Surgery for Gliomas

Matthew C. Tate

Abstract Surgical resection, with the goal of maximal tumor removal, is now
standard of care for the overwhelming majority of newly diagnosed gliomas. In
order to achieve this goal while minimizing the risk of postoperative neurologic
deficits, intraoperative brain mapping remains the gold standard. Recent advances
in technical aspects of preoperative and intraoperative brain mapping, as well as our
understanding of the functional anatomy of the human brain with respect to lan-
guage, movement, sensation, and cognition, particularly at the subcortical level,
have improved our ability to safely perform aggressive resective surgeries in elo-
quent areas. In this chapter, the functional anatomy of the human brain relevant to
intrinsic tumor resection is reviewed. In addition, general principles governing
surgical management of patients are highlighted, with a particular emphasis on
awake brain mapping.
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1 Introduction

Recent data from multiple series have demonstrated the importance of aggressive
surgical resection for improved outcomes in glioma. In particular, increased volu-
metric extent of resection has been shown to directly improve survival in both low-
grade [1-5] and high-grade gliomas [6-9]. The mechanism of improved survival is
likely by delaying malignant transformation in low-grade gliomas and similarly
delaying progression in high-grade gliomas. Given the clear benefit of surgery, the
primary goal of glioma surgery is to maximize the extent of resection while mini-
mizing morbidity. Thus, it is imperative that neurosurgeons and neurooncologists
have an understanding of the relevant cortical and subcortical functional networks,
not only to plan and execute a surgical plan, but also to counsel patients with respect
to risks and benefits of surgery. Despite advances in preoperative functional
assessment in brain tumor patients, including functional MRI (fMRI), diffusion
tensor imaging (DTI), magnetoencephalography (MEG), and transcranial magnetic
stimulation (TMS), direct cortical stimulation (DCS) in the operating room remains
the gold standard for identifying indispensable functional pathways to preserve
function. In this chapter, the relevant cortical and subcortical functional anatomy in
the human brain is reviewed, with a particular focus on data from intraoperative DCS.
Basic principles guiding the preoperative evaluation, management, and surgical
planning for patients with gliomas are discussed. Finally, a detailed description of
surgical technique, including modern cortical/subcortical mapping protocols which
allow for optimal surgical resection while minimizing neurologic deficits is provided.

2 Review of Human Cortical and Subcortical Functional
Anatomy

2.1 Motor

Motor networks in the human cortex are primarily located within the frontal lobe.
The primary motor cortex (M1) within the precentral gyrus, is bounded by the
central sulcus posteriorly and the precentral sulcus anteriorly. DCS of M1 in
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Motor

Fig. 1 Motor and sensory direct cortical stimulation data. Rendering of left and right hemisphere
positive stimulation sites eliciting movement (green) and dysesthesias (yellow) within the
precentral and postcentral gyri, respectively. Adapted from Tate et al. [41]

patients undergoing craniotomy reliably produces contralateral muscle contractions
in a topographically organized fashion (Fig. 1). This phenomenon was first shown
in humans by Sir Horsley in 1891 [10] and was followed by the demonstration of
the motor homunculus by Penfield and Boldrey in 1937 [11]. At the subcortical
level, DCS of M1 produces movement of a contralateral single muscle or limited
group of muscles that is transmitted by the corticospinal tract (CST), and the patient
is unable to suppress the movement. An exception to the general rule of contra-
lateral contraction with M1 stimulation is that DCS within palate, pharynx, and
tongue regions of M1 can cause bilateral muscle contractions.

In addition to the contribution of M1 to the CST, premotor and supplementary
motor cortices anterior to M1 in the frontal lobe also contribute to the CST. The
exact function of these so-called “higher-order” motor areas are less well under-
stood, but recent studies have given some insight into their functional contributions.
The premotor cortex (PMC), corresponding to Brodmann Area 6, is composed of a
dorsal part (dPMC) that includes the posterior part of the superior and middle
frontal gyri just anterior to the precentral sulcus, and a ventral part (VPMC) that is
defined by the precentral gyrus from the Sylvian fissure to the level of the superior
frontal sulcus. PMC lesions result in proximal muscle weakness and difficulty with
sequencing of movements of the contralateral limb [12]. DCS of the vPMC in
patients undergoing awake craniotomy for tumor resection reliably causes disorders
of articulation [13], while DCS in the left hemisphere points to a role in language.
The supplementary motor area (SMA), also a part of Brodmann area 6, is located in
the medial/posterior portion of the superior frontal gyrus just anterior to leg motor
cortex. The SMA is thought to be involved in motor planning, as SMA stimulation
causes complex contralateral movements and resection of the SMA produces a
stereotypical “SMA-syndrome” characterized by impairment of volitional move-
ments, hemineglect, and dyspraxia of the contralateral limbs with preservation of
muscle tone. If the SMA of the dominant (language) hemisphere is involved, dif-
ficulty initiating speech may also be observed. Deficits caused by SMA syndrome
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Fig. 2 Major white matter
pathways. Dissected left
hemisphere demonstrating
main white matter pathways.
Inferior frontal occipital
fasciculus (IFOF, green);
uncinated fasciculus (UF,
violet); superior longitudinal
fasciculus (SLF, blue);
corticospinal tract (CST,
orange). Inset shows colors
prior to colorization. Adapted
from De Benedictis et al. [42]

typically resolve within a few months postoperatively [14, 15]. As with M1, the
SMA also demonstrates somatotopy: leg representation is most posterior, face is
most anterior, and the arm region is located in between [14]. The frontal eye field
(FEF) of the frontal lobe is located within the middle frontal gyrus just anterior to
dPMC and is involved in saccadic eye movement. Lesions of the FEF impair
voluntarily contralateral gaze, and DCS may elicit conjugate eye movements
toward the contralateral side [16, 17].

In addition to motor regions located in the frontal lobe, the parietal lobe is
involved in tuning of movement (preparation, control, adjustment). For example,
the primary somatosensory area (S1), discussed further in the sensory section
below, can produce complex motor movements when stimulated. Other proposed
parietal lobe functions include visuomotor transformation and coding of motor acts
such as grasping [18].

At the subcortical level, the major descending pathway is the corticospinal tract
(CST) which originates as axons of pyramidal neurons within the layer V of M1
that travel through the centrum semiovale, corona radiata, posterior limb of the
internal capsule, cerebral peduncle, pyramidal decussation in the medulla, and then
descends as the lateral corticospinal spinal tract in the spinal cord (Fig. 2). The other
major descending motor system is the corticobulbar tract, which originates in the
cortical motor areas described above and descends alongside the corticospinal tracts
before eventually projecting to brainstem motor cranial nerve nuclei bilaterally. The
exception to this rule is innervation to the lower face, which is unilateral.

2.2 Sensory

The primary sensory pathway of relevance to glioma surgery is the posterior col-
umn-medial lemniscus pathway. Vibration, proprioceptive, and light touch sensory
information from the periphery is detected by sensory neurons that have their cell
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body in the dorsal root ganglion and axon that ascends within the posterior column
of the spinal cord and synapse onto ipsilateral gracile and cuneatus nuclei that are
devoted to lower body and upper body sensation, respectively, within the caudal
medulla. Second-order axons then cross the midline and ascend within the medial
lemniscus within the contralateral brainstem and midbrain before eventually syn-
apsing onto neurons of the ventral posterior lateral (VPL) nucleus of the thalamus.
Neurons of the VPL then project to the layers III and IV of S1 [19]. S1 is within the
postcentral gyrus of the parietal lobe, and electrical stimulation of S1 causes sen-
sory perception, typically described as tingling (Fig. 1), in a localized region of the
contralateral body, as initially described by Cushing in 1909 [20].

2.3 Language

2.3.1 Hemispheric Dominance

The concept of left hemispheric dominance for language was first proposed by Paul
Broca in 1865 [21]. Current data are that for 85 % of the population the left
hemisphere is dominant, while 9 % of patients have bilateral representation, and
6 % have right-sided dominance. For right-handed patients, 98 % have left-sided
dominance. Thus, clinical investigation of dominance, the gold standard being the
Wada test, is typically reserved for left-handed or ambidextrous patients. In addition
to language, the left hemisphere is typically involved in logical problem solving and
calculation. Conversely, the right hemisphere is specifically devoted to facial rec-
ognition, tasks involving visuospatial manipulation, and musicality [22].

2.3.2 Comprehension

Language comprehension was described by Wernicke as residing in the posterior
superior temporal gyrus [23]. DCS studies have further expanded the region of
language comprehension to include the posterior portion of both the superior and
middle temporal gyri, as well as the inferior parietal lobule superior to the Sylvian
fissure. Damage to any of these areas can result in a receptive aphasia, in which the
patient can still produce written or oral language with normal grammar/syntax/
prosody, but the word content is incorrect, often with neologisms or word salad. In
addition, the ability to repeat words and name pictures is compromised, although
naming and language comprehension may be mediated by distinct regions of the
posterior superior temporal lobe [24]. In addition, the ability to sing and to recite
memorized passages is maintained. If similar areas are damaged in the nondominant
hemisphere, dysprosody may occur, which is the inability to detect the pitch,
rhythm, or emotional content of speech. More recent studies have aimed to further
dissect various aspects of language within the parietal-temporal-occipital junction.
From these studies, we have learned that the posterior temporal lobe is involved in
reading and word retrieval but not particularly involved in word repetition.
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2.3.3 Language Output

Classically, the final common pathway of language output is known as Broca’s area,
which encompasses the pars triangularis and pars opercularis within the posterior
third of the inferior frontal gyrus. However, recent studies point to the ventral dPMC
as the final common speech output region, while Broca’s area may be more involved
in higher order speech processing. Thus, stimulation of vPMC typically causes overt
speech arrest, while stimulation at Broca’s area causes dysnomias. Interestingly, the
inferior frontal gyrus of the nondominant hemisphere appears to be involved in the
speech prosody (rhythm/stress/intonation of speech), with lesions to this area
causing flat, unemotional speech [25]. In addition, as mentioned earlier in the
chapter, the SMA of the dominant hemisphere is involved in speech initiation, and
stimulation can cause temporary speech arrest or vocalization. Finally, the dominant
insular cortex may plan an important role in speech planning [26].

Recent insights from cortical stimulation studies have refined our understanding
of the relationship of writing. While circuits involved in writing do correspond to
the same hemisphere as oral language, at least some of the writing sites are partially
distinct, as evidenced by the presence of writing deficits despite negative mapping
at traditional language sites. Areas shown to be important for writing function
include the dominant hemisphere superior parietal lobe, supramarginal gyrus,
insula, middle and inferior frontal gyri, and SMA [27].

2.3.4 Subcortical Language Representation

The major subcortical pathways subserving oral language function as identified by
direct intraoperative stimulation are the superior longitudinal fasciculus (SLF) and
inferior occipito-frontal fasciculus (Fig. 2). The SLF connects the parietal/temporal
region with the frontal lobe and is composed of two functionally distinct white
matter pathways—the arcuate fasciculus (AF) and an indirect pathway parallel and
lateral to the AF termed the lateral SLF (1atSLF). The AF (also termed the dorsal
phonologic stream) connects the posterior middle and inferior frontal gyri with the
posterior portion of the middle and inferior temporal gyri, with interruption at any
site along the pathway resulting in phonological disturbances. The latSLF, which
connects the posterior superior temporal gyrus, supramarginal gyrus, and primarily
vPMC, is involved in speech perception and articulation. The inferior frontal
occipital fasciculus, also termed the ventral semantic stream, is involved with
semantic aspects of speech and stimulation of the pathway intraoperatively pro-
duces semantic paraphasias. Finally, the subcallosal fasciculus, connecting the
mesial frontal lobe structures (SMA, cingulate) to the caudate nucleus may mediate
the control of language, with lesions resulting in transcortical motor aphasias
characterized by nonfluent aphasia with intact repetition.

A number of studies have investigated the representation of languages in mul-
tilingual patients. A consistent finding is that both shared and language-specific
sites are present in bilingual patients. While primary language and shared language
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sites are found throughout the temporal, parietal, and frontal lobes, distinct sec-
ondary language sites are located in the posterior temporal and parietal regions [28].
Interestingly, a recent study using DCS in bilingual patients implicate the dominant
posterior temporal area and SLF in mediating language switching [29].

2.4 Vision

Visual information enters the retina and is transmitted via axons of retinal ganglion
cells in the optic nerves, which cross at the optic chiasm and continue as the
optic tracts which synapse in the lateral geniculate nucleus (LGN) of the thalamus.
Cells of the LGN then project to the primary visual cortex of the occipital lobe via a
fan-like projection of fibers (optic radiations) that pass lateral and superior to the atria
and temporal horn of the lateral ventricle. The inferior optic radiations (Meyer’s
loop) project through the temporal lobe, carrying visual information from the con-
tralateral superior visual field, with lesions causing a “pie in the sky” contralateral
homonymous superior quadrantanopsia, though the ipsilateral eye is typically
affected to a greater extent because of the lateral position of ipsilateral relative to
contralateral eye fibers in the optic radiations [19]. Superior optic radiations project
through the inferior parietal lobe and carry visual information from the contralateral
inferior quadrants. The primary visual cortex resides in the occipital lobe along both
borders of the calcarine sulcus and is retinotopically organized.

2.5 Spatial Cognition

The nondominant parietal lobe has been implicated in visuospatial perception, with
damage to this region in humans producing a clinical syndrome of unilateral
neglect, where patients essentially ignore the left half of their visual field. Recent
studies using a line bisection task in awake human patients undergoing DCS has
further defined the regions responsible for spatial cognition as both the supramar-
ginal gyrus and posterior superior temporal lobe of the nondominant hemisphere
[30]. Subcortically, both the optic radiations and nondominant SLF are involved in
visuospatial information transmission.

3 Tumor Location and Extraoperative Assessment
of Functional Regions

3.1 Tumor Imaging

Preoperative image of patients harboring gliomas begin with standard MRI
sequences, most importantly T1-weighted images with gadolinium and T2/FLAIR.
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In addition to providing anatomic localization of the tumor, the presence of enhancing
tumor presents a target for surgical resection, as tumor recurrence risk is greatest
within 2 cm of the enhancing rim [31]. Also, enhancement generally indicates the
presence of a high-grade tumor, although there are exceptions. FLAIR sequences
demonstrate the extent of edema, although one cannot determine the relative con-
tributions of tumor versus vasogenic edema. With that caveat, for the case of low-
grade gliomas (LGG), FLAIR signal is generally considered the target of resection.
MR spectroscopy may be a useful adjunct in the setting of previously treated patients
for which the diagnosis of recurrence versus treatment effect is equivocal.

3.2 Identifying Functional Brain Regions

3.2.1 Anatomic Localization of Functional Regions with MRI and DTI

In order to determine the relationship of the tumor to the Rolandic (sensorimotor)
cortices, it is imperative that the surgeon be able to localize the central sulcus from
preoperative MRI. Multiple methods exist for identifying the central sulcus (CS). On
high-vertex axial images, mirror-image transverse sulci that are nearly perpendicular
to the midline represent the CS (Fig. 3). The “hand knob”, an omega-shaped region
of the precentral gyrus, can usually be seen anterior to the CS. Another method is to
analyze a sagittal MRI image at the midline. The cingulate sulcus is identified and

Fig. 3 Primary motor and sensory cortex landmarks on MRI. a Axial plane cut near the vertex
illustrating hand knob within primary motor area (M1) of precentral gyrus and primary sensory
area (S7) of postcentral gyrus anterior and posterior to central sulcus (CS), respectively. b Sagittal
MRI slice just off midline showing paracentral lobule containing M1, S1, and CS. In this view, the
cingulate sulcus (CgS) at its posterior extent angles superiorly to form the marginal sulcus (MS),
which is continuous with the postcentral sulcus that forms the posterior border of S/
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followed posteriorly and then superiorly where it terminates as the marginal sulcus.
Immediately anterior to the marginal sulcus is the paracentral lobule, which is a
medial extension of both the precentral (motor) and postcentral gyri of the lateral
hemisphere. A third method utilizes a sagittal MRI image through the superficial
portion of the inferior frontal gyrus, where pars triangularis and pars opercularis are
identified. The vPMC is located just posterior to the precentral sulcus, and just
posterior to vVPMC is the inferior portion of the postcentral gyrus.

In addition to these topographic assessments of sensorimotor function, diffusion
tensor imaging (DTI) is emerging as a routine part of preoperative evaluation of
brain tumor patients as well as an important intraoperative adjunct to DCS. DTI
fundamentally measures the degree of water diffusion within brain compartments,
with more anisotropic regions such as white matter tracts having restricted direc-
tionality. The diffusion tensor can be evaluated for each MRI voxel of interest and a
three-dimensional map is generated which accurately displays major white matter
bundles, such as the CST, AF, SLF, IFOF, ILF, optic radiations, corpus callosum,
and cingulum. While the process is associated with some inherent error and must be
verified with direct stimulation in the operating room, in our experience DTI is
helpful in determining the mapping strategy for a given tumor, discussing expec-
tations with patients, and improving the efficiency of mapping in the operative
room. As a general rule, DTI maps tend to be larger than that observed by direct
stimulation, suggesting that resection of a significant part of a DTI-defined tract can
be well tolerated in terms of maintaining function and highlighting the importance
of direct stimulation during resection.

In contrast to preoperative localization of cortical and subcortical motor func-
tion, for which the standard MRI, DTI, and fMRI findings are relatively consistent
between patients, functional language circuits are more diffuse and variable, making
anatomic localization preoperatively more difficult. One particularly promising
strategy is the use of preoperative DTI to localize language circuits. Recent data
from a series of 230 patients undergoing glioma resection for whom the concor-
dance of preoperative DTI with direct subcortical stimulation during surgery
demonstrated a high concordance rate for the CST (motor), SLF (phonemic lan-
guage), and frontal occipital fasciculus (semantic language) [32]. Thus, DTI is
becoming an important preoperative and intraoperative adjunct to direct cortical

mapping.

3.2.2 Functional Magnetic Resonance Imaging (fMRI)

fMRI is based on the principle that neurons of more active brain regions receive
increased blood flow, which results in a localized increase of oxyhemoglobin
(diamagnetic) relative to deoxyhemoglobin (paramagnetic). While localization of
primary motor and sensory cortices by fMRI is accurate, several issues plague its
widespread clinical use in brain tumor patients. First, at its most basic level, fMRI
only demonstrates areas of increased blood flow, which is an indirect measure of
neuronal activity. Also, the time lag between neuronal firing and diverted blood
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flow may be problematic for interpretation, particularly for complex actions
involving several brain regions or which have overlapping neural circuitry, such as
language or higher order cognitive function. fMRI at best illustrates which brain
regions are involved in a particular task, but it does not indicate which regions are
functionally necessary.

3.2.3 Magnetoencephalography (MEG)

Another methodology for detecting recruited neural circuitry during a given activity
is MEG. Unlike fMRI, MEG directly measures the magnetic field produced by
electrical activity in the brain, specifically dendritic potentials. During a particular
task, changes in the magnitude of a, B, and y band cerebral oscillations can be
detected, with higher and lower frequencies representing synchronization and re-
synchronization, respectively [33]. For example, changes in the y frequency band
are associated with higher order cognitive processes such as language processing
[34]. MSI, which refers to incorporating MEG-based functional data into intraop-
erative brain navigation software, is being utilized in some centers. A recent study
demonstrated a 100 % negative predictive value and 64 % positive predictive value
for correlation of intraoperative stimulation of functional sites with MEG [35].
Thus, MEG presents a promising technology for identifying function or absence of
function near the tumor preoperatively, although additional validation with DCS
and outcome data will be necessary before routine use is recommended.

3.2.4 Transcranial Magnetic Stimulation (TMS)

A more recent technology for mapping cortical function preoperatively is TMS.
TMS is a noninvasive technique that generates a precise, local magnetic field that
induces an action potential in a small population of neurons. In the outpatient
setting, through a simple algorithm the patient’s MRI data can be coregistered with
the TMS software, allowing for precise delivery of the magnetic field to the cortical
surface. A magnetic field is delivered to specific regions of the primary motor
cortex using the MRI-based map, resulting in pyramidal neuron activation and
subsequent movements of the relevant contralateral muscle groups, which can then
be detected by EMG. Recent data indicate that TMS-based motor maps correlate
well with DCS in the operating room [36]. TMS has also been investigated as
preoperative test for localization of language functions, though these data are
somewhat less consistent compared to motor mapping [37]. Nonetheless, TMS
represents a very promising modality not only for preoperative mapping of various
cerebral functions but also a tool to study cortical plasticity before and after tumor
resection, an important consideration for surgical strategies following initial
resection.
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4 Preoperative Considerations

After initial imaging studies to evaluate the tumor characteristics location and its
location to known functional pathways and a careful neurological examination, it is
important to consider the goals of surgery. For patients with diffuse disease, poor
performance status, or for tumors located in the basal ganglia, thalamus, or
brainstem, a biopsy to establish diagnosis may be the most prudent course of action.
For a patient with a tumor within the primary motor cortex that has imaging
characteristics of a low-grade glioma and minimal or no functional deficit, obser-
vation with frequent serial MRI scans is reasonable, based on the concept that
additional functional pathways may be recruited over time. In these patients, a
worsening neurologic deficit or evidence of progression would be criteria for
operative intervention. Otherwise, craniotomy with the goal of maximal resection
while minimizing morbidity is typically the first course of action. Once the decision
is made to proceed with resection, the next major decision is whether the patient
needs direct cortical mapping. Given the broad distribution of functional areas in the
human brain, the variation of function between patients, and the diffuse nature of
intrinsic brain tumors, direct cortical and subcortical stimulation mapping can be
justified for any intrinsic tumor, independent of hemisphere. At a minimum, tumors
in the following regions require direct mapping, as they involve motor, sensory, or
language areas: bilateral precentral and postcentral gyri, left middle/posterior
temporal lobe, left inferior parietal lobule, and middle/posterior left superior/mid-
dle/inferior frontal gyri. With the exception of motor mapping, which can be per-
formed with the patient under general anesthesia, these surgeries are performed
under awake conditions. It is our tradition to also perform motor mapping in the
awake state, as the efficiency and fidelity of the motor map are improved with the
patient under local anesthesia. Patients with less than antigravity strength (0-2/5) or
with significant preoperative language deficits (>25 % error rate) that do not
improve with short-course steroids may not be good candidates for mapping. Also
pediatric patients or more generally patients who may not be able to cooperate with
the intraoperative tasks should not be offered awake craniotomy. For these sce-
narios, the approach would be able to perform either asleep mapping (for tumors in/
near motor cortex) or to perform a more conservative resection based on anatomic
imaging and available preoperative functional data. Finally, for the subset of
patients with preoperative breakthrough seizures despite adequate anticonvulsant
trials, electrocorticography can be used to guide resection of seizure foci in addition
to the planned tumor resection. Such electrocorticography-guided glioma resections
are particularly effective in reducing long-term seizure profiles in the pediatric
population [38].



42 M.C. Tate
5 Intraoperative Mapping Techniques

5.1 Patient Positioning and Incision

The main considerations for positioning the patient in the operating room are
related to the location of the tumor. A recent paper by Berger and Hadjipanayis [16]
provides an excellent review of patient positioning and suggested skin incision as a
function of tumor location. After appropriate positioning, all pressure points are
padded. Importantly, the contralateral body must remain free of lines, blood pres-
sure cuff, etc., so that it can be readily visualized during mapping. A heating blanket
is placed to ensure temperature >36 °C. Intravenous steroids (4 mg decadron) and
preoperative antibiotics (1-2 g cefazolin) are administered. Anticonvulsants are also
administered, either the patient’s home regimen or a dilantin load (15 mg/kg) if not
previously on anticonvulsants. If elevated intracranial pressure is a concern, man-
nitol (1 g/kg) can be administered. Finally, a time-out procedure verifying patient
characteristics, tumor side, surgical plan, expected blood loss, and details of the
proposed mapping strategy is essential.

5.2 Awake Craniotomy

Ultimately, the success of awake craniotomy and language mapping relies on a
cooperative patient. Given that the length of surgery may be several hours, it is
important to have the patient comfortably sedated for the portions of the operation
when mapping is not performed. While there are multiple options, a combination of
propofol (<100 pg/kg/min) and remifentanil (=0.05 pg/kg/min) is common. It is
important to ensure adequate ventilation and thus not to over sedate. For mild
obstruction, a nasal airway can be helpful. Propofol is administered at the time of
foley administration and just prior to Mayfield pin application. Lidocaine/bupiva-
caine local anesthetic is also administered at the three pin sites. Specifically, the
local block should address the territories of the supraorbital (above midpoint of
orbital rim), auriculotemporal (1.5 cm anterior to tragus), zygomaticotemporal
(midway between supraorbital ridge and the posterior margin of the zygoma), and
lesser/greater occipital nerves (along line extending from inion to mastoid),
depending on the location of the anterior—posterior extent of the scalp incision. The
propofol/remifentanil infusion is titrated during incision, muscle dissection, and
craniotomy so that the patient remains comfortably sedated and breathing com-
fortably. After the bone flap is removed, all sedatives are discontinued and the
patient is allowed to wake fully prior to opening the dura, as emergence can
otherwise cause coughing and brain herniation, particularly for tumors with sig-
nificant mass effect/edema. In addition, a 30-gauge needle is used to administer
local to the dura along the middle meningeal artery. During mapping, propofol
should be within six inches of the IV line and ice cold lactated Ringer’s solution
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should be available should seizures occur during stimulation. Following mapping,
propofol/remifentanil infusions are used to slowly increase the level of sedation
while avoiding respiratory depression.

5.3 Asleep Craniotomy

The patient is premedicated with midazolam and then brought to the operating
room. Induction is performed using fentanyl and propofol. The patient is paralyzed
prior to intubation and the blockade is reversed following skin incision. General
anesthesia is maintained with nitrous oxide (70 %), low-dose inhalational agent
(typically <0.5 MAC isoflurane), and a fentanyl infusion (2 pg/kg/hr). After bone
flap removal, mannitol and/or hyperventilation can be utilized if the brain appears
full. Prior to initiation of motor mapping, the contralateral arm and leg should be
uncovered and adequate patient temperature (>36 °C), and full reversal of neuro-
muscular blockade should be confirmed. As with awake mapping, first cold saline
and then propofol can be used to abort seizure activity during mapping. Following
completion of motor mapping, neuromuscular blockade can be resumed and is not
reversed until after Mayfield pin removal. Fentanyl infusion is continued through
scalp closure.

5.4 Mapping Details

5.4.1 Sensory/Motor Mapping

Following dural opening, an Ojemann Cortical Stimulator (biphasic square wave,
60 Hz, 1 ms duration, current range 2-16 mA peak—peak) is brought into the field
for motor mapping. Stimulation is performed by applying a bipolar electrode to the
cortical surface for 2 s. For asleep motor mapping, a starting current of 4 mA
(peak—peak) is applied the primary motor cortex (as localized on MRI as discussed
above), and the current increased in intervals of 2 mA until either an overt motor
response or reproducible EMG activity in the muscle is noted. This latter EMG-
based method is more sensitive than muscle contraction, allowing for decreased
stimulation threshold and thus decreased risk of intraoperative seizure activity [39].
Positive cortical sites are labeled with sterile numbered paper squares and/or cap-
tured and saved onto the patient’s navigated MRI sequence. Typically, motor
stimulation is elicited in the face or hand region of the motor strip. Following
mapping of the primary motor area, sensory mapping may be performed within the
postcentral gyrus at the same current intensity, with patients typically reporting
dysesthesias. Respecting the positive motor and sensory sites, cortical window(s)
are opened to provide adequate access to the intrinsic tumor below the surface.
Subcortical motor mapping is performed once the resection nears the CST system
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descending corticospinal fibers, internal capsule, cerebral peduncle. Prior to dural
closure, a final stimulation at the cortical surface with preserved EMG activity
distally provides confidence to the surgeon that the entire motor circuit is intact,
whether subcortical stimulation was positive or not. Thus, even in the presence of a
new postoperative motor deficit, the patient can be reassured that function will
likely return.

5.4.2 Awake Language Mapping

For patients undergoing awake language mapping, all sedation is discontinued prior
to dural opening. After the dura is opened and prior to mapping, orientation and
counting are checked to ensure a baseline level of patient function and cooperation.
The motor pathways are identified as described for asleep motor mapping, with the
exception that stimulation is started at a lower current (1 mA) and increased in
intervals of 0.5 mA. Language mapping begins a simple counting paradigm to
investigate sites of speech arrest (typically within vPMC). Next, a picture naming
task is employed where the patient looks at a computer screen and identifies simple
objects presented at 4 s intervals. All sources of extraneous noise (suction tubing,
pulse oximeter volume, etc.) are reduced to a minimum, and the patient is equipped
with a microphone to ensure that the surgical team can hear all responses. The
ability of the patient to correctly perform the task is verified prior to intratask
stimulation to ensure that the sedation is adequately reversed and that there are no
anesthesia-related changes from baseline language function. It may be necessary to
adjust the draping, increase the time interval between picture refreshing, or adjust
the patient’s microphone setting to optimize patient comfort/cooperation and
mapping efficiency. Once reliable picture naming is established, cortical stimulation
is performed at 1 cm spacing throughout the exposed cortex. Stimulation is per-
formed just prior to a picture change, and each stimulation-accompanied picture
change is followed by one without stimulation to allow for recovery to baseline if
an error is made and to serve as an internal control. A site is considered positive if
stimulation-induced errors were present for at least 2 out of 3 trials. For each
picture, the patient is asked to state “This is a ....” followed by the object name, to
enable the surgeon to distinguish speech arrest from anomia. After picture naming
is complete, a similar stimulation paradigm is employed as the patient is asked to
read a series of words presented on the computer screen, and sites with stimulation-
induced alexia/dyslexia are recorded. For multilingual patients, given that some
representation of each language is distinct, it is important to map each language
separately, starting with the patient’s primary language [28]. After localizing cor-
tical representation of language, a corticectomy is planned utilizing these patient-
specific functional data. During tumor resection, frequent subcortical stimulation, in
conjunction with DTI tracts incorporated within the MRI-based navigation software
and more importantly the surgeon’s three-dimensional knowledge white matter
anatomy, allows for reliable identification of the major language tracts, particularly
the SLF/AF and IFOF. Subcortical stimulation of the SLF, AF, and IFOF at any
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part of the pathway reproducibly elicits dysarthria, phonemic paraphasias, and
semantic paraphasias, respectively. In addition to these awake mapping techniques,
the patient is asked to perform relevant functional tasks continuously throughout the
resection as a method of functional monitoring.

6 Neural Plasticity: Implications for Surgical Management
of Gliomas

Given the increasing evidence for redistribution of neural function in patients
harboring gliomas, particularly in the case of low-grade gliomas (LGG), taking
advantage of this property is becoming an important aspect of tumor management.
For example, patients with LGG in the primary motor cortex may be observed over
some period of time to allow for unmasking of latent or parallel circuits so that
when resection becomes mandatory due to tumor growth or worsened neurologic
function, the primary motor circuits are farther away from the tumor center. More
recently, a number of groups have endorsed a strategy pioneered by Duffau which
takes advantage of surgery-induced plasticity for LGG [40]. For patients with a
limited first resection due to positive mapping findings within the planned resection
field, the patient is allowed to recover and functional mapping is continued post-
operatively via fMRI. Over the course of a few years, the eloquent function
redistributes, presumably triggered by the initial surgery and/or long-standing
slowly progressive tumor infiltration. Thus, at a second surgery the cortical area
once devoted to a functional pathway which has been redistributed can be safely
resected after proper confirmation of this functional shift with DCS. Importantly,
this functional plasticity allowing for a more complete resection can occur over a
relatively short time period relative to the expected time scale of tumor transfor-
mation to a higher grade.

7 Conclusions

The goal of modern glioma surgery is to maximize extent of resection while
minimizing neurologic deficits. For patients with tumors in or near eloquent brain
regions, DCS during resection allows for accurate localization of functional circuits
at both the cortical and subcortical levels, including motor, sensory, language,
vision, and spatial attention. In addition to direct cortical/subcortical stimulation,
recent advances in preoperative mapping techniques such as fMRI, magnetoen-
cephalography, diffusion tensor imaging, and TMS allow neurosurgeons to tailor
respective strategies based on an individual patient’s occupation, goals, and hob-
bies, thereby achieving not only the oncologic goals of maximal resection but also
allowing the patient to return to normal life postoperatively.
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