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KEY POINTS

o Significant retrospective data exist to support the hypothesis that maximal safe resection benefits
patients with glioma in terms of survival, accuracy of diagnosis, and response to chemotherapy.

e There are multiple modalities for preoperatively localizing eloquent language cortex and fibers,
including anatomic landmarks, functional magnetic resonance imaging, and diffusion tensor

imaging tractography.

o Considerable interpatient variation exists in the location of critical language areas. Thus, intraoper-
ative cortical and subcortical electrostimulation mapping remains the gold standard.

e As our knowledge of human language function advances, our view of the brain will likely evolve from
the identification of isolated areas of the cortex to a better understanding of integrated functioning

circuits.

INTRODUCTION

It is thought that the cytoreduction of gliomas is
a worthy goal and that adjuvant therapies (ie, ra-
diation, chemotherapy, immunotherapy, and so
forth) would be more effective with a smaller cell
volume leading to delayed recurrence. However,
studies looking at resection in high-grade gliomas
have had mixed results.” Although there is a con-
sensus that obtaining a histologic diagnosis and
relieving compression and mass effect are worth-
while goals, the value of further microsurgical re-
section still remains controversial. This question
becomes even more salient when considering a
glioma located in eloquent areas, such as the
language cortex. The risk of a postoperative lan-
guage deficit in these surgeries has been reported
to be as high as 26%.2 Thus, the benefit of a gross
total or near gross total resection needs to outweigh

theserisks. Although there is some inconsistency in
the literature regarding the impact of the extent of
resection on outcomes, an increasing number of
reports of both low-grade and high-grade gliomas
suggest that extensive resection is beneficial.»®#
As such, it is imperative to use all available strate-
gies to obtain safe and extensive resections to
ensure that any benefits of further resection out-
weigh the risks. The authors briefly review the liter-
ature regarding the value of the extent of resection.
They proceed to the preoperative and intraopera-
tive tools available to the neurosurgeon to distin-
guish eloquent from noneloquent language cortex
and fibers, including the emerging roles of func-
tional magnetic resonance imaging (fMRI) diffusion
tensor imaging (DTI) tractography and direct cor-
tical/subcortical stimulation in the surgical man-
agement of tumors in eloquent areas. Finally, the
authors evaluate the postoperative course of these
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patients and the effect of language deficits on their
quality of life.

RATIONALE FOR EXTENSIVE RESECTION
High-Grade Gliomas

One of the earliest and most influential retrospec-
tive studies looking at the survival benefits of a gross
total microsurgical resection for patients with glio-
blastomas was performed by Lacroix and
colleagues® more than a decade ago. In this study,
the investigators combined the results of 416 pa-
tients with newly diagnosed and recurrent glioblas-
tomas and concluded that a 98% resection was
associated with significantly improved survival.
This finding has led to the all-or-none mentality
that has existed over the last decade. This study,
however, was designed to test whether complete
or near complete resections had a survival advan-
tage over biopsy and was not designed or powered
to discover the threshold value whereby debulking
had a survival advantage over biopsy. There were
insufficient numbers of subtotal resections to per-
form this analysis."

Since that time, there was an avalanche of case
series attempting to quantify the benefit, if any, of
subtotal resection. A recent review identified 28
studies between 1990 and 2007 that compared
the outcome of patients with subtotal versus gross
total resections.” Out of these studies, 16 demon-
strated evidence that gross total resection was
a significant predictor of overall survival or progres-
sion-free survival or both. Twelve studies, how-
ever, demonstrated no significant benefit based
on extent of resection (EOR). The most quantitative
study to date used compiled case series and
Kaplan-Meier survival curve analyses, which sug-
gested that a cutoff of 78% tumor resection pro-
vides a survival advantage.* However, all of these
studies were nonrandomized and suffer from the
same statistical confounder of selection bias.
Despite some studies attempting to control for
various tumor characteristics and baseline Karnof-
sky Performance Status (KPS), the fact remains
that larger, more invasive, and difficult tumors in
older patients with poor preoperative KPS scores
are more likely to be subtotally resected, whereas
younger patients with smaller tumors are more
likely to get gross total resections.®8

Low-Grade Gliomas

The evidence for extensive resection in low-grade
gliomas (LGGs) is more persuasive than that for
high-grade gliomas. LGGs differ significantly
from their higher-grade counterparts in many
important respects. A meta-analysis identified 10
studies investigating the benefit of resection in

LGGs. Seven of the 10 studies found EOR to be
a statistically significant predictor of survival. The
survival benefit from gross total resection was
approximately 30 months more than subtotal
resection, with the average life expectancy in-
creased from 61.1 to 90.5 months.*? In regard to
LGGs, although the question of when to observe
versus intervene is still controversial, there exists
consensus that once the tumor begins to show
progression, the extent of resection does correlate
with survival and all efforts should be made to
obtain extensive resection. Besides the potential
impact on survival, other compelling reasons exist
for surgical resection, including the treatment of
mass effect; potentially increasing the efficacy of
adjuvant therapy; and, perhaps most importantly,
increasing diagnostic accuracy.

Effect of Resection on Adjuvant Therapy

There is some indication in the literature that
patients with extensive resection respond better
to adjuvant therapy. There have been 2 prospec-
tive, randomized, phase 3 studies that have shown
the efficacy of chemotherapy in patients with glio-
blastomas: one using carmustine (BCNU) wafers
(Gliadel)'® and one using temozolamide'" in glio-
blastomas. In the case of BCNU wafers, the treat-
ment was only significantly better than control in
those patients who had a greater than 90% tumor
resection. The increase in life expectancy was
modest (14.8 vs 12. 6 months; P = .01) but signif-
icant. A similar trend was seen in the trial investi-
gating the effectiveness of concurrent radiation
and temozolomide following surgical resection. "
Although this trial was not designed to examine
the extent of resection and postoperative imag-
ing was not mandated, patients were stratified
into gross total resection (39%), partial resection
(44%), and biopsy (16%). The survival advantage
of radiation with concurrent temozolamide was
greater in the gross total resection group (+4.1
months) than the partial resection group (+1.8
months) and was nonsignificant in the biopsy-
only group (+1.5 months).

Diagnostic Accuracy

Finally, and perhaps most importantly, there is
indisputable evidence that resection provides sig-
nificantly superior diagnostic accuracy over ste-
reotactic biopsy alone. Accurate diagnosis can
be evasive when the histologic characteristics
are heterogeneous. The grade of a glioma is
defined by its most aggressive area, yet the tumor
may still contain areas with less malignant fea-
tures, which, if biopsied, may result in significant
sampling and diagnostic error. Stereotactic biopsy
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series report a diagnostic yield of around 90%;
however, a diagnosis made from such a biopsy
cannot be confirmed unless the biopsy is followed
by an extensive resection. In a series of 64 patients
who had undergone stereotactic biopsy followed
by a more extensive resection, Sawaya® found
that the final diagnosis from resection was signifi-
cantly different, leading to a change in therapy in
34 patients (53%). Further, as our ability to charac-
terize gliomas on a genetic and molecular level
increases, having more stored tumor may be vital
to perform subsequent analyses and further per-
sonalized therapy.

Preventing Symptomatic Mass Effect

In patients who present with symptomatic mass
effect, surgical resection is unequivocally indi-
cated, even if the tumor involves eloquent areas.
Prior studies have shown that gross total resec-
tions are associated with better patient neurologic
performance scores than those observed after
more limited resections.®'3 Further, it is unusual
for a large high-grade glioma with contrast en-
hancement to show a significant reduction in size
after either radiation or chemotherapy, which, in
some cases, requires the surgeon to perform a
second surgery for symptomatic debulking.

PREOPERATIVE IMAGING FOR LANGUAGE
MAPPING

Given the preponderance of evidence suggesting
the importance of extensive resection, it behooves
us to identify comprehensive strategies to safely
resect gliomas without impairing eloquent function
and quality of life. This point is particularly true
when resecting tumors near or within canonical
language areas. When planning surgery near peri-
sylvian cortices in the dominant hemisphere, the
localization of language cortices is of paramount
importance in preventing postoperative deficits.
The gold standard for locating essential language
cortices has been electrical stimulation mapping
(ESM). However, this technique is not without ob-
stacles. Unlike intraoperative mapping of motor
regions, patients must be awake and able to
respond. This requirement leads to longer opera-
tive times, a higher chance of intraoperative
seizures, and the potential for considerable patient
distress. Moreover, awake intraoperative mapping
is limited to those patients who have sufficient
language ability and behavioral control to partici-
pate. Understandably, there is considerable in-
terest in additional noninvasive modalities to
identify patients in whom intraoperative awake
mapping may be of low yield or not needed at all

as well as means to make intraoperative mapping
safer and more efficient.

Anatomic Considerations

It has long been recognized that the human brain
has a stereotypical pattern of gyri and sulci. As
early as 1980, Kido and colleagues'* described
the relationship between the posterior end of the
superior frontal sulcus and the precentral sulcus.
Similarly in 1997, Yousry and colleagues' de-
scribed the omega sign as a method to identify
the hand portion of the precentral gyrus.

It was initially hoped that this link between struc-
ture and function would provide surgeons with
much-needed guidance to distinguish an eloquent
from a noneloquent cortex. However, with ad-
vances in neuro-functional imaging, we are finding
more interpatient neuroanatomical variability even
among typical patients. For example, the afore-
mentioned omega sign can either represent a
primary motor or premotor cortex.'® Other groups
have also reported variability in the functional orga-
nization of the primary sensorimotor cortices. For
example, within the precentral gyrus, the stimula-
tion of individual cortical sites has been shown to
recruit both sensory and motor phenomenon; in
other cases, stimulation has been shown to recruit
motor movements in more than 1 motor group.’”~°

The language cortices are even more variable.
While performing cortical stimulation mapping
on patients with gliomas undergoing resection,
Quinones and colleagues®® found more than 4
cm of variability in the localization of speech arrest
when using classical anatomic landmarks. This
finding may be because the cortical representation
of speech is more complex than the motor cortex,
with multiple essential and nonessential speech
areas throughout the frontal, temporal, and pari-
etal lobes. Fortunately, although the location of
essential speech areas is variable among indi-
viduals, once it is found it is typically small and
discrete.?!

However, the difficulty still remains in predicting
where the essential language areas will be in any
individual patient. Although it is difficult to posi-
tively predict where vital areas will be, it is easier
to define where they will not be. Ojemann and
colleagues®® reported that the posterior inferior
frontal region is essential in 79% of patients,
whereas the anterior middle temporal gyrus is
essential in only 5% of patients. In perhaps the
most extensive study of intraoperative mapping,
Sanai and colleagues?®® tested 3281 cortical sites
in 250 patients. In the 151 patients in whom the
frontal lobe was tested, only 92 (60.9%) had
essential areas of language that were identified
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on ESM. Further subdividing the frontal lobe
squares revealed that even the most prevalent
areas only yielded speech arrest in less than
25% of the stimulations.

The presence of an intracranial neoplasm seems
to further compound this variability. Intracranial
lesions can affect functional localization in 3
ways. First, developmental and vascular lesions
may affect how the overlying cortex develops
and which functions it assumes. Two studies
have noted a greater preponderance of right-
sided language lateralization in patients with ce-
rebrovascular malformations.?4?% Further, in
patients with left temporal lobe epilepsy, earlier
age of onset has been associated with a greater
likelihood of right-sided or bilateral language
lateralization.?6:27

Second, intracranial pathologic conditions can
lead to functional reassignment. Developmental
lesions, destructive injuries, and malignancies
acquired in adulthood can all lead the brain to
compensate by reassigning neurologic functions
to other areas of the cortex.?® Lucas and colleagues
compared language maps in patients with acquired
pathologic conditions (gliomas, subarachnoid hem-
orrhage, and traumatic brain injury) with age-
matched controls and found significant migration
of language function to the nondamaged cortex in
the pathologic group. The best evidence for this
phenomenon is that, in stark contrast to ischemic
stroke, LGGs rarely present with acute neurologic
deficits. In fact, language mapping of patients with
LGGs demonstrate multiple patterns of reorganiza-
tion and compensation.?® Robles and colleagues®
reported on 2 patients in whom maps of eloquent
language cortices changed between surgeries
spaced by several years, allowing a multistage
surgical approach for the resection of LGGs in
eloquent cortices.

Third, the effect of intracranial disease on the
accuracy of the imaging modality is unclear,
possibly leading to disease-related imaging arti-
facts. It has long been suspected that fMRI cannot
be used to map eloquent cortices adjacent to arte-
riovenous malformations (AVMs) because AVMs
may alter the perfusion-dependent response that
fMRI relies on or because AVMs cause suscepti-
bility artifacts that can interfere with the detection
of the blood oxygen level-dependent fMRI re-
sponse. To investigate this claim, the authors’
group specifically tested the accuracy and reli-
ability of blood oxygen level-dependent fMRI
mapping in patients with vascular malformations
and found that fMRI is highly sensitive and specific
for determining language localization in patients
with vascular malformations, even directly adja-
cent to these lesions.®’ In the authors’ practice

at the University of California, Los Angeles, it was
found that relying on anatomic localization alone
fails to identify up to 25% of the cases in which
preoperative mapping (described later) suggested
that awake intraoperative ESM mapping was
necessary to achieve extensive resection.

fMRI

Recently, the use of fMRI has increased in preva-
lence. The use of the technology has expanded
from simple language lateralization to specific
language localization. fMRI works by detecting
localized changes in blood flow and metabolism
that is coupled to neuronal activity, such as during
word language exercises. In contrast to ESM in
which only essential cortices are identified, fMRI
detects changes in all cortices (essential or not)
that are activated during language tasks, resulting
in an overly sensitive but nonspecific language
map. A recent meta-analysis by Giussani and
colleagues®? identified 9 reports in the literature
of case series in which patients with surgical
lesions in the eloquent language cortex underwent
preoperative fMRI followed by intraoperative elec-
trocortical stimulation (ECS). Of the 9 studies
cited, 5 of them computed a sensitivity and spec-
ificity of fMRI in comparison with ECS as a gold
standard. The sensitivities ranged from 59% to
100% and the specificities ranged from 0% to
97%. The investigators stated that the varied
methods and results used in these studies pre-
cluded any definitive conclusions about the utility
of fMRI in preoperative planning. At this point,
fMRI is not universally reliable and depends largely
on the quality of the equipment and expert analysis
and interpretation. Besides variability across in-
stitutions, the variability within a subject across
cortices (frontal vs temporal vs parietal) is also
not fully understood.

Despite its potential limitations, fMRI has been
demonstrated at several institutions to be of value
in identifying patients who require awake intrao-
perative language mapping and in identifying
cortical regions that must be specifically interro-
gated intraoperatively for eloquence, thereby facil-
itating intraoperative awake mapping and making
it more time efficient.

DTI Tractography

Gliomas often grow along white matter tracts in an
infiltrative fashion. The method of DTl is a modifica-
tion of diffusion-weighted imaging that is sensitive
to the preferential diffusion of water along white
matter fibers and can detect subtle changes in
white matter structure and integrity.®® Over the
past 5 years, the authors have routinely integrated
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DTI into the preoperative evaluation of patients
harboring brain tumors (Fig. 1). This imaging
modality can be used in a variety of capacities.
For example, DTl can be used to differentiate
normal white matter from edematous brain and
nonenhancing tumor margins. More commonly,
however, DTI has been used to evaluate the effect
of intraparenchymal tumors on adjacent white
matter tracts, including displacement, infiltration,
and possible disruption by the tumor. Likewise,
combined with functional imaging data (eg,
fMRI), DTI has been used to identify the subcor-
tical connections between essential eloquent
cortices. This identification provides the surgeon
with invaluable 3-dimensional information about
spatial relationships of eloquent structures and
their connectivity intraoperatively. It should be
noted that DTl provides only anatomic and not
functional information. Despite this limitation, the
use of this technology can be useful in aiding the
resection of tumors in the eloquent brain.3*%% For
instance, DTI, when combined with 3-dimensional
intraoperative guidance, may be used to locate the
pyramidal tracts in patients with insular gliomas or

MR 73 (Axial)
Sagittal

the arcuate fasciculus between the Broca area and
Wernicke area.

INTRAOPERATIVE LANGUAGE TESTING
AND ESM
ECS

Penfield introduced the method of direct cortical
stimulation to assess motor function in the clinical
setting in 1961.%6 Electric stimulation was delivered
to the brain under local anesthesia to determine if
there were any visible muscle contractions. Since
that time, the awake craniotomy has become
more sophisticated and allows the neurosurgeon
to perform intraoperative electrical brain mapping
with minimal risk (Fig. 2). Several studies have
shown effective resection in eloquent areas previ-
ously thought to be inaccessible.3”~° In a clinical
case series by De Benedictis and colleagues,®®
the investigators reviewed the literature for 13
case series of patients with gliomas who under-
went resection with intraoperative awake ECS
mapping.®® Of the 1460 patients reviewed, the
severe permanent postoperative complication

Legend:

PreCG
AF

SMA Fibers

Fig. 1. fMRI and DTI tractography. (A) fMRI demonstrates areas of activation during language exercises. (B)
Preoperative neuro-navigational imaging showing fMRI and DTI tractography fused to anatomic MRI to demon-
strate important areas for intraoperative navigation. AF, arcuate fasciculus; BA, Broca area; BTLA, basal temporal
language area; PreCG, precentral gyrus; SMA, supplementary motor area; WA, Wernicke area.
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Fig. 2. ECS mapping. (A) Intraoperative photograph of ECS. (B) Results of intraoperative testing demonstrating
essential (letters) and nonessential (blank) areas of cortex.

rate was 4.1% compared with a historical control of
19.0%.*" Only 3 studies compared intraoperative
mapping with traditional resection.

In the first of these studies, Reithmeier and
colleagues* compared 42 patients who under-
went ECS with 28 pair-matched controls who
underwent resection between 1994 and 1997.
The investigators noted a 14% incidence of post-
operative deficit compared with a 29% incidence
in the control group. In a study by Duffau and
colleagues,*' the investigators compared 100
patients with supratentorial LGGs undergoing tra-
ditional resection from 1985 to 1996 with 122
patients with similar tumors undergoing resection
with intraoperative ECS mapping from 1996 to
2003 by the same surgical faculty. The investiga-
tors noted a 6% gross total resection rate and
17% severe permanent deficit rate in the control
group compared with 25.4% and 6.5% in the
awake intraoperative mapping group. In the third
study, the investigators performed a re-resection
using ECS on 9 patients who had undergone
subtotal resections at another hospital for gliomas
in the eloquent (defined as language or sensory
motor) cortex. Five of the 9 patients were able to
receive gross total resections. The investigators
further noted that although only 6 of the 9 were
able to work before surgery, all 9 were able to
work after surgery.*®

Negative Mapping

The first surgeries to use ECS mapping techniques
were for epilepsy. These surgeries were typically
done with large craniotomies to expose not only
the region of surgical interest but also multiple
other cortical sites involved in language produc-
tion (positive sites). Until recently, it has been

thought 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 iden-
tify positive language sites in 95% to 100% of
the operative exposures.?® However, the current
trend is toward the identification of negative sites
in which smaller tailored craniotomies often ex-
pose no positive functional language sites. Tumor
resection is, therefore, directed by the localization
of cortical regions that, when tested, contain no
stimulation-induced language or motor function,
which has led to less-extensive intraoperative
mapping and a more time-efficient neurosurgical
procedure.*

Direct Subcortical Stimulation

In addition to the identification of eloquent cortical
brain areas, there is increased interest in using in-
traoperative direct subcortical stimulation (DSS) to
functionally identify critical and eloquent white
matter tracts that also must be preserved. DSS is
similar to ECS in that it is performed intraopera-
tively with a awake patients; but instead of stimu-
lating the cortex, the underlying white matter at the
depths of the tumor resection cavity are interro-
gated. Because of the increased time required
for the mapping of subcortical structures (relative
to that required just for cortical mapping), subcor-
tical mapping is often limited with respect to the
number of tasks that can be performed before
patients become too fatigued to cooperate. As
an application of this concept, Lang and col-
leagues*® used DSS on a series of insular gliomas
but asserted that the technique did not give suffi-
cient warning for the surgeon to alter his or her
technique but rather served to inform the surgeon
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of damage that was already done. It should be
noted that the surgeons stated that the “subcor-
tical stimulation was used infrequently during
tumor resection.”® As such, critical damage may
have occurred in between stimulations. Regard-
less of this experience, ECS associated with DSS
is a potentially useful technique for preserving
function and has been used by several surgeons
to establish functional boundaries of tumors to
guide maximal and safe resections to minimize
both residual tumor and postoperative deficits.*®

Neuropsychological Testing

As our technology of functional mapping improves,
so does our understanding of the neuro-functional
organization of the ability to understand and pro-
duce language. This, in turn, guides our clinical
use of neuropsychological testing. By studying
patients with strokes and traumatic brain injuries,
it is clear that the language system can be sep-
arated into distinct subfunctions that can be
selectively damaged or spared during surgical
resections.

Surgeons and neuropsychologists have tradi-
tionally focused on naming exercises during intra-
operative testing. However, the use of language
requires numerous subcategories of function:
semantics, pronunciation, inflection, prosody, con-
notation, sublexical procedures, reading, and writ-
ing. Further, each of these subcategories can have
varying degrees of dysfunction. For these reasons,
a thorough preoperative neuropsychiatric lan-
guage evaluation is crucial before any surgical
resection in eloquent brain areas.*”

The first goal of neuropsychological testing is to
provide a baseline for intraoperative and all post-
operative evaluations. At a minimum, these evalu-
ations should include sublexical processing,
semantic and lexical knowledge, syntax, verbal
short-term memory, and the ability to process
auditory and visual stimuli as well as produce
written and oral responses.

The second goal is to identify the most critical
and feasible tasks for intraoperative testing. The
list of tasks tested intraoperatively should include
those that are both likely to be at risk during the
surgery and functional at baseline. In regard to
the former, when approaching a lesion in the supe-
rior temporal gyrus, a phoneme-discrimination
task or a word picture with phonological foils will
be appropriate considering the role played by
this region in speech perception.*® In other areas,
simple picture naming may be sufficient or naming
may need to be combined with comprehension,
such as pairing an object with its intended action
or naming an object both verbally and in written

form. Of note, the tested function need not be
completely unimpaired. Making a preoperative
deficit worse may be more devastating in some
cases than causing a new postoperative deficit.
Many language functions are not all-or-none
phenomena but rather have different gradations
of function. For example, a patient may have
a mild lexical impairment for nouns (pure anomia).
This type of deficit affects uncommonly used
nouns more often that commonly used ones.
Preoperatively, a list can be made of nouns that
patients can name without error for use during
the manipulation of suspected eloquent areas.
Finally, the list of tasks must be defined and finite
in length and performed in a reasonable amount
of time so as to not excessively extend the opera-
tive time or cause patient fatigue.

Technical Considerations

The sensitivity and specificity of intraoperative
language mapping also depends heavily on the
neurosurgeon’s skill. First and most simply, the
intensity of the stimulation can affect the map
produced. Low-intensity stimulation may be insuffi-
cient to affect the target, whereas high-intensity
stimulation can excite neighboring areas, which
leads to afterpotentials and false positives. Second,
although most surgeons stimulate each area more
than once, the number of stimulations differs
among practitioners, as does the number and types
of errors tolerated to define an essential language
area. The electrical stimulation may produce an
error at any of a variety of levels from simple dysar-
thria to true lexical semantic errors (tip-of-the-
tongue states). Thus, the usefulness and benefit
of intraoperative ECS and DSS mapping and,
hence, the functional outcome of patients may
vary depending on the experience of the surgeon
with these techniques.

POSTOPERATIVE GOALS AND ASSESSMENT

The aim of any brain tumor treatment extends well
beyond increasing survival. Palliation of symptoms
and the maintenance/improvement of quality of
life are important goals of any therapeutic inter-
vention. Thus, the benefits of existing or new treat-
ments need to be weighed against the side effects
and possible impairment of patients’ quality of life.

Aphasia and related language disabilities have
wide-ranging impacts on the lives of those impaired
and their families. These impacts can affect employ-
ment, social interactions, and familial roles regard-
less of how severe the linguistic impairment may
be. Adults with aphasia and their relatives report
numerous negative consequences of aphasia:
changes in communication situations, changes in
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interpersonal relationships, difficulty controlling
emotions, physical dependency, loss of autonomy,
restricted activities, fewer social contacts, and
recurring feelings of loneliness and despair.*®

Surgeons tend to follow their patients through-
out their inpatient course and for variable periods
of time after discharge. As such, many surgeons
may underestimate the potential for rehabilitation
in the acute postoperative period. For many years,
treatment of high-grade gliomas was considered
palliative and neurologic rehabilitation was ne-
glected. However, it is increasingly recognized
that many patients who have undergone resection
of gliomas in eloquent regions have significant
functional impairment. Furthermore, these impair-
ments can be responsive to rehabilitative physical,
occupational, and speech therapy with corre-
sponding improvements in functional status.
Recently, studies have begun to compare the
rehabilitative potential of patients with gliomas
with those of patients who have had a stroke and
found these two populations to be comparable in
functional recovery.®® Although many of these
studies have used outcome tests that include
language disturbances as a parameter, none
have been sufficiently powered to look at language
deficits specifically. Further outcome studies in the
area of functional language recovery following
glioma surgery are warranted.

Over the last several decades, neuroscientists
and neurosurgeons have moved from a localiza-
tionist view of language in which language function
was contained in discreet areas of neuronal cortex
to an associationist view in which the visual and
auditory linguistic information was processed in
discreet cortical sites and then transported through
subcortical white matter connections that are
equally important.' As our white matter tractogra-
phy imaging and DSS techniques improve and we
are better able to map out and test functional
connections, we may find that language follows
a connectionist model, with multiple centers pro-
cessing information in parallel. From Mesulam’s
large-scale neural network model of language in
particular, it seems that there are 2 parallel path-
ways, the dorsal phonological stream and the
ventral semantic stream, which converge to a
common final tract allowing speech production.5?
Furthermore, the network is modulated by corti-
co-striato-pallido-thalamo-cortical loops. The next
step to progress in the understanding of the brain
connectivity might be a more accurate analysis of
the interactions between the language circuit and
the networks underlying the other cognitive func-
tions, in particular the visuospatial component in
which the role of the superior fronto-occipital
fasciculus has been emphasized.>®

The future neurosurgeon will need to be aware
of how these different systems function in concert
and identify which are peripherally involved with
function versus essential to function. Additionally,
neurosurgeons will need to understand and re-
spect the role of subcortical structures and their
associated connections because studies of stroke
have taught us that lesions in the white matter can
be significantly more damaging and debilitating
than those found on the overlying cortex.*®

SUMMARY

Although a clinical trial comparing biopsy with
resection is not feasible, there exists sufficient
retrospective uncontrolled evidence to conclude
that a safe maximal resection will lead to the
best outcome in most patients with glioma. A post-
operative deficit in addition to an already debili-
tating disease can have serious and devastating
consequences on a patient’s quality of life. Identi-
fication and preservation of eloquent language
regions in the brain are of critical importance to
the neurosurgeon. As our understanding of the
mechanisms of human speech and language
expands, it is hoped that we will be better able to
use current and future noninvasive imaging tech-
niques to predict which areas of cortex and white
matter are likely essential for speech production
and language comprehension.
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