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Over the past 2 decades, extent of resection has emerged as a significant prognostic factor in
patients with low-grade gliomas (LGGs). Greater extent of resection has been shown to
improve overall survival, progression-free survival, and time to malignant transformation. The
operative goal in most LGG cases is to maximize extent of resection, while avoiding
postoperative neurologic deficits. Several advanced surgical techniques have been developed
in an attempt to better achieve maximal safe resection. Intraoperative magnetic resonance
imaging, fluorescence-guided surgery, intraoperative functional pathway mapping, and neuro-
navigation are some of the most commonly used techniques with multiple studies to support
their efficacy in glioma surgery. By using these techniques either alone or in combination,
patients harboring LGGs have a better prognosis with less surgical morbidity following tumor

resection.
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Introduction

Low—grade gliomas (LGGs) constitute approximately 15%
of the nearly 19,000 primary brain tumors diagnosed in
adults each year."” Most LGGs are detected in healthy patients
with good neurologic status following a seizure. LGGs tend to
occur in locations adjacent to eloquent areas of the cortex.” A
common location for these tumors in adults is in the supra-
tentorial region, frequently involving the supplementary motor
cortex and insula. This presents a formidable operative
challenge for neurosurgeons, as the location of tumors near
eloquent cortex limits extent of resection and increases the
likelihood of postoperative neurologic deficits.*”

Although recent advances have been made in chemotherapy
and radiation therapy for LGG, surgical resection remains
essential to its management. A growing body of literature
supports the claim that a greater extent of resection leads to a
significant survival benefit.”'” Extent of tumor resection has
become a strong predictor of patient outcomes, alongside
patient age, performance status, tumor histology, and molec-
ular genetics (isocitrate dehydrogenase-1 and 1p/19q

Department of Neurosurgery, University of Michigan, Ann Arbor, ML

The authors declare no conflicts of interest.

Address reprint requests to Daniel A. Orringer, MD, Department of Neuro-
surgery, University of Michigan, 1500 East Medical Center Dr, Room 3552
TC, Ann Arbor, MI 48109-5338. E-mail: dorringe@med.umich.edu

http//dx.doi.org/10.1016/j.semradonc.2015.02.007
1053-4296/© 2015 Elsevier Inc. All rights reserved.

codeletion status).">* Over the past 2 decades, surgeons
have emphasized the importance of maximizing extent of
resection and its effect on overall survival, progression-free
survival, and time to malignant transformation.

Maximizing the extent of resection while preserving neuro-
logic function is the central tenet of LGG surgery. In light of the
fact that LGGs occur in younger patients with good neurologic
function near eloquent areas of the brain, advanced surgical
techniques have been developed to aid in improving the extent
of resection of LGG because of the difficulties in distinguishing
tumor tissue from normal brain intraoperatively. In the
following review, we examine the current literature describing
the role of extent of resection in the management of LGG,
highlighting the most significant studies that demonstrate its
importance for overall prognosis. In addition, we provide an
overview as well as supporting evidence for the use of
advanced surgical techniques in the operative treatment
of LGG.

Evidence for Extent of Resection

A review of the neurosurgical literature since 1990 produced
17 studies analyzing the efficacy of extent of resection on
progression-free and overall survival in LGG (Table 1).7719:21-26
The evidence before 1990 is ambivalent; although many
studies demonstrated a trend toward greater overall survival
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Table 1 Overview of Literature on Extent of Resection in Low-Grade Glioma

Overall Survival Nonvolumetric Studies

No. of Patients

Volumetric Studies No. of Patients

North et al”®
Philippon et al'®
Rajan et al'*
Leighton et al'"
Nakamura et al'?
Yeh et al'®
McGirt et al®®
Ahmadi et al”’
Chaichana et al*?
Jakola et al'®

Benefit

Whitton and Bloom?®
Bauman et al*’'
Johannesen et al**

No benefit

77 van Veelen et al'® 75
179 Claus et al® 156
82 Smith et al'” 216
167 Sanai et al'® 104
88
93
170
130
191
153

88 None to date
401
993

in patients who received gross total resection, these trends did
not reach statistical significance.””* Tt should be noted that
most of the pre-1990 studies relied on the neurosurgeon's
intraoperative judgment to gauge extent of resection. Several
studies have since suggested that a surgeon's intraoperative
assessment of tumor removal is unreliable when compared
with residual tumor identified on postoperative imaging.*”"
With the advent of magnetic resonance imaging (MRI) and the
routine practice of obtaining postoperative imaging, it is now
feasible to obtain a more reliable assessment of postoperative
residual tumor volume and extent of resection.

Studies evaluating extent of resection can be divided into
volumetric (ie, quantitative volumetric analysis used to deter-
mine percentage of extent of resection) and nonvolumetric
(qualitative assessment of residual tumor, commonly divided
into gross total, subtotal, and biopsy) categories. Of the 13
nonvolumetric studies, 10 demonstrated that extent of resec-
tion is associated with improved 5- and 10-year rates of overall
survival in a statistically significant fashion.®'?***> Statistical
significance was reached on both univariate and multivariate
analyses for all studies showing a positive benefit for extent of
resection. The 3 studies that were not statistically significant
did reveal a consistent trend toward improved overall survival
with greater extent of resection.”*#2°

A recent study by Jakola et al'’ examined different LGG
treatment approaches by comparing 2 population-based
parallel cohorts treated at either hospital A (favoring biopsy
and observation) or hospital B (favoring early resection
following diagnosis). A total of 153 patients were included in
the study (66 from hospital A and 87 from hospital B). Median
follow-up was approximately 7 years in both the groups. The
overall survival was significantly better in patients receiving
early resection (5.9-year median survival in the cohort favoring
biopsy vs no median survival reached in the cohort favoring
early resection, as more than 50% of patients were still alive).
The estimated 5-year survival was 60% and 74%, correspond-
ingly. The survival benefit remained after multivariate analysis
using known prognostic factors, including age more than
40 years, maximum tumor diameter of 6cm or more,
tumor crossing midline, neurologic deficit, and astrocytoma

histology.® Moreover, malignant transformation was signifi-
cantly decreased in the group favoring early resection, indicat-
ing that early surgical intervention may improve overall
survival by altering the natural history of LGGs.

The 4 volumetric-based studies reviewed determined that
extent of resection is a prognostic factor for overall sur-
vival.»'>!"1% The largest study examined 216 patients with
hemispheric LGGs.'” Patients with >90% tumor resection
had a 5- and 8-year overall survival rate of 97% and 91%,
respectively; patients with less complete resection had a
survival rate of 76% and 60%, respectively. After correcting
for multiple confounding variables (patient age, Karnofsky
performance status, tumor location, and histologic subtype),
the extent of resection was significantly correlated with overall
survival, along with preoperative and postoperative tumor
volume. This was the first study to demonstrate an improved
outcome in patients with LGGs, as predicted by greater extent
of resection. Collectively, the body of literature examining
extent of resection supports operative intervention as a
mainstay treatment for LGGs. Maximizing extent of resection
while preserving functional brain regions should be the
operative goal in most patients with LGGs.

Advanced Surgical Techniques

Understanding the Role of Advanced Surgical
Techniques

The objective of LGG surgery is twofold: (1) maximize tumor
removal and (2) minimize surgical morbidity and postoper-
ative neurologic deficits. Modemn surgical techniques have
emerged in an attempt to better navigate these 2 operative
obstacles. Several randomized controlled trials have now been
reported, supporting their efficacy.”’ > The major techniques
are summarized in Table 2. Most techniques have been
developed to preferentially serve one objective over the other.
For example, intraoperative MRI (iMRI) is a technique that was
developed in the 1990s to identify residual tumor radio-
graphically during tumor resection. This technique serves the
purpose of maximizing tumor removal by providing updated
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Tahle 2 Advanced Surgical Techniques in Glioma Surgery

Identification of tumor
Fluorescence-guided surgery
Intraoperative MRI
Intraoperative ultrasound
Intraoperative microscopy

Mapping functional pathways
Direct stimulation
Cortical stimulation
Subcortical stimulation
Awake craniotomy with stimulation
Functional imaging
Functional MRI
Magnetoencephalography
Positron emission tomography
Neuronavigation with functional imaging

data on extent of resection. However, currently available iMRI
does not provide real-time information on functional path-
Ways3 > When tumors occur near eloquent areas, functional
mapping serves to delineate a safe operative margin, and
consequently, it largely determines and improves extent of
resection.’

A review of the most promising surgical techniques and
technologies that aid in the identification of tumor tissue is
described. In addition, several techniques dedicated to iden-
tifying functional pathways and eloquent areas are reviewed. In
conclusion, the utility of a multimodal approach combining
several of these techniques is discussed.

Intraoperative MRI

For more than 2 decades, iMRI has been used to detect tumors
intraoperatively.””~® The advantage of iMRI over traditional
neuronavigation (which uses preoperative imaging) is its ability
to provide real-time accuracy, addressing brain shifts during
surgery secondary to cerebrospinal fluid loss, tumor removal,
and brain edema. Multiple studies have shown increased
extent of resection in LGG surgery using iMRL****"* Claus
et al®” performed a retrospective study evaluating
progression-free and overall survival rates for 156 patients
who underwent resection of LGGs using iMRI compared with
age- and histology-adjusted controls obtained from the Sur-
veillance, Epidemiology, and End Results (SEER) registry. The
1-, 2-, and 5-year death rates were 1.9%, 3.6%, and 17.6%,
respectively. These results show a significant decrease in death
rates when compared with SEER-matched controls (10%,
16%, and 29%, correspondingly).

Senft et al performed a randomized, controlled trial evaluat-
ing the effect of iMRI in glioma surgery. Patients were
randomized to either iMRI-guided surgery (study group) or
conventional microsurgery with neuronavigation (control
group).”” The primary end point was extent of resection, with
secondary end points of postoperative tumor volume and
progression-free survival at 60 months. A total of 49 patients
were included in the data analysis, with 24 patients in the iMRI
group and 25 patients in the control group. Significantly more
patients who underwent iMRI-guided surgery had complete

tumor resection (96%) when compared with the control group
(68%). Although there was no statistically significant difference
in progression-free survival between the 2 groups, the data did
show that complete resection was a strong predictor of 6-
month progression-free survival. There was no difference in
postoperative neurologic deficits between both the groups.
Importantly, no patient in whom residual tumor was identified
intraoperatively and subsequently underwent further resection
after scanning developed postoperative neurologic deficits. An
early concern that iMRI may lead to a greater risk of post-
operative neurologic deficits due to more aggressive resections
has not been realized. A review of surgical results did not show
iMRI-guided surgery to result in additional neurologic deficits,
including cases where intraoperative imaging resulted in
further, more aggressive resection.’’ Results to date support
the use of iMRI as an important tool for maximizing extent of
resection without producing additional surgical morbidity.

Fluorescence-Guided Glioma Surgery
Low-grade primary brain neoplasms frequently resemble
surrounding tissue, making it difficult to delineate normal
tissue from abnormal tissue. Fluorescence-guided surgery was
developed in an attempt to label tumor tissue with a
fluorescent biomarker to aid in the intraoperative identification
of tumor tissue. There are 2 agents that have received the
greatest amount of attention: fluorescein sodium and 5-
aminolevulinic acid (5-ALA). Although fluorescein sodium
has been studied in glioma surgery, " it suffers from significant
nonspecific staining. Presently, it has minimal value in LGG
surgery and is not discussed in detail here.

The agent 5-ALA is a naturally occurring amino acid
precursor in the heme biosynthesis pathway. Exogenous
administration of 5-ALA acts as a prodrug to the production
of fluorescent porphyrins (especially protoporphyrin IX)
within glioma cells as well as other malignant tumors. 5-ALA
fluorescence is particularly high in malignant glioma for
2 major reasons. As a water-soluble amino acid, 5-ALA does
not readily pass the blood-brain barrier, thereby preventing
accumulation in healthy brain. The breakdown of the blood-
brain barrier that occurs in glioma results in intracellular
accumulation of 5-ALA in glioma tissue. Additionally, the
heme biosynthesis pathway is upregulated in malignant
glioma, producing a favorable kinetic environment for the
production of fluorescent porphyrins from exogenous 5-ALA.

The amino acid 5-ALA is given either intravenously or orally
3 hours before the induction of general anesthesia. This allows
for tumor resection to occur at the peak fluorescent time of
6 hours following administration. Protoporphyrin IX emits a
red-violet light (wavelength: 635-704 nm) when excited by
blue light (wavelength: 400-410 nm).*** The operative
microscope can be equipped with white light for standard
microsurgery as well as a blue light both for fluorescent
excitation and optimal visualization of red-violet light emitted
from tumor tissue (Fig. 1).

In 2006, Stummer et al”’ completed a randomized,
controlled trial comparing resection of malignant glioma using
5-ALA vs resection under standard white light. Primary end
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Figure 1 Fluorescence-guided surgery using 5-ALA. Left: Standard white light intraoperative photograph using the
operative microscope. Corticectomy has been performed, and the tumor is internally debulked. Resection cavity is
visualized without clear tumor-brain interface. Right: Red-violet 5-ALA fluorescence is clearly visualized under blue filter
within residual tumor. Note this photograph was taken of a malignant glioma. The 5-ALA fluorescence in LGG requires
confocal microscopy.

points were number of patients without a contrast-enhancing
tumor on early postoperative MRI and 6-month progression-
free survival. A total of 270 patients were included in the final
analysis: 139 in the 5-ALA group and 131 in the white light
group. The trial was terminated at interim analysis as defined
by the study. Complete resection of a contrast-enhancing
tumor was achieved in 90% of patients receiving 5-ALA when
compared with 36% of patients in the white light group. The 5-
ALA group had a statistically significant greater 6-month
progression-free survival (41%) when compared with the
white light group (21%). No difference was noted in post-
operative neurologic deficits or adverse events between both
the groups. The study was not powered to assess overall
survival.

The literature on 5-ALA and fluorescence-guided glioma
surgery has been largely limited to high-grade glioma. In most
LGGs, no visible fluorescence can be detected under standard
microsurgical conditions. Intraoperative confocal microscopy
has been used in an attempt to visualize 5-ALA tumor
fluorescence in LGGs during microsurgical resection.”” An
initial study involving 10 patients confirmed that no macro-
scopic fluorescence was detected at any point during the
procedure. All patients in this study had intraoperative
fluorescence detected using the confocal microscope, and
greater than 90% extent of resection was achieved in 9 of 10
patients. Although these results are promising, a limitation of
this technique is that in 4 patients, no fluorescence was
detected at the tumor-cavity margin. A possible explanation
for this limitation lies in the inherent problem with any
technique that relies on dye delivery. In addition to heteroge-
neous delivery and nonspecific staining, labeling specificity for
tumor tissue progressively diminishes as resection proceeds
toward the tumor-normal brain margin in infiltrative tumors
such as glioma. For this reason, various approaches to label-
free techniques for tumor detection are under development.*
Despite these limitations, fluorescence-guided surgery has

emerged as an important component in the brain tumor
surgeon's armamentarium for the treatment of glioma.

Intraoperative Functional Mapping

The variability of functional pathways in the human brain has
been well described. > Reliance on anatomical landmarks for
localization of eloquent cortex, such as the primary motor
cortex, has proven to be inadequate in clinical practice and
lacks the precision necessary to minimize postoperative
deficits. "> Mass effect from adjacent tumor can distort
tissues, and the plasticity of functional pathways allows for
significant reorganization. Moreover, functional motor fibers
have been found to travel directly through tumor tissue in
LGGs, making intratumoral resection vulnerable to postoper-
ative deficits.”®”’ This variability has necessitated the use of
techniques that can reliably localize functional pathways when
tumor tissue is located near eloquent areas.

The oldest and best-described technique for identifying
functional pathways is by direct cortical stimulation. The
technique was developed in the 1930s by Penfield and
Boldrey,”® and it was largely used in epilepsy surgery. This
technique involves the application of a depolarization current
using a bipolar stimulation device. Direct stimulation depo-
larizes a focal area of cortex, exciting local neurons and
inducing either focal excitation or inhibition of function.
Numerically marked stimulation sites separated by 1 cm are
placed on the surgical field (Fig. 2). To improve accuracy and
limit subclinical seizure activity, continuous electrocorticog-
raphy is used to determine the threshold intensity at which
potential epileptiform activity occurs. All language testing is
repeated at least 2 times, and a positive site is defined as the
inability to reliably count, name objects, or read words during
stimulation.”" Language testing identifies sites responsible for
speech arrest, anomia, and alexia with stimulation testing.
Speech arrest is defined as discontinuation in number counting
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Figure 2 Intraoperative mapping of functional pathways by direct
cortical stimulation. A left pterional craniotomy was performed to
expose inferior frontal and posterior temporal regions for language
mapping. Stimulation sites are numerically marked and recorded as
either positive or negative mapping sites. Resection proceeds after a
safe location for the corticectomy has been identified. (Color version of
figure is available online.)

without simultaneous motor response. Dysarthria can be
distinguished from speech arrest by an absence of involuntary
muscle contractions affecting speech. To identify reading sites,
the same stimulation is applied during a slide presentation
of words.

Awake craniotomy for functional pathway mapping requires
an experienced neuroanesthesiologist to administer the anes-
thesia. Patients are typically premedicated with midazolam and
fentanyl before positioning for patient comfort and anxiolysis.
Sedation is achieved with propofol and remifentanil. A scalp
block using lidocaine and bupivacaine with sodium bicarbon-
ate and epinephrine is applied by the neurosurgeon, to reduce
discomfort. When positioning, preparing, and draping the
patient, it is important to allow the patient direct visual access
to the anesthesiologist and intraoperative tester. After skin
incision and removal of the bone flap, all sedatives are
discontinued. Topical ice-cold Ringers lactate solution is made
available on the surgical field, as it has been shown to prevent
or stop stimulation-induced seizure activity.””

The use of awake craniotomies in brain tumor surgery has
been shown to decrease postoperative neurologic deficits and
surgical morbidity, while safely delineating an operative margin
for resection.” Early mapping techniques used in epilepsy
surgery involved large craniotomies to widely expose the
cortex in order to identify positive controls that generated
speech arrest, motor stimulation, or inhibition. This technique
has been largely abandoned in brain tumor surgery in favor of
“negative” mapping, in which cortical stimulation proceeds by
identifying areas that fail to produce neurologic symptoms.”’
Intraoperative stimulation and identification of eloquent cortex
increases the risk of postoperative neurologic deficits, likely

because of tumor proximity to these areas. Negative mapping is
a safe alternative, allowing for tailored craniotomies, shorter
operative times, and fewer postoperative deficits. ™' Using this
technique, long-term language function after intraoperative
stimulation was evaluated in a series of 250 consecutive
patients with glioma with World Health Organization grade
[1-IV—dominant hemisphere gliomas.”" Of the patients, 58%
had at least 1 functional language site identified, and long-term
language disability was 1.6%.

A recent meta-analysis of 90 studies and 8091 patients was
completed to determine the effect of intraoperative stimulation
(cortical and subcortical) brain mapping on patient outcomes
after glioma surgery.”’ Severe neurologic deficits were
observed in 3.4% of patients after resections with intraoper-
ative stimulation mapping and in 8.2% of patients after
resections without mapping. In addition to this significant
decrease in surgical morbidity, gross total resection was
achieved in operations with intraoperative stimulation in
75% of cases, whereas only 58% of operations performed
without intraoperative mapping resulted in gross total resec-
tion. This finding provides evidence that mapping functional
pathways in tumors adjacent to eloquent cortex serves not only
to achieve its primary objective of reducing postoperative
neurologic deficits but also to increase extent of resection and
reduce postoperative residual tumor.

Frameless Stereotactic Neuronavigation

Neuronavigation has become a ubiquitous tool in brain tumor
surgery.”' Improvements in cross-sectional imaging modalities
such as computed tomography and MRI have made possible 3-
dimensional reconstructions of anatomical structures. Neuro-
navigation is the process by which anatomical landmarks in
and around the operative field are spatially registered to a
corresponding reconstructed 3-dimensional model generated
from preoperative or intraoperative cross-sectional imaging.
Using a handheld optical or electromagnetic detector probe,
anatomical landmarks are localized using a tracking system.
The most common tracking system uses dual infrared cameras
to track the position of the handheld surgical probe relative to a
reference frame fixed to either the patient or a rigid head
holder.

Standard neuronavigation in brain tumor surgery is used
mainly for optimizing the surgical approach to the tumor
before opening the dura. Scalp incision and craniotomies can
be accurately tailored to allow for minimal tissue injury and
bony removal. A randomized, controlled trial was completed
to evaluate the importance of neuronavigation for cytoreduc-
tion of solitary intracerebral contrast-enhancing tumors.”* A
total of 45 patients were enrolled in the study. There was no
statistically significant difference in extent of resection between
patients who underwent surgery with or without standard
neuronavigation. The results of this study highlight some of the
limitations of neuronavigation in brain tumor surgery. With
opening of the dura, cerebrospinal fluid egress allows for
significant shifts in intracranial contents. Additionally, as
tumor resection proceeds, a tumor cavity develops, leading
to distortion of surrounding structures, including eloquent
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cortex and functional pathways. In the absence of an updated
navigational data set, traditional rigid registration methods do
not account for these intraoperative anatomical changes.

Because of these inherent limitations, neuronavigation is
best used as an adjunct to other surgical or imaging techniques.
A particular strategy involves the integration of standard
neuronavigation with functional noninvasive neuroimaging
such as functional MRI, diffusion tensor imaging (DTD), or
magnetoencephalography (MEG). Wu et al’* performed a
randomized, controlled trial evaluating the use of DTI-based
functional neuronavigation in patients with gliomas involving
the pyramidal tracts. The study demonstrated a significant
decrease in postoperative motor deterioration in patients using
DTlI-based functional neuronavigation (9.8%) compared with
standard neuronavigation (18.6%) in patients with LGG. The
study group also had 13% of patients show improvement in
their postoperative motor function compared with only 1% in
the control group. There was no difference in extent of
resection in patients with LGG.

Resting-state coherence measured with MEG is capable of
mapping functional connectivity of the brain. Tarapore et al”’
measured resting whole-brain MEG recordings from 79
patients with unilateral gliomas near or within sensory, motor,
or language areas during the preoperative and postoperative
periods. Patients with baseline decreased functional connec-
tivity had a 29% rate of new neurologic deficits 1 week after
surgery, and 0% at 6-month follow-up. However, patients with
increased functional connectivity had a 60% rate of new
deficits at 1 week and 25% at 6 months. Tumors with
decreased resting-state connectivity have a relatively low risk
of postoperative neurologic deficits, whereas those with
increased resting-state connectivity are associated with higher
risk of postoperative neurologic deficits.

Neuronavigation is an essential component of brain tumor
surgery. The technique will continue to improve, as methods
are developed to integrate functional imaging into navigational
data sets that are able to account for intraoperative brain shift
and anatomical changes during tumor resection.

Conclusion

Each of the aforementioned advanced techniques has a role in
safely maximizing extent of resection in LGG surgery. Deciding
which technique is optimal for a given surgery remains
nuanced and complex. Lesions located near eloquent areas
should prompt neurosurgeons to pursue noninvasive func-
tional imaging or intraoperative mapping or both. Candidacy
for awake craniotomy depends on tumor location and the
patient's ability to cooperate during surgery. Awake mapping
should be strongly considered in dominant hemisphere LGG
with involvement of language pathways. iMRI and
fluorescence-guided surgery are ideal for large LGGs occurring
in noneloquent areas. This strategy facilitates maximal resec-
tion in patients at lower risk for postoperative neurologic
deficits. Several studies have examined the use of a multimodal
approach in glioma surgery.”"*” Good operative results have
been reported with iMRI or 5-ALA-guided surgery integrated

with functional mapping techniques. This allows both for
delineation of tumor tissue and identification of functional
pathways in a single operation. The decision to use advanced
surgical techniques for any given patient harboring a LGG can
only be made by an experienced neurosurgeon following
an extensive preoperative evaluation to provide optimal
surgical care.”
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