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Introduction

Gliomas constitute a group of intrinsic brain neoplasms for 
which no curative therapies currently exist. Cytoreductive 
surgery remains the cornerstone of glioma treatment, and 
while surgical resection alone is not sufficient to halt tumor 
progression, the importance of maximizing the extent of 
resection (EOR) has been increasingly recognized for low-
grade, as well as high-grade gliomas [1–5]. Preservation of 
neurological function postoperatively, however, is equally 
as important, as it influences patient survival [6]. Many 
tools are available at neurosurgeons disposal today that help 
maximize the EOR. Addition of only one modality such as 
diffusion tensor imaging (DTI) of corticospinal tracts preop-
eratively, or intraoperative direct cortical stimulation (DCS) 
and mapping can improve the rates of complete resection by 
30–40 % while preserving neurological function [7, 8]. This 
review focuses on outlining commonly used techniques in 
neurosurgery to help identify eloquent cortical areas and sub-
cortical pathways to achieve maximal safe tumor resection.

Preoprerative investigations

A great deal of information on tumor location and its relation-
ship to the functional cortical and subcortical areas can be 
gained before patient’s surgery. This information can be used to 
determine the most optimal surgical strategy, predict feasibil-
ity of complete resection, and identify additional tools required 
intraoperatively to maximize tumor resection (Tables 1, 2).

Advanced brain imaging

Contrast-enhanced magnetic resonance imaging (MRI) is 
the gold standard initial study for brain tumor anatomic 
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tumor, identify anaplastic foci as biopsy targets, and to dif-
ferentiate between tumor recurrence versus treatment effect 
[10–13]. It detects the accumulation of radioactively labeled 
biologically active molecules that are actively transported 
into the tumor tissue. Commonly used tracers in neurooncol-
ogy include 11C-methyl-l-methionine (MET), O-(2-[18F]
fluoroethyl)-l-tyrosine (FET), and 3,4-dihydroxy-6-[18F]-
fluoro-l-phenylalanine (FDOPA). Incorporating metabolic 
information from PET into resection planning improves 
patient survival [11]. Whereas dynamic PET studies may 
help predict tumor histology [12]. The limitations of PET 
imaging are related to its poor spatial resolution, and com-
bining PET with MRI imaging would allow more accurate 
characterization of tumor extent. The limited availability of 
certain tracers with a short half-life, such as MET, limits 
application of this technology only to centers that have a 
cyclotron.

While MRI and PET studies provide anatomical charac-
terization of tumor location, they lack functional informa-
tion on location of eloquent cortical areas that is required to 
prevent new postoperative deficits. The following preopera-
tive studies help define functional areas and aid greatly in 
surgical planning.

characterization. It provides great soft tissue detail, while 
contrast enhancement highlights areas of blood-brain barrier 
breakdown typical in high-grade neoplasms. Low-grade gli-
omas, on the other hand, have intact blood-brain barrier and 
do not enhance with contrast administration, thus making 
delineation of tumor margins more challenging. The high 
T2 or FLAIR signal is commonly used to define the extent 
of the tumor [9]. In high-grade gliomas, on the other hand, 
the surrounding FLAIR hyperintensity is considered to rep-
resent tumor edema. Nevertheless, a recent study by Li et 
al. demonstrated, that resection of more than 53.21 % of the 
surrounding T2 hyperintensisty results in improved patient 
survival [1]. In addition to traditional MRI sequences, 
advanced brain imaging techniques can be used to further 
characterize the anatomic, metabolic, and microvascular 
ultrastructure of the lesion to help with surgical planning 
and to determine more aggressive areas of tumor for biopsy 
or resection. These techniques include MR spectroscopy 
(MRS), dynamic contrast enhanced (DCE) MRI, dynamic 
susceptibility contrast (DSC) MRI, perfusion weighted 
sequences (PWS), and diffusion weighted imaging (DWI).

Positron emission tomography (PET)

In situations where MRI imaging is inconclusive, positron 
emission tomography (PET) using amino acid tracers can be 
used to highlight neoplastic areas, characterize the extent of 

Table 1 Summary of preoperative investigations and the information 
they provide for preoperative planning

Preoperative studies

Modality Description

Structural characterization
MRIa Good soft tissue contrast, 

anatomical characterization 
of tumor

PET Metabolic characterization, 
visualization of neoplastic foci

Functional characterization
fMRI Cortical areas involved in motor 

and language function
MEG Cortical areas involved in motor 

and language function
nTMS Stimulation based non-invasive 

cortical mapping
DTI Delineation of subcortical white 

matter
DAT Atlas-based functional maps

MRI magnetic resonance imaging, PET positron emission 
tomography, fMRI functional MRI, MEG magnetoencephalography, 
nTMS navigated transcranial magnetic stimulation, DTI diffusion 
tensor imaging, DAT deformable anatomic templates
aAdvanced MRI techniques can further contribute to characterization 
of tumor composition and extent

Table 2 Summary of intraoperative techniques and their specific 
intraoperative uses

Intraoperative techniques

Modality Description

Tumor visualization
Frameless stereotaxy Real-time navigation based on preop-

erative studies
Intraoperative MRI Provides updated imaging to compen-

sate for brain shift
US navigation Tumor tissue identification in real time
5-ALA Visualization of tumor tissue using 

fluorescence
Raman spectroscopy In-situ identification of tumor infil-

trated tissue
Functional mapping
SSEPs Identification of central sulcus
Direct cortical stimulation Identification of motor and pre-motor 

eloquent cortex
cMEPs Continuous monitoring of integrity of 

motor pathways
eCOG Continuous monitoring to detect intra-

operative seizure
Subcortical mapping Delineation of subcortical white mat-

ter using direct electrical stimulation
Language mapping Awake craniotomy with direct elec-

trical stimulation of cortical and 
subcortical language areas

US ultrasound, 5-ALA 5-aminolevulinic acid, SSEPs somatosensory 
evoked potentials, cMEPs continuous motor evoked potentials, 
eCOG electrocorticography
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lesion by applying the stimulation repeatedly over the same 
area (Fig. 1). The latter method is used for mapping of elo-
quent language areas.

Comparison of functional areas identified from nTMS 
mapping to the results of the intraoperative DCS demon-
strated good accuracy of nTMS in delineating primary 
motor cortex with reported correlation within 2–6 mm 
[22, 23]. In addition, the use of nTMS preoperatively has 
been correlated with improved patient outcomes resulting 
in 16–17 % greater rate of gross total resection and longer 
progression-free-survival of low-grade glioma patients of 
22.4 versus 15.4 months in control group [24–26]. Further-
more, even though the details of the protocol for language 
mapping using nTMS are still evolving, the high negative 
predictive value of 83–100 % and good overall correlation 
with awake DCS results make it a promising adjunct for 
pre-operative speech mapping [27, 28]. Of note, however, 
is that the specificity of language testing remains poor in 
the range of 13–60 % thus the use of awake DCS language 
mapping techniques is recommended for lesions involving 
speech areas [27, 28]. Finally, low cost and relative ease 
of use contribute to the increasing use of this modality in 
preoperative planning.

Diffusion tensor imaging (DTI)

Recently the importance of preserving subcortical 
white matter tracts has been recognized. Preoperative 

Functional MRI

Functional MRI (fMRI) is a commonly used preoperative 
imaging and functional modality to help identify areas of 
cortical activation by detecting a higher amount of blood 
flow to these areas as a result of neurovascular coupling 
[14]. This relative difference in blood flow allows mapping 
of cortical areas involved in motor and speech function. 
While the results of the motor mapping correlate well with 
functional areas identified by DCS, fMRI is not sensitive 
or specific enough for mapping speech areas beyond the 
determination of language dominance [15–17]. The sen-
sitivity and specificity for identification of language areas 
ranges between 37–91 and 64–83 % respectively, in con-
trast to 95–100 % for motor areas [17, 18]. Furthermore, 
abnormal vascularization pattern near the tumor may result 
in neurovascular uncoupling phenomenon and subsequent 
false–negative results, while perilesional edema and brain 
plasticity may contribute to false-positive activations [19, 
20]. In summary, even though fMRI cannot determine 
whether a particular cortical area is required for a particular 
function, it alerts the surgeon of the proximity of the lesion 
to the eloquent cortical areas, and allows better planning of 
ancillary studies prior to surgery.

Magnetoencephalography

Another modality that is capable of visualizing functional 
cortical areas is magnetoencephalography (MEG). It detects 
magnetic fields established as a result of cortical activation 
during a task. When co-registered with the patient’s MRI 
scan, MEG can accurately map areas of motor, visual, and 
auditory cortex, as well as help with language lateralization, 
as confirmed by intraoperative DCS [21, 22]. Magnetic 
fields that are set up as a result of cortical activation have 
very low values, however. Therefore, specialized equipment 
including magnetically shielded rooms and superconductors 
are required resulting in high equipment costs and subse-
quent limited availability of this technology for pre-opera-
tive planning.

Navigated transcranial magnetic stimulation (nTMS)

In contrast to fMRI and MEG that identify cortical areas 
activated during task execution, navigated transcranial mag-
netic stimulation (nTMS) enables the surgeon to determine 
eloquent areas that are required for a given function. Upon 
co-registration of the patient’s MRI scan with pre-deter-
mined landmarks, cortical electrical current is induced by 
applying transcranial magnetic field to a specific area of cor-
tex under real-time navigation. This allows to either directly 
activate the cortex below the area of stimulation resulting in 
a corresponding motor response, or to produce a temporary 

Fig. 1 Navigated transcranial magnetic stimulation (nTMS) mapping 
of motor and language cortical areas in left hemisphere. The tumor 
(high-signal area) is located in the left hemisphere deep to the motor 
cortex. The results of nTMS are overlapped onto patient’s MRI brain. 
Motor area controlling hand movement is localized above the tumor. 
Speech areas are identified during language testing as either hesitation 
or dysarthria (yellow pegs) during naming tasks, paraphasic errors (red 
pegs), or speech arrest (white pegs)
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(HARDI) [32] can overcome some of these limitations and 
provide improved resolution of subcortical fiber anatomy.

Deformable anatomic templates

In addition to fiber tracking, the use of deformable anatomic 
templates (DAT) to identify eloquent areas and subcortical 
white matter tracts has recently been investigated for both 
preoperative planning, as well as intraoperative navigation 
[33, 34]. The patient’s MRI images are subjected to three-
dimensional deformation to allow close matching to the 
digital atlas images. While helpful in cortical and subcorti-
cal function determination in the vicinity of the tumor, the 
application of this modality is still limited to tumors with 
minimal or no mass effect, and requires additional training 
and equipment [34].

Intraoperative adjuncts

Frameless stereotaxy

Preoperative imaging and functional studies provide excel-
lent information on tumor location and its relation to the 
eloquent cortical and subcortical areas. Neuronavigation 
allows the surgeon to use this information obtained from 
preoperative imaging studies in real time during surgery. 
This is achieved by first registering the position of the 
patient’s head relative to a rigidly attached frame by using 
pre-defined landmarks. Once registration is completed, a 
free-hand probe can be used to navigate in real time and 
the location of the tip of the probe is cross-referenced on 
the initial MRI or CT data set. The exact coordinates of the 
frame and the probe are detected using an infrared trans-
mitter/detector system. This system is now routinely used 
in many centers worldwide, and while it was not shown 
to affect the EOR, it helps optimize surgical approach and 
minimize the size of incision and craniotomy opening [35]. 
Recently, incorporation of results of functional information 
obtained from DTI, fMRI and MEG to the navigated scan 
was shown to decrease the incidence of new postoperative 
motor deficits, and in some cases improve motor function 
[8, 36].

Intraoperative MRI

The main limitation of frameless stereotaxy is its inaccuracy 
near the end of the resection secondary to the intraoperative 
brain shift as a result of CSF drainage and tumor resection. 
Acquiring a new scan intraoperatively allows to correct for 
the brain shift, and to effectively identify the residual tumor, 
resulting in greater EOR of high- and low-grade gliomas 
with reported gross-total resection rates of 75.6–96 % [37, 

visualization of corticospinal tract (CST) and arcuate fas-
ciculus can influence the decision on completeness of sur-
gical resection and help plan for intraoperative adjuncts 
(Fig. 2). DTI is a T2-based MRI technique that is used most 
widely for subcortical fiber mapping. It relies on detection 
of the preferential movement of water molecules along the 
axis of the axon. The reliability of CST mapping by DTI 
was compared to the results obtained with direct electrical 
stimulation, and demonstrated the specificity and sensitiv-
ity of >90 % [29]. Moreover, preoperative use of DTI fiber 
tracking has been associated with improved outcomes with 
a decrease in postoperative deficits from 32.8 to 15.3 % and 
a longer median survival in high-grade glioma patients of 
21.2 months compared to 14.0 months in the control group 
[8]. The main limitation of DTI fiber tracking relates to the 
fact that it is a computational process, and depending on the 
protocol used, the rendering of white matter tracts will be 
different. This variability is independent of the presence of 
neoplastic tissue or tumor-associated edema [30]. Standard-
ization of DTI processing protocols across different centers 
may help improve reliability of white matter tract maps and 
reduce the rate of false–positive and false–negative results. 
Furthermore, the accuracy of DTI is limited and subject to 
artifact at the point of crossing fibers resulting in false con-
nections or premature terminations. Advanced white mat-
ter imaging techniques such as diffusion spectrum imaging 
(DSI) [31] and high angular resolution diffusion imaging 

Fig. 2 A composite rendering of eloquent cortical areas and subcor-
tical pathways as they relate to the tumor location. The motor area 
for the hand (light yellow object) and speech areas (magenta objects) 
were determined from pre-operative functional MRI testing and over-
laid onto the patient’s anatomic 3D-MRI brain image highlighting the 
tumor (dark yellow object). The fiber tracking protocol using diffusion 
tensor imaging sequences was applied to outline the location of the 
descending corticospinal tracts (blue) and arcuate fasciculus (green)
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the ease of use of this technique has a great potential to help 
maximize the extent of tumor resection in patients with 
high-grade gliomas.

Raman spectroscopy

While fluorescence is useful for lesion delineation, the 
uptake of the fluorescent molecules is quite variable. Raman 
spectroscopy analyzes physical properties of tissues within 
the resection cavity and is able to identify tissues containing 
tumor cells in real time during resection. It takes advantage 
of the fact that due to increased cellularity tumor infiltrated 
tissues produce a signal that is different from normal brain 
or white matter. Reports in animal models and frozen tissue 
demonstrated the ability of Raman spectroscopy to differ-
entiate between normal brain and tissues containing tumor 
[48, 49]. In addition, with the development of the handheld 
probe integrated with neuronavigation, this system has the 
potential to provide accurate diagnosis of tumor infiltrated 
tissues intraoperatively during resection [50]. While this 
system is still under investigation of its validity, first reports 
of intraoperative use have indicated >90 % rate of specific-
ity and sensitivity in detecting affected brain [51].

Direct cortical stimulation

Intraoperative imaging adjuncts allow the surgeon to visu-
alize important anatomical structures and to help identify 
residual tumor. They do not provide functional information, 
however. Direct electrical stimulation of brain surface and 
subcortical white matter has been used for many decades to 
help define eloquent brain areas to be avoided during tumor 
resection. The use of DCS allows for a better EOR with 
75 % of tumor resected completely (versus 58 % without 
DCS) and is associated with a lower risk of late postopera-
tive neurological deficits (3.4 % versus 8.2 %) [7].

The typical set up uses a constant current generator to 
produce an electrical pulse of a square monophasic wave 
of 0.2–0.5 msec in duration. Two paradigms of electrical 
stimulation are presently used. The low-frequency protocol 
delivers trains of pulses continuously at a frequency of 50 
or 60 Hz, and is commonly used in an awake patient. In 
1993 Taniguchi et al. developed high-frequency stimulation 
protocol that delivers a train of five pulses at a frequency 
of 350–500 Hz that enabled motor cortical stimulation in 
anesthetized patients [52].

To deliver the current for DCS there are two types of 
probes available: bipolar and monopolar (Fig. 3). The mono-
polar probe delivers the current in a radial pattern, which 
allows greater area of coverage and stimulation of targets 
that are farther away from the probe. The bipolar probe, 
on the other hand, consists of two electrodes, an anode and 
a cathode, separated by 5–10 mm. The current is focused 

38]. Clinically, this was correlated with improved out-
comes with longer progression-free-survival of 226 days in 
patients with complete resection versus 119 days in patients 
with incomplete resection, and no increase in the rate of new 
neurological deficits [38]. The drawbacks of this technique, 
however, include the high upfront cost of the scanner, as 
well as increase in the length of the procedure.

Ultrasound navigation

In contrast to the intraoperative MRI, the use of intraopera-
tive ultrasound does not require a special operating suite, 
nor does it add significantly to the length of the procedure. 
It allows for accurate tumor localization and can be used 
repeatedly throughout the procedure to follow the progress 
of resection. Eighty to one hundred percent of low-grade 
gliomas and nearly all high-grade gliomas are readily iden-
tified by ultrasound and allow for discrimination between 
normal and pathologic tissues [39–41]. The major challenge 
of intraoperative ultrasound relates to the difficultly of 
image interpretation, low signal-to-noise ratio, and presence 
of artifact from blood and air [42]. To overcome these limi-
tations, integration with MRI-based neuronavigation, the 
use of different ultrasound probes, as well as the addition of 
contrast enhancement can be used to minimize artifact and 
facilitate image interpretation [43, 44].

5-ALA

Recently, the use of fluorescent agents to facilitate surgi-
cal resection of brain tumor was introduced. Several agents 
are available, among which 5-aminolevulinic acid (5-ALA) 
has been most studied. 5-ALA is a product of hemoglobin 
metabolism. When administered exogenously, it penetrates 
blood brain barrier and accumulates within the tumor. It is 
further metabolized within tumors cells to protoporphyrin 
IX, a fluorescent compound that can be detected intraop-
eratively as red-pink fluorescence under blue light. The 
presence of fluorescence has a sensitivity and specificity for 
lesional tissue of about 90 % [45]. The implementation of 
5-ALA as an adjunct to resection has been shown to at least 
double the rate of complete tumor resection, and if fluo-
rescence is visualized after tumor resection in white light, 
the positive predictive value is reported 92–97 % of having 
tumor present within the highlighted region [46, 47].

The major advantage of 5-ALA use is real time visual-
ization of tumor tissue that is independent of neuronaviga-
tion or brain shift. The limitations of this technique is that 
its application is limited to glioblastoma, as fluorescence of 
low grade lesions is too low to be readily detected intraop-
eratively. Furthermore, the surgeon has to be mindful of the 
fact that tissue overhangs or blood could obscure fluorescent 
region leading to incomplete resection. Overall, however, 
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primary motor cortex in more than 90 % of patients, and 
can be conducted under general anesthesia [54]. Further-
more, the same electrode strip can be used at a later point 
in surgery for continuous motor evoked potentials (cMEPs) 
recording or electrocorticography (eCoG).

Direct cortical stimulation

In addition to SSEPs, DCS can be used to identify eloquent 
motor areas. Low-frequency stimulation using a bipolar 
probe is frequently used in an awake patient. However, the 
use of the train-of-five technique with the monopolar probe 
is equally effective and requires smaller amount of current 
to be delivered thus minimizing the risk of seizures [55]. 
Stimulation over the primary motor area produces clonic 
movement, whereas stimulation over the supplementary 
motor cortex requires longer stimulus administration to pro-
duce movement, and results in tonic contraction, thus allow-
ing to functionally differentiate eloquent cortical areas. In 
some cases, however, stimulation over the supplemental 
motor area may inhibit the movement, and this has to be 
distinguished from patient’s fatigue.

Motor evoked potentials

Once the primary motor area is identified, motor function 
can be monitored continuously using MEPs. A small strip of 
4–8 electrodes is placed over the motor cortex and the train-
of-five monopolar stimulation through one of the contacts 
is conducted at regular intervals during tumor resection. 

between the tips of the electrodes, which allows for high pre-
cision stimulation but has a higher risk of triggering seizures.

The two major functional areas that are frequently 
mapped and monitored intraoperatively include motor func-
tion and language. Furthermore, it is equally as important 
to identify subcortical pathways in addition to determining 
eloquent cortical areas to avoid new neurological deficits. 
The following sections highlight particulars to mapping 
each of these two domains of functioning.

Motor mapping and monitoring

Somatosensory evoked potentials

Mapping of the primary motor cortex can be conducted in a 
patient that is awake or asleep. Several anatomic landmarks 
are used for identification of the primary motor cortex, 
including the superior frontal gyrus to identify the precen-
tral sulcus, the characteristic omega-shaped cortical area 
corresponding to the hand motor area, to a name a few [53]. 
The tumor, however, frequently distorts these landmarks 
making the identification of the primary motor area chal-
lenging. Somatosensory evoked potentials (SSEPs) can be 
used intraoperatively to identify the central sulcus. Stimula-
tion of the contralateral median nerve produces SSEPs that 
are recorded using a 4 × 2, or 8 × 1 platinum grid electrode. 
The direction of depolarization changes as it traverses the 
central sulcus producing a mirror image of the SSEP record-
ing, a phenomenon called “phase reversal”. This provides 
a simple and noninvasive way of accurately identifying 

Fig. 3 The tools used for intraoperative direct cortical electrical stim-
ulation and subcortical mapping. a Ojemann stimulator is a bipolar 
probe with two electrodes separated by 5 mm used for high precision 
cortical and subcortical mapping. b A grid containing four electrodes 
embedded into silicone matrix is used for SSEP recording and for iden-
tification of the central sulcus location via phase-reversal technique. 

In addition, it can be used throughout the case for continuous MEP 
recording for intraoperative monitoring of motor function, or for elec-
rocorticography to detect seizure activity. c Monopolar Prass probe is 
used for cortical or subcortical mapping, and can be co-registered with 
the intraoperative navigation system. (SSEP somatosensory evoked 
potentials, MEP motor evoked potentials)
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centers as it has been shown to result in fewer postopera-
tive permanent language deficits and improve the extent of 
tumor resection [7]. This procedure is well tolerated with 
reported failure rates between 0.5 and 6.4 % [64, 65].

A craniotomy is planned to expose 2–4 cm margin of 
brain around the tumor for the purposes of cortical map-
ping. Stimulation is done according to the low-frequency 
protocol (50–60 Hz) using a bipolar probe starting at 1 mA 
and increasing the current to a maximum of 6 mA in 0.5 mA 
increments. The cortex is stimulated at 5–10 mm intervals, 
and stimulation duration should not exceed 3 s per site due 
to high risk of triggering of an intraoperative seizure. The 
patient is asked to either count, name objects, or asked to 
perform semantic tasks during the stimulation (Video 1). 
The areas of speech arrest are marked by placing a sterile 
label.

It is routine practice to perform electrocorticography dur-
ing cortical stimulation to detect after-discharge potentials 
or non-convulsive seizure activity (Video 1). The incidence 
of intraoperative seizures is about 3 % [65]. Seizures are 
extinguished by applying ice-cold Ringer’s saline to cortical 
surface or by administering a bolus of propofol in resistant 
cases.

Traditionally, language mapping was only limited to cor-
tical areas. Recently, a better appreciation of importance of 
subcortical pathways involved in language functions has 
evolved [66]. Subcortical mapping of language pathways is 
conducted in a manner similar to cortical stimulation. Appli-
cation of high-frequency train-of-five protocol has also been 
shown to be effective at identifying subcortical tracts.

Surgical resection technique: enbloc (sulcal to 
sulcal) versus piecemeal

Enbloc resection is preferred when feasible as it maintains 
margins throughout the resection with no interference from 
the vascularity of tumor. Naturally present cortical sulci are 
used to initiate the dissection and are followed to their depth 
until the white matter is encountered. The white matter inter-
face between the tumor and adjacent brain is identified and 
preserved during the entire resection. This technique also 
allows early identification of subcortical functional areas 
compared to a piecemeal resection. Piecemeal resections are 
preferred for tumors directly infiltrating eloquent areas and 
in patients with a significant preoperative functional deficit.

Conclusion

Maximizing the EOR while minimizing the risk of post-
operative neurological deficits is the goal of glioma sur-
gery. The key to achieving these goals is to be able to take 

Monitoring the amplitude and the amount of energy required 
to elicit the motor response allows the surgeon to monitor 
the integrity of the motor pathways. The decrease in ampli-
tude more than 50 %, or the need to go up on the current 
more than 4 mA to maintain the same amplitude indicates 
potential compromise to the descending CST fibers [56–58]. 
Reversible cMEP decline is associated with a reversible 
neurological deficit post operatively. If the cMEP signals are 
lost or permanently decreased, the patient will experience a 
new neurological deficit postop [57]. Therefore, the cMEP 
monitoring has a high predictive value with respect to the 
neurological outcome, but has a limited monitoring value as 
only 60 % of cMEP declines are reversible [58].

Despite unaltered cMEP recordings during the surgery, 
about 4.5 % of patients will wake up with a new neurologi-
cal deficit [57]. In these cases, the neurological deficit was 
determined to be due to an ischemic insult, postoperative 
hematoma formation, or lack of monitoring in that particu-
lar limb. Therefore, the false-negative rate of cMEP moni-
toring is considered to be essentially zero thus emphasizing 
the importance of this technique in assisting the resection of 
tumors near motor pathways [57].

Subcortical stimulation

The importance of mapping of subcortical fibers has recently 
been recognized. Preoperative imaging, in particular DTI, 
can help predict the relationship between the tumor and the 
descending CST tract. Intraoperatively, however, as the tumor 
is excised, the fibers shift in an unpredictable direction, mak-
ing any intraoperative navigation inaccurate [59]. Direct elec-
trical stimulation on the other hand has proved to be accurate 
at identifying the location of the CST intraoperatively. For 
subcortical stimulation, high-frequency protocol using train-
of-five technique with a monopolar probe has been shown 
to identify the descending motor tracts most effectively [55]. 
The range of current settings used is 1–20 mA. Moreover, 
the amount of current that is required to generate MEPs 
has been correlated with the physical distance of the tracts. 
A linear relation has been shown with 1 mA of stimulation 
corresponding to 1 mm of distance [60–62]. The distance of 
greater than 5 mA was shown to be safe to prevent new post-
operative permanent neurological deficits [62]. Some centers 
however encourage resection up to 1 mA value of stimulation 
reporting only 3 % rate of postoperative neurological deficit 
beyond 3 months [63]. Overall, direct electrical stimulation 
of subcortical fibers remains the gold standard to accurately 
map the location of CST to avoid its injury.

Language assessment

Awake craniotomy for the purpose of localization of elo-
quent language cortex is commonly employed in many 
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