007/s11060-016-2110-4

2. Maier-Hein KH, Neher PF, Houde JC, Coté MA, Garyfallidis E, Zhong J, et al.
The challenge of mapping the human connectome based on diftusion tractography. Nat
Commun (2017) 8(1):1349. doi: 10.1038/S41467-017-01285-X

3. Feigl GC, Hiergeist W, Fellner C, Schebesch KMM, Doenitz C, Finkenzeller T,
et al. Magnetic resonance imaging diffusion tensor tractography: Evaluation of
anatomic accuracy of different fiber tracking software packages. World Neurosurg
(2014) 81:144-50. doi: 10.1016/J.WNEU.2013.01.004

Frontiers in Oncology

10.3389/fonc.2023.1089139

Author contributions

SY, RY, and CP participated in data collection and analysis, and
writing of the paper. CJ and YW participated in the pre- and post-
operative evaluation. HB participated in brain mapping and data
interpretation. HB and CD reviewed and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

The study was supported by National Natural Science
Foundation of China (U1201257) and the Science and Technology
Planning Projects of Guangdong Province, China (2017B020210008).

Acknowledgments

We thank the patients and their families. We thank the nurses
(Ruigin Tian and Hongyu Sun) and linguist (Yan Cai) of the
Department of Neurosurgery, General Hospital of Southern
Theater Command of PLA for intraoperative photography and
neurological function monitoring. We also thank Genetron Health
(Beijing) Co., Ltd. for providing sequencing services for this study.

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.

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.

4. Duffau H. The dangers of magnetic resonance imaging diffusion tensor
tractography in brain surgery. World Neurosurg (2014) 81:56-8. doi: 10.1016/
J.WNEU.2013.01.116

5. Jones DK, Kndsche TR, Turner R. White matter integrity, fiber count, and other
fallacies: the do’s and don’ts of diffusion MRI. Neuroimage (2013) 73:239-54.
doi: 10.1016/].NEUROIMAGE.2012.06.081

6. Staub-Bartelt F, Radtke O, Hanggi D, Sabel M, Rapp M. Impact of anticipated
awake surgery on psychooncological distress in brain tumor patients. Front Oncol
(2022) 11:795247/PDF. doi: 10.3389/FONC.2021.795247/PDF

frontiersin.org


https://doi.org/10.1007/s11060-016-2110-4
https://doi.org/10.1038/S41467-017-01285-X
https://doi.org/10.1016/J.WNEU.2013.01.004
https://doi.org/10.1016/J.WNEU.2013.01.116
https://doi.org/10.1016/J.WNEU.2013.01.116
https://doi.org/10.1016/J.NEUROIMAGE.2012.06.081
https://doi.org/10.3389/FONC.2021.795247/PDF
https://doi.org/10.3389/fonc.2023.1089139
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yao et al.

7. de Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, Berger MS. Impact of
intraoperative stimulation brain mapping on glioma surgery outcome: A meta-analysis.
J Clin Oncol (2012) 30:2559-65. doi: 10.1200/JCO.2011.38.4818

8. Sanai N, Berger MS. Intraoperative stimulation techniques for functional pathway
preservation and glioma resection. Neurosurg Focus (2010) 28(2):El. doi: 10.3171/
2009.12.FOCUS09266

9. Keles GE, Lundin DA, Lamborn KR, Chang EF, Ojemann G, Berger MS.
Intraoperative subcortical stimulation mapping for hemispherical perirolandic
gliomas located within or adjacent to the descending motor pathways: Evaluation of
morbidity and assessment of functional outcome in 294 patients. ] Neurosurg (2004)
100:369-75. doi: 10.3171/JNS.2004.100.3.0369

10. Duffau H. Awake mapping with transopercular approach in right insular-
centered low-grade gliomas improves neurological outcomes and return to work.
Neurosurgery (2022) 91:182-90. doi: 10.1227/neu.0000000000001966

11. Bai HM, Wang WM, Li TD, He H, Shi C, Guo XF, et al. Three core techniques in
surgery of neuroepithelial tumors in eloquent areas: Awake anaesthesia, intraoperative
direct electrical stimulation and ultrasonography. Chin Med J (Engl) (2011) 124:3035-
41. doi: 10.3760/cma.j.issn.0366-6999.2011.19.015

12. Kikinis R, Pieper SD, Vosburgh K. 3D slicer: A platform for subject-specific
image analysis, visualization, and clinical support. Intraoperative Imaging Image-
Guided Ther (2014) 3(19):277-89. doi: 10.1007/978-1-4614-7657-3_19

13. McGirt MJ, Chaichana KL, Attenello FJ, Weingart JD, Than K, Burger PC, et al.
Extent of surgical resection is independently associated with survival in patients with
hemispheric infiltrating low-grade gliomas. Neurosurgery (2008) 63:700-7.
doi: 10.1227/01.NEU.0000325729.41085.73

14. Berger MS, Deliganis AV, Dobbins ], Keles GE. The effect of extent of resection on
recurrence in patients with low grade cerebral hemisphere gliomas. Cancer (1994) 74:1784-
91. doi: 10.1002/1097-0142(19940915)74:6<1784::aid-cncr2820740622>3.0.co;2-d

15. Blobner J, Tonn JC. Resection of glioma - feeding the beast? Neuro Oncol (2022)
24:1088-9. doi: 10.1093/neuonc/noac078

16. Tang OY, Pugacheva A, Bajaj Al Rivera Perla KM, Weil R], Toms SA. The
national inpatient sample: A primer for neurosurgical big data research and systematic
review. World Neurosurg (2022) 162:¢198-217. doi: 10.1016/j.wneu.2022.02.113

17. Garton ALA, Kinslow CJ, Rae Al, Mehta A, Pannullo SC, Magge RS, et al. Extent
of resection, molecular signature, and survival in 1p19q-codeleted gliomas. ] Neurosurg
(2020) 134(5):1357-67. doi: 10.3171/2020.2.jns192767

18. Smith JS, Chang EF, Lamborn KR, Chang SM, Prados MD, Cha §, et al. Role of
extent of resection in the long-term outcome of low-grade hemispheric gliomas. J Clin
Oncol (2008) 26:1338-45. doi: 10.1200/JC0O.2007.13.9337

19. Al-Tamimi YZ, Palin MS, Patankar T, MacMullen-Price J, O’Hara DJ, Loughrey
C, et al. Low-grade glioma with foci of early transformation does not necessarily require
adjuvant therapy after radical surgical resection. World Neurosurg (2018) 110:e346-54.
doi: 10.1016/j.wneu.2017.10.172

20. Kinslow CJ, Garton ALA, Rae Al, Marcus LP, Adams CM, McKhann GM, et al.
Extent of resection and survival for oligodendroglioma: A U.S. population-based study.
J Neurooncol (2019) 144:591-601. doi: 10.1007/s11060-019-03261-5

21. Weng H-H, Noll KR, Johnson JM, Prabhu SS, Tsai Y-H, Chang S-WW, et al.
Accuracy of presurgical functional MR imaging for language mapping of brain tumors:
A systematic review and meta-analysis. Radiology (2018) 286:512-23. doi: 10.1148/
radiol.2017162971

22. Lu]J, Zhao Z, Zhang J, Wu B, Zhu Y, Chang EF, et al. Functional maps of direct
electrical stimulation-induced speech arrest and anomia: A multicentre retrospective
study. Brain (2021) 144:2541-53. doi: 10.1093/brain/awab125

23. Metwali H, Raemaekers M, Kniese K, Kardavani B, Fahlbusch R, Samii A.
Reliability of functional magnetic resonance imaging in patients with brain tumors: A
critical review and meta-analysis. World Neurosurg (2019) 125:183-90. doi: 10.1016/
jwneu.2019.01.194

24. Schilling KG, Nath V, Hansen C, Parvathaneni P, Blaber J, Gao Y, et al. Limits to
anatomical accuracy of diffusion tractography using modern approaches. Neuroimage
(2019) 185:1-11. doi: 10.1016/j.neuroimage.2018.10.029

25. Stopa BM, Senders JT, Broekman MLD, Vangel M, Golby AJ. Preoperative
functional MRI use in neurooncology patients: A clinician survey. Neurosurg Focus
(2020) 48:E11. doi: 10.3171/2019.11.FOCUS19779

Frontiers in Oncology

11

10.3389/fonc.2023.1089139

26. Ellis DG, White ML, Hayasaka S, Warren DE, Wilson TW, Aizenberg MR.
Accuracy analysis of fMRI and MEG activations determined by intraoperative
mapping. Neurosurg Focus (2020) 48:E13. doi: 10.3171/2019.11.FOCUS19784

27. Azad TD, Duffau H. Limitations of functional neuroimaging for patient selection
and surgical planning in glioma surgery. Neurosurg Focus (2020) 48:E12. doi: 10.3171/
2019.11.FOCUS19769

28. Aghi MK, Nahed BV, Sloan AE, Ryken TC, Kalkanis SN, Olson JJ. The role of
surgery in the management of patients with diffuse low grade glioma: A systematic
review and evidence-based clinical practice guideline. ] Neurooncol (2015) 125:503-30.
doi: 10.1007/s11060-015-1867-1

29. Albuquerque LAF, Almeida JP, de Macédo Filho L]M, Joaquim AF, Duffau H.
Extent of resection in diffuse low-grade gliomas and the role of tumor molecular
signature-a systematic review of the literature. Neurosurg Rev (2021) 44:1371-89.
doi: 10.1007/510143-020-01362-8

30. Potgieser ARE, Wagemakers M, van Hulzen AL], de Jong BM, Hoving EW, Groen
RJM. The role of diffusion tensor imaging in brain tumor surgery: A review of the
literature. Clin Neurol Neurosurg (2014) 124:51-8. doi: 10.1016/J.CLINEURO.2014.06.009

31. Pujol S, Wells W, Pierpaoli C, Brun C, Gee J, Cheng G, et al. The DTI challenge:
Toward standardized evaluation of diffusion tensor imaging tractography for
neurosurgery. ] Neuroimaging (2015) 25:875-82. doi: 10.1111/JON.12283

32. Kurian ], Pernik MN, Traylor JI, Hicks WH, el Shami M, Abdullah KG.
Neurological outcomes following awake and asleep craniotomies with motor
mapping for eloquent tumor resection. Clin Neurol Neurosurg (2022) 213:107128.
doi: 10.1016/].CLINEURO.2022.107128

33. Duffau H. Awake surgery for left posterior insular low-grade glioma through the
parietorolandic operculum: The need to preserve the functional connectivity. A Case
Series. Front Surg (2022) 8:824003/PDF. doi: 10.3389/FSURG.2021.824003/PDF

34. Duffau H. What direct electrostimulation of the brain taught us about the
human connectome: A three-level model of neural disruption. Front Hum Neurosci
(2020) 14:315. doi: 10.3389/fnhum.2020.00315

35. Rahimpour S, Haglund MM, Friedman AH, Duffau H. History of awake
mapping and speech and language localization: From modules to networks.
Neurosurg Focus (2019) 47:E4. doi: 10.3171/2019.7.FOCUS19347

36. Duffau H, Capelle L, Sichez J, Faillot T, Abdennour L, Law Koune JD, et al. Intra-
operative direct electrical stimulations of the central nervous system: The salpétriére
experience with 60 patients. Acta Neurochir (Wien) (1999) 141:1157-67. doi: 10.1007/
5007010050413

37. de Benedictis A, Moritz-Gasser S, Duffau H. Awake mapping optimizes the
extent of resection for low-grade gliomas in eloquent areas. Neurosurgery (2010) 66
(6):1074-84. doi: 10.1227/01.NEU.0000369514.74284.78

38. Frigeri T, Paglioli E, de Oliveira E, Rhoton AL. Microsurgical anatomy of the
central lobe. ] Neurosurg (2015) 122:483-98. doi: 10.3171/2014.11.JNS14315

39. Magill ST, Han SJ, Li ], Berger MS. Resection of primary motor cortex tumors:
Feasibility and surgical outcomes. J Neurosurg (2018) 129:961-72. doi: 10.3171/
2017.5.JNS163045

40. Yang R, Bai H. Maximal safe resection of diffuse low-grade gliomas within/near
motor areas using awake craniotomy with intraoperative cortical/subcortical mapping
via direct electrical stimulation: A narrative review. Glioma (2020) 3:126. doi: 10.4103/
glioma.glioma_14_20

41. Certo F, Baldoncini M, Bykanov A, Burdenko NN, Moiraghi A, Isolan GR.
Avoiding vascular complications in insular glioma surgery. A microsurgical Anat study
Crit reflections regarding intraoperative findings (2022) 9:906466. doi: 10.3389/
fsurg.2022.906466

42. Menjot De Champfleur N, Lima Maldonado I, Moritz-Gasser S, MacHi P, le
Bars E, Bonafé A, et al. Middle longitudinal fasciculus delineation within language
pathways: A diffusion tensor imaging study in human. Eur J Radiol (2013) 82:151-7.
doi: 10.1016/j.ejrad.2012.05.034

43. Duffau H. Diffuse low-grade glioma, oncological outcome and quality of life: a
surgical perspective. Curr Opin Oncol (2018) 30:383-9. doi: 10.1097/CC0O.0000000
000000483

44, Pallud J, Blonski M, Mandonnet E, Audureau E, Fontaine D, Sanai N, et al.
Velocity of tumor spontaneous expansion predicts long-term outcomes for diffuse low-
grade gliomas. Neuro Oncol (2013) 15(5):595-606. doi: 10.1093/neuonc/nos331

frontiersin.org


https://doi.org/10.1200/JCO.2011.38.4818
https://doi.org/10.3171/2009.12.FOCUS09266
https://doi.org/10.3171/2009.12.FOCUS09266
https://doi.org/10.3171/JNS.2004.100.3.0369
https://doi.org/10.1227/neu.0000000000001966
https://doi.org/10.3760/cma.j.issn.0366-6999.2011.19.015
https://doi.org/10.1007/978-1-4614-7657-3_19
https://doi.org/10.1227/01.NEU.0000325729.41085.73
https://doi.org/10.1002/1097-0142(19940915)74:6%3C1784::aid-cncr2820740622%3E3.0.co;2-d
https://doi.org/10.1093/neuonc/noac078
https://doi.org/10.1016/j.wneu.2022.02.113
https://doi.org/10.3171/2020.2.jns192767
https://doi.org/10.1200/JCO.2007.13.9337
https://doi.org/10.1016/j.wneu.2017.10.172
https://doi.org/10.1007/s11060-019-03261-5
https://doi.org/10.1148/radiol.2017162971
https://doi.org/10.1148/radiol.2017162971
https://doi.org/10.1093/brain/awab125
https://doi.org/10.1016/j.wneu.2019.01.194
https://doi.org/10.1016/j.wneu.2019.01.194
https://doi.org/10.1016/j.neuroimage.2018.10.029
https://doi.org/10.3171/2019.11.FOCUS19779
https://doi.org/10.3171/2019.11.FOCUS19784
https://doi.org/10.3171/2019.11.FOCUS19769
https://doi.org/10.3171/2019.11.FOCUS19769
https://doi.org/10.1007/s11060-015-1867-1
https://doi.org/10.1007/S10143-020-01362-8
https://doi.org/10.1016/J.CLINEURO.2014.06.009
https://doi.org/10.1111/JON.12283
https://doi.org/10.1016/J.CLINEURO.2022.107128
https://doi.org/10.3389/FSURG.2021.824003/PDF
https://doi.org/10.3389/fnhum.2020.00315
https://doi.org/10.3171/2019.7.FOCUS19347
https://doi.org/10.1007/s007010050413
https://doi.org/10.1007/s007010050413
https://doi.org/10.1227/01.NEU.0000369514.74284.78
https://doi.org/10.3171/2014.11.JNS14315
https://doi.org/10.3171/2017.5.JNS163045
https://doi.org/10.3171/2017.5.JNS163045
https://doi.org/10.4103/glioma.glioma_14_20
https://doi.org/10.4103/glioma.glioma_14_20
https://doi.org/10.3389/fsurg.2022.906466
https://doi.org/10.3389/fsurg.2022.906466
https://doi.org/10.1016/j.ejrad.2012.05.034
https://doi.org/10.1097/CCO.0000000000000483
https://doi.org/10.1097/CCO.0000000000000483
https://doi.org/10.1093/neuonc/nos331
https://doi.org/10.3389/fonc.2023.1089139
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Maximal safe resection of diffuse lower grade gliomas primarily within central lobe using cortical/subcortical direct electrical stimulation under awake craniotomy
	1 Introduction
	2 Methods
	2.1 Patient enrollment
	2.2 Pre-operative examinations
	2.3 Surgical procedure
	2.4 Postoperative evaluation

	3 Results
	3.1 Demographic, clinical, and tumor characteristics
	3.2 Intraoperative DES mapping, tumor EOR, and pathological diagnoses
	3.3 Complications
	3.4 Illustrative cases
	3.4.1 Case 1
	3.4.2 Case 2
	3.4.3 Case 3


	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


