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Summary: Refinement of neurosurgical technique has enabled
safer operations with more aggressive outcomes. One cornerstone
of modern-day practice is the utilization of intraoperative
stimulation mapping. In addition to identifying critical mo-
tor pathways, this technique can be adapted to reliably identify
language pathways. Given the individual variability of cortical
language localization, such awake language mapping is essen-
tial to minimize language deficits following tumor resection.
Our experience suggests that cortical language mapping is a
safe and efficient adjunct to optimize tumor resection while
preserving essential language sites, even in the setting of neg-
ative mapping data. However, the value of maximizing glioma
resections remains surprisingly unclear, as there is no general

consensus in the literature regarding the efficacy of extent of
glioma resection in improving patient outcome. While the im-
portance of resection in obtaining tissue diagnosis and allevi-
ating symptoms is clear, a lack of Class I evidence prevents
similar certainty in assessing the influence of extent of resec-
tion. Beyond an analysis of modern intraoperative mapping
techniques, we examine every major clinical publication since
1990 on the role of extent of resection in glioma outcome. The
mounting evidence suggests that, despite persistent limitations
in the quality of available studies, a more extensive surgical
resection is associated with longer life expectancy for both
low-grade and high-grade gliomas. Key Words: Language
mapping, motor tracts, cortical stimulation, extent of resection.

INTRODUCTION

CNS tumors are a major cause of morbidity and mor-
tality with approximately 18,000 new cases of primary
intracranial tumors diagnosed each year in the United
States. This represents approximately 2% of all adult
tumors in the country. More than half of these are high-
grade gliomas. These lesions are extremely aggressive,
and the vast majority of patients invariably have tumor
recurrence, with the median survival time ranging from 1
to 3 years after initial diagnosis. Despite facing a better
prognosis when compared with higher grade glial tu-
mors, 50 to 75% of patients harboring low-grade gliomas
eventually die of their disease. Median survival times
have been reported to range between 5 and 10 years, and
estimates of 10-year survival rates range from 5 to 50%.
Although a primary tenet of neurosurgical oncology is

that survival can improve with greater tumor resection,
this principle must be tempered by the potential for func-

tional loss after a radical removal. Current neurosurgical
innovations aim to improve our anatomic, physiologic,
and functional understanding of the surgical region of
interest to prevent potential neurological morbidity dur-
ing resection. Emerging imaging technologies, as well as
state-of-the-art intraoperative techniques, can facilitate
extent of resection while minimizing the associated mor-
bidity profile. Specifically, the value of mapping motor
and language pathways is well-established for the safe
resection of intrinsic tumors.
Interestingly, controversy persists regarding prognos-

tic factors and treatment options for both low- and high-
grade hemispheric gliomas. Among the various tumor-
and treatment-related measurements, including tumor
volume, neurological status, timing of surgical interven-
tion, and the use of adjuvant therapy, only age and tumor
histology have been identified as reliable predictors of
patient prognosis. Importantly, despite significant ad-
vances in operative technique and preoperative planning,
the effect of glioma extent of resection in prolonging
tumor-free progression and/or survival remains un-
known. Although the importance of glioma resection in
obtaining tissue diagnosis and decompressing mass ef-
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fect are unquestionable, a lack of class I evidence pre-
vents similar certainty in assessing the influence of ex-
tent of resection. Even though low-grade and high-grade
gliomas are distinct in their biologies, clinical behaviors,
and outcomes, understanding the effect of surgery re-
mains equally important for both.

THE EVOLUTION OF CORTICAL MAPPING
STRATEGIES

Direct cortical stimulation has been used in neurosur-
gery since 1930, first by Foerster,1 and then later, by
Penfield et al.2–4 In recent years, the technique of intra-
operative cortical stimulation has been adopted for the
identification and preservation of language function and
motor pathways. Stimulation depolarizes a very focal
area of cortex which, in turn, evokes certain responses.
Although the mechanism of stimulation effects on lan-
guage are poorly understood, the principle is based on
the depolarization of local neurons and also of passing
pathways, inducing local excitation or inhibition, as well
as possible diffusion to more distant areas by way of
orthodromic or antidromic propagation.5 Studies using
optical imaging of bipolar cortical stimulation in monkey
and human cortex have shown precise local changes (i.e.,
within 2 to 3 mm) after the activation of cortical tissue.6,7

With the advent of the bipolar probe, avoidance of local
diffusion and more precise mapping have been enabled
with an accuracy estimated to be approximately 5 mm.6

Language mapping techniques were historically devel-
oped in the context of epilepsy surgery in which large
craniotomies exposed the brain well beyond the region of
surgical interest to localize multiple cortical regions con-
taining stimulation-induced language and motor function
(i.e., “positive” sites), prior to resection. Until recently, it
has been believed that such positive site controls must be
established during language mapping before any other
cortical area could be safely resected. Using this tactic,
awake craniotomies traditionally identify positive lan-
guage sites in 95 to 100% of the operative exposures.
However, brain tumor surgeons are now evolving toward
a different standard of language mapping in which
smaller, tailored craniotomies often expose no positive
sites, and tumor resection is therefore directed by the
localization of cortical regions that contained no stimu-
lation-induced language or motor function (i.e., “nega-
tive” sites). This “negative mapping” strategy represents
a paradigm shift in language mapping technique by elim-
inating the neurosurgeon’s reliance on the positive site
control in the operative exposure, thereby allowing for
minimal cortical exposure overlying the tumor, less ex-
tensive intraoperative mapping, and a more time-efficient
neurosurgical procedure.

VARIABILITY IN CORTICAL LANGUAGE
LOCALIZATION

Prediction of cortical language sites through classic
anatomical criteria is inadequate in light of the signifi-
cant individual variability of cortical organization,8–11

the distortion of cerebral topography from tumor mass
effect, and the possibility of functional reorganization
through plasticity mechanisms.12–14 A consistent finding
of language stimulation studies has been the identifica-
tion of significant individual variability among patients.9

Speech arrest is variably located and can go well beyond
the classic anatomical boundaries of Broca’s area for
motor speech. It typically involves an area contiguous
with the face-motor cortex, and yet in some cases is seen
several centimeters from the sylvian fissure. This vari-
ability has also been suggested by studies designed to
preoperatively predict the location of speech arrest based
on the type of frontal opercular anatomy15 or using func-
tional neuroimaging.16–22 Similarly, for temporal lobe
language sites, one study of temporal lobe resections
assisted by subdural grids demonstrated that the distance
from the temporal pole to the area of language function
varied from 3 to 9 cm.23 Functional imaging studies have
also corroborated such variability.24 Furthermore, be-
cause functional tissue can be located within the tumor
nidus,25 the standard surgical principle of debulking tu-
mor from within to avoid neurologic deficits is not al-
ways safe. Consequently, the use of intraoperative cor-
tical and subcortical stimulation to accurately detect
functional regions and pathways is essential for safely
removing dominant hemisphere gliomas to the greatest
extent possible.

AVOIDANCE OF FUNCTIONAL LANGUAGE
DEFICITS AFTER AWAKE MAPPING

Intraoperative cortical stimulation has yielded crit-
ical data regarding essential language sites, which
seem to be organized in discrete mosaics that occupy
a much smaller area of cortex than that described by
traditional language maps.26–28 Interestingly, the ma-
jority of these language sites are surrounded by cortex
that produce no language errors when stimulated.29 In
the temporal lobe, identification of speech areas within
the superior and middle temporal gyri have been doc-
umented within 3 cm of the temporal lobe tip.9 In this
region, the distance of the resection margin from the
nearest language site is the most important variable in
predicting the improvement of preoperative language
deficits. Accordingly, if the distance of the resection
margin from the nearest language site is greater than 1
cm, significantly fewer permanent language deficits
occur.30 Strict adherence to this principle when oper-
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ating in any region of the dominant hemisphere can
substantially reduce the risk of inadvertently resection
functional tissue.

PATIENT SELECTION AND THE ROLE OF
FUNCTIONAL IMAGING FOR LANGUAGE

LOCALIZATION

Because the need to preserve cortical language
function must be balanced with the goal of maximal
tumor resection, intraoperative language mapping is
advocated by some as the rule, rather than the excep-
tion.31 The greatest risk of tumor recurrence is located
within 2 cm of the contrast enhancing rim on imaging
studies,32,33 supporting the concept that the resection
should ideally go beyond the gross tumor margin ap-
parent on preoperative imaging. However, because of
the infiltrating nature of gliomas, it is more than likely
that a portion of the mass will occupy, or be contin-
uous with, functional tissue. Again this emphasizes the
need for cortical stimulation mapping to avoid injuring
these critical areas, particularly language pathways.
Although it is classically believed that patients who
are neurologically intact or minimally affected preop-
eratively have their functional pathways either dis-
placed or obliterated by infiltrative tumors, we now
know that normally functioning language, motor, or
sensory tissue can blend with the tumor.25 Therefore,
it is not only patients with tumors located within the
frontal operculum that benefit from intraoperative lan-
guage mapping, but also those with lesions in prox-
imity to this region, as there is significant variability in
this region’s anatomical and functional organiza-
tion.15,34

Functional imaging has experienced considerable ad-
vances in both technology and availability, raising the
question of whether it may supplant intraoperative cor-
tical stimulation mapping. Devices such as functional
MRI, positron emission tomography, and magnetoen-
cephalography may aid in the preoperative planning of
the surgical resection strategy, but these techniques re-
main too imprecise for complex functions such as lan-
guage mapping; their sensitivity (positron emission to-
mography, 75%; functional MRI, 81%) and specificity
(positron emission tomography, 81%; functional MRI,
53%) are suboptimal.24,35 These modalities highlight lan-
guage-associated areas of indeterminate significance,36 and
they do not offer real-time intraoperative information.
Consequently, for the identification of functional lan-
guage pathways and guidance of safe tumor removal,
these diagnostic imaging tools are still only supplements,
not substitutes, for direct intraoperative stimulation map-
ping.

SPECIALIZED NEUROANESTHESIA FOR
THE AWAKE CRANIOTOMY

An experienced neuroanesthesia team is of paramount
importance in not only achieving an accurate intraoper-
ative language map, but in assuring a short and uncom-
plicated postoperative recovery. As compared to asleep
craniotomies, awake craniotomies are associated with
less procedural morbidity and fewer postoperative com-
plications,31 which is a testimony to the safety of the
neuroanesthetic regimen for awake mapping.
In our practice, patients are premedicated with mida-

zolam and monitoring, including a blood pressure cuff
and an axillary temperature probe, which is applied prior
to positioning. Sedation is achieved with propofol (up to
100 �g/kg/min) and remifentanil (0.05 �g/kg/min and
higher). Propofol/remifentanil boluses are also used for
Foley insertion and Mayfield head holder pin application.
As an additional measure, the neurosurgeon provides
scalp analgesia with generous injection of lidocaine/mar-
caine. Once the bone flap is removed, all sedatives are
discontinued and the patient is asked to hyperventilate
prior to dural opening. The dura is then infiltrated with
lidocaine around the middle meningeal artery to avoid
the discomfort associated with dural opening. No seda-
tives are administered during mapping and intravenous
methohexital (10 mg/mL), as well as topical ice cold
Ringer’s solution were available for seizure suppres-
sion.37 Once mapping is complete, sedation is achieved
with dexmedetomidine (up to 1 �g/kg/min) and remifen-
tanil (0.05 �g/kg/min and higher).

CURRENT INTRAOPERATIVE LANGUAGE
MAPPING TECHNIQUES

In general, a limited craniotomy should expose the
tumor and up to 2 cm of surrounding brain. Using bipolar
electrodes, cortical mapping is started at a low stimulus
(1.5 mA) and increased to a maximum of 6 mA, if
necessary. A constant-current generator delivers biphasic
square wave pulses (each phase, 1.25 ms) in 4-second
trains at 60 Hz across 1-mm bipolar electrodes separated
by 5 mm. Stimulation sites (approximately 10 to 20 per
subject) can be marked with sterile numbered tickets.
Throughout language mapping, continuous electrocorti-
cography should be used to monitor afterdischarge po-
tentials, and therefore eliminate the chance that speech or
naming errors are caused by subclinical seizure activity.
Some groups advocate the use of language mapping
along subcortical white matter pathways, as well.38,39

Speech arrest is based on blocking number counting
without simultaneous motor response in the mouth or
pharynx. Dysarthria can be distinguished from speech
arrest by the absence of perceived or visible involuntary
muscle contraction affecting speech. For naming or read-
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ing sites, cortical stimulation is applied for 3 seconds at
sequential cortical sites during a slide presentation of line
drawings or words, respectively. All tested language
sites should be repeatedly stimulated at least three times.
A positive essential site can be defined as an inability to
name objects or read words in 66% or greater of the
testing per site. In all cases, a 1-cm margin of tissue
should be measured and preserved around each positive
language site to protect functional tissue from the resec-
tion.40 The extent of resection is directed by targeting
contrast-enhancing regions for high-grade lesions and
T2-hyperintense areas for low-grade lesions.

FUNCTIONAL OUTCOME AFTER LANGUAGE
MAPPING FOR DOMINANT HEMISPHERE

GLIOMAS

Despite the considerable evidence supporting the use
of intraoperative cortical stimulation mapping of lan-
guage function, the efficacy of this technique in preserv-
ing functional outcome after aggressive glioma resection
remains poorly understood. Nevertheless, the long-term
neurological effects after using this technique for large,
dominant-hemisphere gliomas are important to define to
accurately advocate its use.41

Our experience with 250 consecutive dominant hemi-
sphere glioma patients (World Health Organization
grades II-IV) suggests that functional language outcome
after awake mapping can be favorable, even in the setting
of an aggressive resection.42 Overall, 159 of these 250
patients (63.6%) had intact speech preoperatively. At 1
week postoperatively, 194 patients (77.6%) remained at
their baseline language function, whereas 21 (8.4%)
worsened and 35 (14.0%) had new speech deficits. How-
ever, by 6 months, 52 (92.8%) of 56 patients with new or
worsened language deficits returned to baseline or better,
and the remaining 4 (7.1%) were left with a permanent
deficit. Interestingly, among these patients, any addi-
tional language deficit incurred as a result of the surgery
improved by 3 months or not all (FIG. 1). Thus, using
language mapping, only 1.6% (4 of 243 surviving pa-
tients) of all glioma patients had a permanent postoper-
ative language deficit develop. One explanation for this
favorable postoperative language profile may be our
strict adherence to the “1-centimeter rule,” first described
by Haglund et al.,30 which demonstrated that a resection
margin of 1 cm or more from a language site for temporal
lobe tumors significantly reduces postoperative language
deficits.

TAILORED CRANIOTOMIES AND THE
VALUE OF NEGATIVE LANGUAGE MAPPING

In contrast to the classic mapping principles practiced
in epilepsy surgery in which 95 to 100% of operative

fields contain a positive language site, a paradigm shift is
emerging in brain tumor language mapping, in which
positive language sites are not always found prior to
resection (FIG. 2). In our practice, because of our use of
tailored cortical exposures, less than 58% of patients
have essential language sites localized within the opera-
tive field. Our experience suggests that it is safe to use a
minimal exposure of the tumor and resect based on a
negative language map, rather than rely on a wide cra-
niotomy to find positive language sites well beyond the
lesion. However, language mapping techniques such as
this are generally more successful and safer at high-
volume neurosurgical centers.
Negative language mapping, however, does not nec-

essarily guarantee the absence of eloquent sites. Despite
negative brain mapping, permanent postoperative neuro-
logic deficits have been reported.31 In our experience
with 250 consecutive dominant hemisphere glioma pa-
tients, all 4 of our patients with permanent postoperative
neurologic deficits had no positive sites detected prior to
their resections. Other cases of unexpected postoperative
deficits have also been attributed to progressive tumor
infiltration into functional areas.43 Furthermore, both in-
traoperative stimulation and functional imaging tech-
niques have provided evidence for redistribution of func-
tional neural networks in cases of stroke,13,44,45 congenital
malformations,46,47 brain injury,48 and tumor progres-
sion.13,14,49 Not surprisingly, it has been hypothesized that
brain infiltration by gliomas leads to reshaping or local
reorganization of functional networks as well as neosyn-
aptogenesis.50,51 This would explain the frequent lack of
clinical deficit despite glioma growth into eloquent brain
areas,13,49,52 as well as the transient nature of many post-
operative deficits. In the case of language function lo-
cated in the dominant insula, the brain’s capacity for
compensation of functional loss has also been associated

FIG. 1. Temporal profile of language deficit resolution after re-
section of dominant hemisphere gliomas.
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with recruitment of the left superior temporal gyrus and
left putamen.52

AN EVIDENCE-BASED APPROACH TO
UNDERSTANDING THE VALUE OF EXTENT

OF RESECTION

Microsurgical resection remains a critical therapeutic
modality for all gliomas.53–56 However, there remains no
general consensus in the literature regarding the efficacy
of extent of resection in improving patient outcome.57–63

With the exception of World Health Organization grade
I tumors, gliomas are difficult to cure with surgery alone,
and the majority of patients will experience some form of
tumor recurrence. Patients with glioblastomas have me-
dian survival rates of 12.2 to 18.2 months,64 whereas
those with anaplastic astrocytomas can expect to survive
41 months, on average.65 Low-grade gliomas carry a
better prognosis, although the vast majority of patients
eventually die of their disease and 5-year survival per-
centages range from 42 to 92% in the literature.66–73

For all gliomas, the identification of universally-appli-
cable prognostic factors and treatment options remains a
great challenge. Among the many tumor- and treatment-
related measurements, only patient age and tumor histol-
ogy have been identified as reliable predictors of patient
prognosis, although functional status can also be statis-

tically significant. Surprisingly, despite significant ad-
vances in brain tumor imaging and intraoperative tech-
nology during the last 15 years, the effect of glioma
resection in extending tumor-free progression and patient
survival remains unknown.
Although low-grade and high-grade gliomas are dis-

tinct in their biology, clinical behavior, and outcome,
understanding the efficacy of surgery remains equally
important for each. With this in mind, an examination of
the modern neurosurgical literature (1990 to present)
reveals clues as to the role of extent of resection in
glioma patient outcome (FIG. 3).

Low-grade glioma extent of resection studies
Twenty studies66–71,74–87 since 1990 have applied sta-

tistical analysis to examine the efficacy of extent of
resection in improving survival and delaying tumor pro-
gression among low-grade glioma patients. Five of these
studies included volumetric analysis of extent of resec-
tion.78,79,83,86,88 Of the nonvolumetric studies, 12 dem-
onstrated evidence supporting extent of resection as a
statistically significant predictor of either 5-year survival
or 5-year progression-free survival. These studies were
published from 1990 to 2005, and a combination of
multivariate and univariate analyses to determine statis-
tical significance was most commonly used. In most
instances, extent of resection was defined on the basis of

FIG. 2. Negative language map indicating the percentage of negative stimulations per square centimeter of the dominant cerebral
hemisphere.
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gross-total versus subtotal resection. Interestingly, only
three nonvolumetric studies did not support extent of
resection as a predictor of patient outcome. However,
none of these reports evaluated progression-free survival,
but instead focused solely on 5-year survival. Of the five
volumetric low-grade glioma studies reviewed, four
demonstrated statistical significance based on 5-year sur-
vival. For their statistical analyses, each study divided
the extent of resection percentages into two categories,
although the cutoff threshold was different in each pub-
lication and varied from 75 to 100%.

High-grade glioma extent of resection studies
Thirty studies40,56,65,89–114 since 1990 have applied

statistical analysis to examine the efficacy of the extent
of resection in improving survival and delaying tumor
progression among high-grade glioma patients. Four of
these studies included volumetric analysis of extent of
resection.40,56,65,108 Of the nonvolumetric studies, 16
demonstrated evidence supporting extent of resection as
a statistically significant predictor of either time to tumor
progression or overall survival. Although some of these
reports showed extent of resection to significantly affect
both tumor progression and overall survival, every study

showed a survival benefit. Ten studies, however, dem-
onstrated no significant benefit based on extent of resec-
tion. Notably, the distribution of adjuvant chemotherapy
and radiation treatment was comparable among all high-
grade glioma extent of resection studies. Echoing the
nonvolumetric study results, half of all high-grade volu-
metric studies showed a significant survival advantage
with greater extent of resection.
Although the high-grade studies reviewed were all

modern series conducted by expert neurosurgeons with
access to comparable operative technologies, it remains
difficult to define the many inherent disparities between
the cases described that may have biased the reported
findings. One factor that may distinguish various high-
grade glioma studies from one another is the distribution
of World Health Organization grades III and IV histol-
ogies among the study patients. After quantifying this
measurement in each publication, it remains difficult to
draw any firm conclusions regarding causality. Another
dimension of extent of resection analysis that can greatly
affect the reported findings is the method with which the
extent of resection is calculated. Although volumetric
MRI analysis is now the gold standard, many centers still

FIG. 3. Trends in the relative numbers of studies in the neurosurgical literature since 1990 statistically examining the impact of extent
of resection on patient survival.
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rely upon the surgeon’s report or two-dimensional anal-
ysis based on postoperative MRI. However, in examin-
ing the distribution of extent of resection methodologies
and comparing them to the findings for both low-grade
and high-grade gliomas, there appears to be a relatively
even distribution of techniques for each study category.

Quantification of improvement in patient outcome
For both low- and high-grade gliomas, one can define

the mean survival time associated with subtotal versus
gross-total resection in the modern neurosurgical litera-
ture. Although the level of evidence available for each
tumor category does not permit a statistical meta-analy-
sis, this measurement provides an overall estimation of
the additional survival time these studies suggest may be
gained through a greater extent of resection. Not surpris-
ingly, the effect of a greater extent of resection was more
pronounced in the low-grade glioma studies in which the
mean survival was extended from 61.1 to 90 months.
Among the high-grade gliomas, the improvement was
more modest, with an increase from 64.9 to 75.2 months
in World Health Organization grade III gliomas and from
11.3 to 14.5 months in grade IV gliomas.75–77,80–82,84,85

CONCLUSIONS

Intraoperative stimulation mapping is a reliable, robust
method to maximize resection and minimize morbidity,
even when removing gliomas within or near adjacent
language pathways. Unlike motor function, speech and
language are variably distributed and widely represented,
thus emphasizing the use of language mapping in this
particular patient population. Using modern language
mapping techniques, in conjunction with standardized
neuroanesthesia and neuromonitoring, the postoperative
language resolution profile after glioma resection may be
predictable. Specifically, in our experience, any addi-
tional language deficit incurred as a result of the surgery
will improve by 3 months or not at all. Our experience
also emphasizes the value of negative language mapping
in the setting of a tailored cortical exposure. The value of
extent of resection, however, remains less clear. Based
on the available studies for both low-grade and high-
grade hemispheric gliomas in the literature, there is
growing evidence, however, that a more extensive sur-
gical resection may be associated with a more favorable
life expectancy for both low- and high-grade glioma
patients. Because no class I evidence exists to support a
particular management paradigm, the optimal combina-
tion of surgery, a chemotherapeutic agent, and radiation
therapy remains unknown. Because it is unlikely that a
prospective, randomized study will be designed to ad-
dress these issues, retrospective, matched studies or pro-
spective observational trials may be a more practical
solution.
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