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Despite advances in operative and neoadjuvant 
therapeutics, diffuse gliomas remain a challenging 
disease entity to treat. Although we now under-

stand diffuse gliomas as genetically and biologically het-
erogeneous, the management of these tumors begins with 
a common goal, i.e., to safely resect as much tumor as pos-
sible. For malignant gliomas, the current regimen, as es-
tablished by the European Organization for Research and 
Treatment of Cancer/National Cancer Institute of Canada 

Phase III trial, includes maximal safe surgical resection 
followed by external beam radiotherapy with concurrent 
and adjuvant temozolomide.43 Evidence across multiple 
large series clearly supports the benefit of greater extent 
of resection (EOR) for patients with newly diagnosed 
glioblastoma with respect to their overall survival and 
progression-free survival outcomes.24,25,38 Even at tumor 
recurrence, a more aggressive resection leads to improved 
long-term patient outcomes.2,4,18,26

ABBREVIATIONS ADP = afterdischarge potential; DES = direct electrical stimulation; DTI = diffusion tensor imaging; EOR = extent of resection; GTR = gross-total resec-
tion; KPS = Karnofsky Performance Scale; MAC = minimum alveolar concentration; MSI = magnetic source imaging; PR = partial resection; STR = subtotal resection; TMS 
= transcranial magnetic stimulation.
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OBJECTIVE Maximal safe resection is a primary objective in the management of gliomas. Despite this objective, 
surgeons and referring physicians may, on the basis of radiological studies alone, assume a glioma to be unresectable. 
Because imaging studies, including functional MRI, may not localize brain functions (such as language) with high fidelity, 
this simplistic approach may exclude some patients from what could be a safe resection. Intraoperative direct electrical 
stimulation (DES) allows for the accurate localization of functional areas, thereby enabling maximal resection of tumors, 
including those that may appear inoperable based solely on radiological studies. In this paper the authors describe the 
extent of resection (EOR) and functional outcomes following resections of tumors deemed inoperable by referring physi-
cians and neurosurgeons.
METHODS The authors retrospectively examined the cases of 58 adult patients who underwent glioma resection within 
6 months of undergoing a brain biopsy of the same lesion at an outside hospital. All patients exhibited unifocal supraten-
torial disease and preoperative Karnofsky Performance Scale scores ≥ 70. The EOR and 6-month functional outcomes 
for this population were characterized.
RESULTS Intraoperative DES mapping was performed on 96.6% (56 of 58) of patients. Nearly half of the patients 
(46.6%, 27 of 58) underwent an awake surgical procedure with DES. Overall, the mean EOR was 87.6% ± 13.6% (range 
39.0%–100%). Gross-total resection (resection of more than 99% of the preoperative tumor volume) was achieved in 
29.3% (17 of 58) of patients. Subtotal resection (95%–99% resection) and partial resection (PR; < 95% resection) were 
achieved in 12.1% (7 of 58) and 58.6% (34 of 58) of patients, respectively. Of the cases that involved PR, the mean EOR 
was 79.4% ± 12.2%. Six months after surgery, no patient was found to have a new postoperative neurological deficit. 
The majority of patients (89.7%, 52 of 58) were free of neurological deficits both pre- and postoperatively. The remainder 
of patients exhibited either residual but stable deficits (5.2%, 3 of 58) or complete correction of preoperative deficits 
(5.2%, 3 of 58).
CONCLUSIONS The use of DES enabled maximal safe resections of gliomas deemed inoperable by referring neuro-
surgeons. With rare exceptions, tumor resectability cannot be determined solely by radiological studies.
https://thejns.org/doi/abs/10.3171/2017.5.JNS17166
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Similarly, for low-grade tumors, a greater EOR not only 
results in improved overall survival, but also delays ma-
lignant progression.20,21,30,41 In addition, seizure outcomes 
correlate with low-grade glioma EOR.15 Finally, as for ma-
lignant gliomas, EOR correlates with overall survival in 
cases of low-grade glioma recurrence.32

Maximal tumor resection, however, must be balanced 
with preservation of the patient’s neurological function. 
Postoperative neurological complications may impact 
patient quality of life, and they may also delay initiation 
of adjuvant therapy, thereby worsening survival as well.7 
Thus, tumors involving brain areas of presumed eloquent 
function have been considered “high risk” for resection in 
terms of potential for neurological morbidity. Multiple pre-
operative techniques have been developed to assist in iden-
tifying eloquent areas and their relationships to brain le-
sions, including functional MRI, diffusion tensor imaging 
(DTI), transcranial magnetic stimulation (TMS), magne-
toencephalography, and magnetic source imaging (MSI). 
Intraoperative adjuncts, such as direct electrical stimula-
tion (DES) mapping, intraoperative MRI, and 5-aminolev-
ulinic acid, have also been used to maximize the safety 
of aggressive resection around eloquent areas. However, 
these techniques are not universally used and frequently 
only available at tertiary referral academic centers.

In the senior author’s experience, patients are occasion-
ally referred for consultation after undergoing biopsy or 
partial resection (PR) of a glioma at an outside hospital. 
In these cases the referring physician believed the tumor 
could not be safely resected due to its location on structur-
al imaging studies or based on functional imaging stud-
ies that indicated function within or adjacent to the tumor. 
However, a craniotomy with functional mapping remains 
the definitive determinant of functional localization and, 
thus, the primary method for determining tumor resect-
ability. If DES demonstrates no functional localization 
within the tumor, or within portions of the tumor, then 
resection is performed within the context of maximal safe 
resection.9,22 Thus, lesions viewed by some physicians as 
“inoperable” or “unresectable” based on imaging studies 
may very well be amenable to resection with the use of 
DES. In this paper we describe the senior author’s experi-
ence with such tumors, with a focus on EOR and func-
tional outcomes.

Methods
Study Population

We retrospectively examined the cases of 58 adult pa-
tients (aged 18 years or older) who presented to the Uni-
versity of California, San Francisco, Medical Center for 
evaluation of gliomas, after undergoing biopsies at outside 
hospitals. Each patient was drawn from a database main-
tained by the senior author (M.S.B.) and was included in 
this study if he or she met each of the following criteria: 
1) at an outside hospital, the patient underwent diagnostic 
brain biopsy of a supratentorial glioma, which the refer-
ring providers had judged to be inoperable due to its loca-
tion in or around eloquent regions; 2) upon referral to our 
institution, the patient’s functional status was scored as ≥ 
70 on the Karnofsky Performance Scale (KPS); 3) preop-

erative volumetric MRI studies did not exhibit multifocal 
disease; 4) within 6 months from the date of the biopsy, 
the patient underwent primary resection of the glioma by 
the senior author; and 5) postoperative volumetric MRI 
studies were available. Patients were excluded if they had 
undergone any prior resection. All patients underwent 
tumor resection between August 2005 and July 2015. In 
some cases, patients were referred directly to our center 
by the neurosurgeon who performed the biopsy, while in 
others they were referred to a treating physician who then 
referred the patient to our center for reconsideration of re-
section. Some patients also presented to the senior author 
independently, seeking another opinion on resectability 
after being told that the glioma was “unresectable” by an 
outside neurosurgeon. The IRB at the University of Cali-
fornia, San Francisco, approved the study.

Preoperative and Postoperative Evaluations
Patients were independently evaluated pre- and postop-

eratively (6 months after tumor resection) by at least two 
physicians (which included the attending neurosurgeon, 
resident neurosurgeon, or attending neurooncologist) us-
ing a standard neurological examination, which included 
assessments of sensorimotor and language functions. 
Sensory evaluation included testing of light touch, pain, 
and position sense, while motor evaluation included test-
ing of facial movements and arm and leg strength (using a 
0–5 scale). Language evaluation included testing of object 
naming, repetition, reading, counting, and calculation. Any 
degree of sensory, motor, or language dysfunction was 
counted as a deficit. If there was a discrepancy between the 
examiners’ assessments, the more severe deficit was used.

Resection and Intraoperative Mapping
All patients underwent preoperative volumetric MRI 

within 48 hours of surgery. These included volumetric 
T1-weighted, Gd-enhanced sequences; FLAIR sequences; 
and T2-weighted sequences. Tumors were identified pre-
operatively using MRI and, when available, magnetoen-
cephalography and MR tractography (DTI or high angular 
resolution diffusion imaging) were used to identify sur-
rounding brain structures.

Based on tumor location, the senior author elected to 
perform intraoperative DES to map eloquent sensory, 
motor, and/or language areas. DES was performed on 56 
(96.6%) of 58 patients. Awake intraoperative language 
mapping was performed on 27 (46.6%) of 58 patients. Two 
patients did not undergo DES because the senior author 
believed that their tumors did not involve eloquent brain 
areas. The DES methods used here have been described 
previously.22,36,37,42

Craniotomies were made to expose either the tumor 
or brain tissue overlying the tumor and up to 2–3 cm of 
surrounding brain surface. For surgeries that involved lan-
guage mapping, electrocorticography was used to measure 
stimulation-induced afterdischarge potentials (ADPs), 
thereby ensuring that mapping results were not affected 
by subclinical seizure activity. If DES caused seizures, the 
exposed brain surface was irrigated with chilled Ringer’s 
solution to suppress ictal activity.39 If seizures were refrac-
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tory to irrigation, intravenous propofol (1 mg/kg) was ad-
ministered. Direct electrical stimulation was performed 
using 1-mm bipolar electrodes that were separated by a 
distance of 5 mm. The electrodes delivered 60-Hz bipha-
sic square pulses (phase length 1.25 msec) in 4-second 
trains. The initial stimulation intensity was 1.5–2.5 mA, 
which was then increased up to a maximum of 6 mA or, 
in language mapping cases, 1 mA less than that which 
evoked ADPs. ADPs were achieved with stimulation in-
tensities that ranged between 2.5 and 6 mA. The typical 
stimulation current was 3–4 mA. Stimulation sites were 
spaced over every square centimeter of exposed brain tis-
sue surface. Stimulation intensities were recorded for each 
patient’s procedure.

When more than 1 functional modality (i.e., sensory, 
motor, or language) was tested, mapping proceeded in 
the following sequence: sensory, motor, then language. A 
positive sensory site was identified if the patient reported 
focal paresthesias of the face, trunk, arm, or leg during ap-
plication of the stimulus. A positive motor site was identi-
fied by involuntary passive movement of the face, arm, or 
leg or impaired motor function during active movement. 
If awake intraoperative language mapping was performed, 
the patient underwent preoperative language evaluation 
by a neuropsychologist. This evaluation included tests of 
object naming, reading, counting, calculation, and visuo-
spatial identification. Intraoperative language testing was 
performed using only the items the individual patient had 
correctly identified during preoperative evaluation. Intra-
operative language testing was performed cooperatively 
by the neuropsychologist and attending neurosurgeon. 
Positive language sites were defined by stimulation-in-
duced anomia, alexia, or speech arrest, in the absence of 
motor or seizure activity, during 2 of 3 stimulation tri-
als.37 Speech arrest was defined as disturbance of num-
ber counting (without involuntary mouth or pharyngeal 
muscle movement), anomia was defined as the inability to 
name sequential objects presented as line drawings, and 
alexia was defined as the inability to read words.

Stimulation sites were labeled with plastic markers, 
and the corresponding DES results at each site were tran-
scribed onto a hand-drawn map and recorded in the opera-
tive report. The labeled mapping sites were recorded by 
digital photography prior to and following tumor resection.

Tumor resection was performed using frameless navi-
gational guidance based on the preoperative MRI. Tumor 
resection was performed up to the margin of positive stim-
ulation sites, as identified by DES. All nonfunctional tu-
mor, as defined by DES, was resected.

Neuroanesthesia
For craniotomy with asleep mapping, standard moni-

tors and an arterial line were used. Anesthesia induction 
was initiated with fentanyl in divided doses prior to and 
during induction (1.5–4 mg/kg), as well as lidocaine (40 
mg), propofol (2–2.5 mg/kg), rocuronium (0.6–1 mg/kg), 
or other relaxant. The muscle relaxant was allowed to 
wear off prior to motor mapping and was rarely reversed. 
Anesthesia was maintained using 70% nitrous oxide, 0.5 
minimum alveolar concentration (MAC) or less of a vol-
atile agent, and fentanyl infusion (2 mg/kg/hr). Propofol 

was generally avoided but kept available for immediate 
intravenous administration in case of prolonged after-de-
polarizations with gross movement or seizure. Once motor 
mapping was completed, neuromuscular relaxation was 
initiated, along with propofol or an increased dose of a 
volatile agent. Labetalol was often required at the conclu-
sion of surgery to prevent hypertension during emergence 
from anesthesia.

For craniotomy with asleep somatosensory mapping, 
nitrous oxide and halogenated volatile anesthetics were 
used minimally or avoided, as these agents can inhibit 
somatosensory evoked potentials. Anesthesia was main-
tained with 0.1–0.3 MAC of volatile anesthetic, propofol 
(75–150 mg/kg/min), and fentanyl (2 mg/kg/hr) as tolerated 
to maintain adequate signals. Neuromuscular relaxation 
was maintained with rocuronium or vecuronium. Obtain-
ing a good baseline prior to starting the mapping is key.

For sedation during awake mapping procedures, pro-
pofol (50–100 mg/kg/min) or dexmedetomidine (0.7–2.0 
mg/kg/hour), as well as a short-acting opiate such as remi-
fentanil (0.05–0.1 mg/kg/min), were used. Sedation was 
withheld following the craniotomy, prior to dural incision.

For awake mapping procedures, patients received mid-
azolam (0.5–2 mg) in the preoperative area, if necessary, 
to reduce anxiety. Once in the operating room sedation 
was started, and an arterial line, additional intravenous 
line, and Foley catheter were placed. A bolus of propo-
fol or remifentanil was used to facilitate placement of the 
patient’s head into a head holder. Adequate local anesthe-
sia (lidocaine) was placed in the scalp. Intraoperative se-
dation was maintained by intravenous agents with short 
half-lives; propofol (up to 100 g/kg/min) with remifentanil 
(0.01–0.08 mg/kg/min) were generally adequate. Doses 
were titrated gradually to avoid respiratory depression. 
Dexmedetomidine (0.3–1.5 mg/kg/hr after 0.7 mg/kg bolus 
given over 10 minutes) was substituted for propofol after 
the mapping was completed, or throughout the surgeries 
in those patients for whom airway patency was a concern 
(for example, due to obesity).

Tumor Volume and EOR
Postoperative MRI was performed within the first 48 

hours after surgery. Tumor volumes were analyzed pre- 
and postoperatively by measuring, in the axial plane, the 
area of the hyperintense mass on T2-weighted FLAIR 
sequences (for low-grade gliomas) or on T1-weighted 
contrast-enhanced MR images (for high-grade gliomas). 
Tumors were segmented manually across all slices, and 
the area of tumor in each slice was multiplied by the slice 
thickness to determine its slice volume. Tumor slice vol-
umes were summed across all slices that contained tumor 
to determine total tumor volume.

The tumor EOR was determined by comparing tumor 
volumes between the pre- and postoperative MR images. 
The EOR was calculated using the following formula: 
[(postoperative tumor volume - preoperative tumor vol-
ume)/preoperative tumor volume] × 100. For contrast-en-
hancing tumors, volumes were determined by measuring 
the contrast-enhancing volume on T1-weighted sequences. 
For nonenhancing tumors, the FLAIR or T2-weighted se-
quences were used for volume measurements. Gross-total 
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resection (GTR) was considered EOR > 99%, subtotal re-
section (STR) 95%–99%, and PR < 95%.

Statistical Analyses
Data are presented as means ± standard deviations. The 

Fisher’s exact test (2-tailed) was used for assessment of 
categorical data, and the Student t-test (2-tailed) was used 
for continuous data. Statistical significance was set at p < 
0.05.

Results
Demographic, Clinical, and Oncological Features of the 
Study Population

Fifty-eight patients met the inclusion criteria for this 
study. Table 1 summarizes the patient population. Men 
comprised 70.7% of the study population (41 of 58 pa-
tients), while women comprised 29.3% (17 of 58). Nearly 
all patients (94.8%, 55 of 58) were right-handed. The mean 
patient age at the time of resection was 43.1 ± 13.2 years 
(range 22–67 years). The mean interval between outside 
hospital biopsy and tumor resection was 63.2 ± 33.4 days 
(range 19–182 days). No patient underwent nonsurgical 
treatment (i.e., medical or radiation therapy) between biop-
sy and tumor resection. Seizures were the most common 
presenting complaint (49 of 58, 84.5%), followed by head-
ache (5 of 58, 8.6%), altered mental status (3 of 58, 5.2%), 
gait disturbance (3 of 58, 5.2%), language disturbance (2 of 
58, 3.4%), and focal motor weakness (1 of 58, 1.7%).

Tumors involved the frontal lobe (53.4%, 31 of 58), 
temporal lobe (36.2%, 21 of 58), insula (31.0%, 18 of 58), 
parietal lobe (20.7%, 12 of 58), cingulum (5.2%, 3 of 58), 
and basal ganglia (1.7%, 1 of 58). Table 1 presents the 
presumed eloquence grading of the tumors, as described 
by Sawaya et al.;40 93.1% of patients (54 of 58) exhibit-
ed Grade 2 or 3 tumors. Tumor histologies (at the time 
of resection) included glioblastoma (29.3%, 17 of 58 pa-
tients), oligodendroglioma (20.7%, 12 of 58), anaplastic 
astrocytoma (19.0%, 11 of 58), astrocytoma (13.8%, 8 of 
58), oligoastrocytoma (8.6%, 5 of 58), anaplastic oligoden-
droglioma (5.2%, 3 of 58), anaplastic oligoastrocytoma 
(1.7%, 1 of 58), and pilocytic astrocytoma (1.7%, 1 of 58). 
Pathology findings from resection were concordant with 
those from diagnostic biopsy in 81.0% of patients (47 of 
58). In all 11 cases in which the findings differed, tumor 
grade was higher at the time of resection than at the time 
of biopsy.

Preoperative and Intraoperative Anatomofunctional 
Studies

To guide surgical planning, preoperative imaging stud-
ies were used to define tumor location relative to areas that 
may serve sensory, motor, or language functions (Table 
2). Tractography of white matter fiber pathways was per-
formed on 96.6% (56 of 58) of patients. To visualize tumor 
and predict language and motor areas, MR spectroscopy 
and MSI were used in 48.3% (28 of 58) and 36.2% (21 
of 58) of patients, respectively. However, neither MSI nor 
DTI were ever used to determine tumor resectability.

Intraoperative DES mapping was performed in 96.6% of 
patients (56 of 58; Table 2). Awake intraoperative mapping 

was performed in 46.6% of patients (27 of 58). Intraopera-
tive mapping was performed under general anesthesia in 
50.0% of patients (29 of 58). As previously mentioned, 2 
patients did not undergo DES mapping because the senior 
author felt that tumor resection would not occur within, 
or adjacent to, functional areas. Sensorimotor mapping of 
cortical tissues was performed in 60.3% of patients (35 of 
58). Positive cortical sensorimotor sites were identified in 

TABLE 1. Demographic and oncological features of the study 
population

Characteristic Value (%)

No. of patients 58
Mean age at op in yrs ± SD 43.1 ± 13.2
Sex
 Male 41 (70.7)
 Female 17 (29.3)
Handedness
 Rt 55 (94.8)
 Lt 3 (5.2)
Chief presenting complaint
 Seizures 49 (84.5)
 Headache 5 (8.6)
 Altered mental status 3 (5.2)
 Gait disturbance 3 (5.2)
 Language disturbance 2 (3.4)
 Hand weakness 1 (1.7)
Sidedness of tumor
 Lt 33 (56.9)
 Rt 24 (41.4)
 Bilat 1 (1.7)
Brain areas involved by tumor
 Frontal lobe 31 (53.4)
 Temporal lobe 21 (36.2)
 Insula 18 (31.0)
 Parietal 12 (20.7)
 Cingulum 3 (5.2)
 Basal ganglia 1 (1.7)
Mean interval btwn biopsy & resection in days ± SD 63.2 ± 33.4
Presumed eloquence grade
 I (tumor in presumed noneloquent area) 4 (6.9)
 II (tumor near presumed eloquent area) 34 (58.6)
 III (tumor in presumed eloquent area) 20 (34.5)
Tumor pathology
 Glioblastoma 17 (29.3)
 Oligodendroglioma 12 (20.7)
 Anaplastic astrocytoma 11 (19.0)
 Astrocytoma 8 (13.8)
 Oligoastrocytoma 5 (8.6)
 Anaplastic oligodendroglioma 3 (5.2)
 Anaplastic oligoastrocytoma 1 (1.7)
 Pilocytic astrocytoma 1 (1.7)

All data given as number of patients (%) unless otherwise indicated.
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11.4% of these patients (4 of 35). Sensorimotor mapping 
of subcortical tissues was also performed in 60.3% of pa-
tients (35 of 58). Positive subcortical sensorimotor sites 
were identified in 2.9% of these patients (1 of 35). Lan-
guage mapping of cortical tissues was performed in 44.8% 
of patients (26 of 58). Positive cortical language sites were 
identified in 23.1% of patients (6 of 26). Language map-
ping of subcortical tissues was performed in 32.8% of pa-
tients (19 of 58). Positive subcortical language sites were 
identified in 0.0% of patients (0 of 19). Altogether, positive 
sites were identified in 19.6% of patients who underwent 
DES mapping (11 of 56). Tumor resection was aimed at 
removing all tumor volume, regardless of whether it was 
enhancing or nonenhancing. Resection was limited by the 
presence of positive sites (i.e., eloquent tissue) in 60% (6 of 
10) of the cases in which they were identified.

Extent of Resection and Postoperative Treatments
The mean preoperative tumor volume was 48.6 ± 47.1 

cm3 (range 0.2–244.3 cm3), and the mean postoperative 
volume was 7.9 ± 10.4 cm3 (range 0.0–50.1 cm3; Table 3). 
Overall, the mean EOR was 87.6% ± 13.6% (range 39.0%–
100%). For surgeries that involved motor mapping with 
the patient asleep (n = 29), the mean EOR was 85.8% ± 
15.2% (range 39.0%–100%). For surgeries that involved 
language mapping (n = 27), the mean EOR was 88.8% ± 
11.9% (range 62.8%–100%). Overall, GTR (resection of > 
99% of the preoperative tumor volume) occurred in 29.3% 

of patients (17 of 58). STR (95%–99% resection) and PR (< 
95% resection) occurred in 12.1% (7 of 58) and 58.6% of 
patients (34 of 58), respectively. Of the cases that involved 
PR, the mean EOR was 79.4% ± 12.2%. Representative 
cases of low-grade and high-grade glioma resections are 
depicted in Figs. 1–3.

Nonsurgical postoperative treatments included com-
bined radiotherapy and temozolomide (39.7%, 23 of 58 
patients), temozolomide (19.0%, 11 of 58), bevacizumab 
(3.4%, 2 of 58), and dual-agent chemotherapy (temozolo-
mide and bevacizumab; 1.7%, 1 of 58; and temozolomide 
and lomustine (1.7%, 1 of 58). Within 6 months of their 
initial surgeries, 2 patients (3.4%, 2 of 58) underwent re-
operations at our institution for tumor resection; 1 patient 
with glioblastoma underwent reoperation 3 months after 
his initial resection, and another patient with anaplastic 
astrocytoma underwent reoperation 5 months after his 

TABLE 2. Preoperative and intraoperative functional studies

Characteristic No. of Patients (%)

Preop functional study performed
 Tractography 56 (96.6)
 Functional MR spectroscopy 28 (48.3)
 MSI 21 (36.2)
Intraop DES
 Performed 56 (96.6)
 Not performed 2 (3.4)
Awake surgical procedure
 Not performed 31 (53.4)
 Performed 27 (46.6)
Cortical sensorimotor mapping 35 (60.3)
 Negative result* 31 (88.6)
 Positive result† 4 (11.4)
Subcortical sensorimotor mapping 35 (60.3)
 Negative result 34 (97.1)
 Positive result 1 (2.9)
Cortical language mapping 26 (44.8)
 Negative result 20 (76.9)
 Positive result 6 (23.1)
Subcortical language mapping 19 (32.8)
 Negative result 19 (100)
 Positive result 0 (0)

* Negative result = no eloquent tissue identified.
† Positive result = eloquent tissue identified.

TABLE 3. Functional outcomes, extent of resection, and 
postsurgical treatments

Characteristic Value

Preop neurological deficit, n (%)
 Absent 52 (89.7)
 Present 6 (10.3)
  Motor 3 (5.2)
  Sensory 0 (0)
  Language 4 (6.9)
Postop neurological deficit, n (%)
 Absent 55 (94.8)
 Present 3 (5.2)
  Motor 2 (3.4)
  Sensory 0 (0)
  Language 1 (1.7)
Comparison of post- & preop neurological 

examinations, n (%)
  Stable, w/o deficit 52 (87.9)
  Stable, w/ residual deficit 3 (5.2)
  Improved, w/o deficit 3 (5.2)
  Worsened 0 (0)
Mean tumor volume ± SD in cm3 (range)
 Preop 48.6 ± 47.1 (0.2–244.3)
 Postop 7.9 ± 10.4 (0.0–50.1)
EOR, n (%)
 GTR (>99%) 17 (29.3)
 STR (95%–99%) 7 (12.1)
 PR (<95%) 34 (58.6)
Postop treatments, n (%)
 Additional resection 16 (27.6)
 Radiation + temozolamide 23 (39.7)
 Temozolamide 11 (19.0)
 None 4 (6.9)
 Bevacizumab 2 (3.4)
 Temozolamide + bevacizumab 1 (1.7)
 Temozolamide + lomustine 1 (1.7)
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initial resection. Fourteen patients (24.1%, 14 of 58) un-
derwent additional resection after the 6-month follow-up 
period; for this group, the mean interval between initial 
surgery and reoperation was 49.2 ± 29.4 months (the range 
of follow-up for this group was 29–125 months).

Neurological Outcomes
Preoperatively, 10.3% of patients (6 of 58) exhibited 

neurological deficits (Table 3): motor deficits were noted 
in 5.2% of patients (3 of 58), while language deficits were 
noted in 6.9% (4 of 58). No patient exhibited a preoperative 
sensory deficit. Six months after tumor resection, 5.2% of 
patients (3 of 58) exhibited neurological deficits. Motor 
deficits were present in 3.4% of patients (2 of 58), and lan-
guage deficits were present in 1.7% of patients (1 of 58). No 
patient exhibited a postoperative sensory deficit.

Six months after resection, 93.1% of patients (54 of 
58) exhibited stable neurological examination findings, as 
compared with their preoperative examinations (Table 3). 
The majority of patients (89.7%, 52 of 58) were free of neu-
rological deficits both pre- and postoperatively. Smaller 
numbers of patients exhibited residual, but stable, deficits 
(5.2%, 3 of 58). The remainder of patients (5.2%, 3 of 58) 

experienced resolution of their preoperative deficits. No 
patient was found to have a new postoperative neurological 
deficit. Six of 58 patients (10.3%) exhibited transient post-
operative deficits that resolved within 6 months of surgery. 
Three patients exhibited transient speech deficits (speech 
hesitation in 1, naming difficulty in 2), and 3 patients ex-
hibited mild weakness.

Discussion
Resection is a central component of low- and high-

grade glioma treatment. Numerous studies suggest that, 
regardless of tumor grade, patient outcomes correlate with 
the tumor EOR.17,19 Due to their infiltrative nature, glio-
mas often involve or abut gray- and white-matter tissues 
that serve sensorimotor or language functions. In these 
cases, tumor “resectability” can be limited by the risk of 
iatrogenic injury during resection. Unfortunately, surgeons 
commonly ascertain this risk by using MRI to assess the 
lesion’s proximity to presumed eloquent areas. This prac-
tice, however, likely precludes what, in many cases, could 
in fact be a safe resection.13,27

In the current study we evaluated EOR and neurologi-
cal outcomes in patients who underwent glioma resection 

FIG. 1. Representative case involving a 31-year-old right-handed man 
who presented with complaints of seizures. The biopsy performed at an 
outside hospital indicated Grade II astrocytoma. Preoperative FLAIR 
MRI sequences (axial slice, A; coronal slice, B) depicted a nonenhanc-
ing lesion involving the left frontal lobe. Resection was performed using 
awake cortical and subcortical mapping of language function, as well as 
awake cortical sensorimotor mapping; cortical language mapping identi-
fied 1 positive site. A GTR (EOR 99%) was achieved, as demonstrated 
by the postoperative MRI (axial slice, C; coronal slice, D). The patient 
exhibited intact neurological function 6 months after surgery.

FIG. 2. Representative case involving a 52-year-old right-handed man 
who presented with complaints of seizures and language disturbances 
(mild expressive aphasia). The biopsy performed at an outside hospital 
indicated glioblastoma. Preoperative T1-weighted Gd MRI sequences 
(axial slice, A; coronal slice, B) depicted an enhancing lesion involv-
ing the left parietal lobe. Resection of the lesion was performed using 
awake cortical and subcortical mapping of language function; no posi-
tive language sites were identified. A GTR (EOR 99%) was performed, 
as demonstrated by the postoperative MRI (axial slice, C; coronal slice, 
D). The patient exhibited improved and intact neurological function 6 
months after surgery.
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at our hospital following biopsy of the same lesion by an 
outside neurosurgeon. These patients were not offered re-
sections at the outside facilities because their tumors were 
assumed to be inoperable on the basis of imaging studies. 
In all cases, the patients’ radiological studies suggested the 
glioma might involve or be contiguous with eloquent brain 
areas. Patients were referred either by neurosurgeons who 
do not perform intraoperative brain mapping or by those 
who perform mapping yet believed the patient’s tumor 
could not be safely resected. In addition, some patients 
were referred by neuroradiologists or radiation oncologists 
who questioned whether the tumors were inoperable. Fi-
nally, some patients presented to the senior author unwill-
ing to accept the outside neurosurgeon’s opinion regarding 
resectability. The senior author chose to attempt tumor re-
section in each patient presented here, and he performed 
mapping in 96.6% of cases, with the goal of removing as 
much of the tumor as safely as possible before initiating 
nonsurgical treatments. Awake mapping was performed 
during 46.6% of the resections (27 of 58).

Despite the lesions being deemed inoperable by refer-
ring physicians, surgical treatment was undertaken, and it 
yielded a mean EOR of 87.6% ± 13.6%. An EOR > 95% 
was achieved for 41.4% of patients (24 of 58), and GTR (> 
99%) was achieved for 29.3% (17 of 58 patients). The EOR 
was < 75% for only 12.1% of patients (7 of 58). In addition 
to significantly reducing tumor volume, resection was also 
remarkably safe: 6 months after surgery, no patient exhib-
ited a new postoperative neurological deficit. Preoperative 
neurological deficits were improved by resection in 5.2% 

of patients (3 of 58). The remainder of patients exhibited 
either stable, intact postoperative neurological function 
(52 of 58, 89.7%) or no change in their preoperative neuro-
logical deficits (3 of 58, 5.2%). EOR significantly differed 
between patients who did not experience improvement of 
their neurological deficits, as compared with those who ex-
perienced resolution of their neurological deficits (67.2% ± 
6.8% vs 91.3% ± 10.0%, respectively; p = 0.02).

The outcomes observed in this study align with limited 
work from others showing high EORs and mild postopera-
tive morbidity rates for patients who underwent resections 
of “intractable” gliomas.16,23 Additionally, our findings are 
consistent with the senior author’s previous work demon-
strating minimal neurological morbidity following glioma 
resection within and around perisylvian regions and rolan-
dic cortex.22,37 Altogether, the current study demonstrates 
that, for patients with good preoperative functional status 
(KPS score ≥ 70) and unifocal, supratentorial disease, the 
use of intraoperative brain mapping allows for the safe re-
section of so-called “inoperable” gliomas.

There is solid evidence that intraoperative stimulation 
mapping reduces permanent neurological deficits with-
out compromising extent of glioma resection.9,14 This is 
true despite the fact that mapping is typically selected for 
procedures involving high-risk brain areas. In the current 
study, intraoperative stimulation mapping was performed 
on nearly every patient (96.6%, 56 of 58), and it explains 
why a high EOR could be achieved without neurological 
morbidity. Overall our results support the assertion that 
intraoperative stimulation mapping should be considered 
a standard of care for glioma resection.9 Furthermore, 
they support other studies demonstrating the importance 
of provider volume and care centralization for enhancing 
neurosurgical outcomes in patients with brain tumors.1,8

Our findings overwhelmingly demonstrate that struc-
tural and functional imaging cannot be used to determine 
glioma resectability, at least for lesions involving cortical 
or adjacent subcortical tissues. Despite being deemed in-
operable by other physicians on the basis of MR images, 
all lesions described here were resected without causing 
new morbidity. Despite presumed tumor involvement of 
eloquent areas preoperatively, stimulation mapping rarely 
identified functional tissue involved within, or adjacent to, 
the glioma. When performed, cortical and subcortical sen-
sorimotor mapping identified positive sites in only 11.4% 
and 2.9% of cases, respectively. Likewise, cortical and 
subcortical language mapping identified positive sites in 
23.1% and 0% of patients, respectively. Thus, while other 
neurosurgeons believed these gliomas likely involved or 
apposed critical brain areas, intraoperative stimulation 
mapping during the subsequent resections rarely showed 
this to be correct. While other noninvasive, presurgical 
modalities such as functional MRI, TMS, magnetoen-
cephalography, and diffusion tractography may become 
increasingly useful adjuncts for localizing eloquent areas 
and preoperatively assessing surgical risk, intraoperative 
DES is currently the most accurate, robust, and available 
method for identifying functional brain tissue.3,11,28,29,33, 44–46 
While tractography was helpful here for defining white 
matter pathways and guiding the use of subcortical DES, 
resection limits were ultimately defined by DES alone. 

FIG. 3. Representative case involving a 61-year-old right-handed man 
who presented with complaints of seizures and right foot weakness. The 
outside hospital biopsy indicated Grade II astrocytoma. Preoperative 
FLAIR MRI sequences (axial slice, A; sagittal slice, C) depicted a non-
enhancing lesion involving the left frontal and parietal lobes. Resection 
was performed using cortical and subcortical mapping of motor function, 
both of which demonstrated positive sites in and around the lesion. A PR 
(EOR 75%) was achieved, as demonstrated by the postoperative MRI 
(axial slice, B; sagittal slice, D). The patient exhibited stable neurological 
function 6 months after surgery (i.e., persistent, but not worsened, right 
foot weakness).
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The location of a glioma, as depicted by radiological stud-
ies, including functional imaging, may be used to deter-
mine the need for intraoperative stimulation mapping, but 
it should not necessarily be used to deem a glioma inop-
erable; this is particularly true for gliomas presumed to 
involve language areas.

Why were these presumably “inoperable,” i.e., eloquent 
area gliomas largely amenable to safe resection? Like-
wise, why were relatively few functional sites identified 
by stimulation mapping during resection of these tumors, 
even though preoperative imaging suggested the tumors 
infiltrated or abutted functional tissues? One plausible 
explanation is that preoperative assessments of tumor re-
sectability were based on classic but simplistic models of 
brain functional organization, which assume that patients 
exhibit a conserved and immutable localization of sen-
sorimotor and language functions.31,48 This “single brain 
model” has led to the notion of a generic and conserved 
organization of eloquent brain areas, wherein resection is 
expected to cause neurological morbidity. Such traditional 
and simplistic models, however, do not take into account 
growing evidence for both individual variability in func-
tional localization, as well as the diffuse and dynamic or-
ganization of neural networks, particularly those serving 
language functions.5,6,13,47 Recent evidence from neurosur-
gical patient studies suggest that brain plasticity allows for 
the reorganization of function, particularly across cortical 
tissues.10,12,34,35,42 Patients in our study population may have 
undergone such reorganizations, thereby limiting the ef-
fectiveness of neuroimaging for predicting the risk of re-
section of their tumors. In support of this possibility, very 
few of our patients (10.3%, 6 of 58) exhibited preoperative 
neurological deficits, even though their gliomas involved 
or apposed presumably eloquent structures.

Conclusions
Our findings support a strategy for glioma treatment 

by which all patients with good functional status (KPS 
score ≥ 70) and unifocal, supratentorial disease are of-
fered resection, regardless of whether imaging shows the 
tumor abutting or involving presumed eloquent areas. In 
these cases, intraoperative stimulation mapping must be 
performed to localize function and achieve maximal safe 
resection. Preoperative anatomical or functional imaging 
should not be used to determine the operability of unifo-
cal, supratentorial gliomas. The tendency to a priori rule 
out resection based on neuroimaging compromises patient 
outcomes by leading to the underutilization of resection.23
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