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Introduction
Brain tumors exact significant physical, emotional and economic 

burdens on patients, providers and the nation. In an era of personalized 
medicine and targeted therapeutics, surgical intervention remains 
pivotal in glioma management. 

The goals of glioma surgery are to obtain a tissue diagnosis, 
reduce mass effect and achieve cytoreduction. Tissue diagnostics 
encompass pathological grading and comprehensive genetic profiling 
to target personalized therapeutics. Within the closed intracranial 
compartment, the rapid growth of a neoplasm causes mass effect and 
increased intracranial pressure. Decompression of space-occupying 
tumors lessens mass effect. Finally, cytoreduction lowers the burden of 
neoplastic clones that must be targeted with subsequent radiotherapy 
and chemotherapy.

Surgical success is ultimately defined by patient survival. A 
number of metrics are independent predictors of survival. Extent of 
Resection (EOR) is one such metric. In this overview, we review EOR 
in the context of the two common neoplastic conditions faced by 
neurosurgeons: Low Grade Glioma (LGG) and High Grade Glioma 
(HGG). These conditions differ greatly in treatment and prognosis, so 
we consider each individually. We begin by considering perioperative 
factors important for both conditions.

Perioperative Considerations
Treatment in the field of surgical oncology usually begins with 

wide surgical excision of the lesion to ensure clear tumor margins and 
lymph nodes free of disease. Glioma surgery is distinguished by the 
unique property of these lesions to infiltrate functional brain regions. 
Neurological deficits resulting from attempted resection of eloquent 
areas reduce quality of life, delay adjuvant therapy and hasten demise 
[1]. Consequently, Gross Total Resection (GTR) is not planned in 
cases where eloquent brain regions are invaded. Planning glioma 
surgery must balance maximal safe resection with the risk of inducing 
neurological deficits in a highly constrained physical environment.
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Further, it is generally accepted that neoplastic cells infiltrate 
beyond the limits of the visible and radiographic boundaries of 
the lesion. A radiographic ‘gross total resection’ more accurately 
describes a 99% volumetric cytoreduction. The remaining 1% 
represents diffuse microscopic residual disease that is too small to 
visualize radiographically with intravenous contrast agents. Surgical 
planning therefore anticipates the need for adjuvant therapy to the 
surgical margins and the possibility of local recurrence.

Planning glioma surgery requires specialized radiography and 
techniques. Specifically, the preoperative workup includes structural 
Magnetic Resonance Imaging (MRI), Functional MRI (fMRI), 
magnetic resonance spectroscopy and Diffusion Tensor Imaging 
(DTI) (Figure 1A, B, C). If the lesion is near speech areas, direct 
stimulation of the brain during surgery may be necessary. These 
modalities are used to develop a surgical trajectory clear of eloquent 
cortical regions and the white matter tracts that link them. The most 
fundamental requirement is the structural MRI. Isotropic voxels 
of T1-weighted sequences are acquired in gapless slices to create a 
3-dimentional volume that is registered to the patient’s superficial 
landmarks with optical imaging in the operating room to build a 
model of the brain during surgery. This affords the surgeon a real-
time anatomical navigation tool that can ‘see’ through bone, dura and 
brain to visualize deep lesions. So enabled, the glioma surgeon may 
strategize an approach to optimize the resection while minimizing 
iatrogenic deficits. This technique has been transformative in modern 
neurosurgery and is the backdrop against which we consider the 

Figure 1: Multimodal mapping of eloquent brain regions and tracts in patient 
with dominant hemisphere high grade glioma. Sagittal contrast-enhanced T1-
weighted MRI merged with verb generation fMR (orange and red regions) 
and sentence comprehension fMR (purple) (Panels A and B). Important white 
matter bundles illustrated as colored lines (arrowhead) (Panel B). Axial MR 
illustrating important white matter tracts (arrowheads; Panel C). Intraoperative 
photo of same patient during language mapping of left temporo-pariento-
frontal regions. Skull insert demonstrates orientation and relative location of 
craniotomy. Tumor location encircled in yellow. Essential speech site mapped 
along anterior margin of tumor boundary (blue circle). Motor and sensory 
areas mapped along central sulcus (filled colored circles).
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evidence for extent of resection. 

Surgical planning requires an understanding of the functional 
organization of the brain. The functional organization of the brain 
is highly plastic—constantly adapting to changing behavioral 
conditions [2,3]. The organization of essential language sites, for 
example, is highly variable across individuals and cannot be predicted 
on the basis of surface landmarks alone [4,5]. The addition of multiple 
languages [6] or language deficits [7] further alters the organization of 
these essential sites. The variable organization of essential speech sites 
underscores the need for surgery tailored to the patient’s functional 
anatomy. Functional mapping may be performed with electrical 
stimulation during a wake craniotomy or functional magnetic 
resonance imaging performed preoperatively.

Electrical Stimulation Mapping
The standard of care for localizing essential language cortices is 

Electrical Stimulation Mapping (ESM) performed during surgery. 
As originally described by Ojemann and Berger [4], ESM consists of 
the application of low amplitude currents directly to small regions 
of cortex during neurophysiological testing. These focal currents 
depolarize local networks of neurons and interneurons—transiently 
arresting their function. This allows the surgeon to interrogate the 
brain surface and map regions of interest. Essential eloquent sites 
are identified and protected during surgery. In similar fashion, the 
subcortical white matter pathways may be mapped to delineate the 
deep limits of resection. This technique may be more challenging; 
however, as the white matter bundles are visually indistinct. 
Nevertheless, it may be performed successfully. Duffau and colleagues 
have applied this technique to mapping and preserving the critical 
white matter bundles in the dominant hemisphere. Authors agree 
that mapping is necessary to perform maximal safe resection for 
gliomas within eloquent regions [8-11].

Functional MRI
Functional MRI detects task-related changes in Blood Oxygen 

Level-Dependent (BOLD) signal in activated brain networks. 
BOLD signal is thought to represent neural activity such as gamma 
oscillations of cortical circuits associated with behavior [12-14]. In 
contrast to electrical stimulation mapping, fMRI simultaneously 
detects changes throughout the brain across multiple time series. 
However, BOLD signal is not limited to ‘essential’ network activity 
and may yield both false-positive and false negative information. A 
meta-analysis by Giussani and colleagues identified 9 reports of cases 
in which patients underwent language fMRI and the gold standard 
electrical stimulation mapping [15]. The sensitivities for fMR to 
predict language localization ranged from 59% to 100% while the 
specificities ranged from 0% to 97%. This magnitude of variance in 
sensitivity and specificity prevents language fMR from replacing ESM 
as a stand-alone modality for language localization.

Sensorimotor fMRI for identifying the location of primary 
sensory and motor cortices, conversely, is highly sensitive and specific. 
In large series of glioma surgeries, fMRI has proven as effective as 
standard intraoperative methods. This enables surgeons to maximize 
EOR, defined as the volume of tumor remaining after resection 
divided by the volume prior to surgery expressed as a percentage. 
Talacchi and colleagues analyzed the rate of achieving GTR in 171 

glioma patients undergoing either sensorimotor identification by 
fMRI or intraoperative monitoring [16]. FMR proved as effective 
as intraoperative mapping for permitting GTR (71% fMRI group vs 
73% IOM group, p=ns). The rate of GTR using either modality was 
significantly higher than when the surgeon utilized neuronavigation 
alone (40%, p=0.02). This success directly translated into improved 
overall survival (p<0.01). Sensorimotor fMRI is a reliable tool for 
guiding surgery in motor and sensory regions.

Diffusion Tensor Imaging
Since its introduction in 1994 [17], Diffusion Tensor Imaging 

(DTI) has grown in adoption as a surgical planning tool. DTI 
tractography enables visualization of white matter tracts by providing 
information about the molecular displacement of protons within 
anisotropic tissues such as axons. DTI behaves like in vivo quantitative 
histology—permitting the surgeon to reconstruct critical pathways 
noninvasively. DTI has improved our understanding of the brain’s 
connectivity [18] and informs glioma resection [19-22]. Historically 
surgeons would stop short of maximal resection when a tumor 
boundary encroached upon suspected white matter bundles so as to 
avoid the possibility of inducing iatrogenic neurological deficits. The 
ability to visualize these bundles during tumor resection ensures that 
the surgical boundaries are based on white matter anatomy. The rate 
of achieving successful GTR is higher when the surgeon has access 
to this information. A randomized controlled trial confirmed this 
hypothesis by examining the impact of DTI in patients with gliomas 
near the corticospinal pathways [23]. The rate of GTR, neurological 
outcomes and survival were all improved when surgery is guided by 
tractography. 

This utility has permitted surgeons to estimate EOR prior to 
surgery and counsel patients. Invasion of important white matter 
bundles such as the corticospinal tract is a strong predictor of sub-
total resection, even in small tumors [24]. Patients and surgeons 
may now engage in informed discussions about the probability of 
neurological deficit.

Extent of resection of low grade gliomas
Low grade gliomas represent the minority of intrinsic brain 

tumors in the adult population. The most common adult Low 
Grade Gliomas (LGG) area strocytomas, oligodendrogliomas and 
oligoastrocytomas. The median survival ranges from 5-7 years. While 
these lesions are generally slow-growing, their diffuse, infiltrative 
nature prevents them from being surgically curable [25]. They are 
commonly characterized by a long indolent period followed by a 
terminal phase of malignant transformation. Chemotherapy and 
radiotherapy have minimal effect [26]. Two notable exceptions are 
‘co-deleted’ oligodendroglioma and MGMT methylated astrocytoms. 
Oligodendroglioma with 1p and 19q chromosomal deletions have 
higher response rates to procarbazine-lomustine-vincrinstine 
chemotherapy. Astrocytomas with promoter methylation of the DNA 
repair gene O6-Methylguanine-DNA-methyltransferase (MGMT) 
demonstrate less resistance to alkylating chemotherapeutics. For 
these reasons, many surgeons employ a conservative strategy of 
tissue biopsy followed by expectant management until progression 
is observed [27-29]. This strategy is not without controversy, 
however. Proponents of aggressive attempts at surgical resection cite 
improvements in overall survival associated with GTR. Considerable 
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debate remains in the neuro-oncology literature concerning optimal 
LGG management.

Management of LGG varies as a function of presentation and 
tumor location. Tumors found incidentally are more likely to be 
smaller and occur in non-eloquent locations than symptomatic 
lesions. These factors are associated with increased EOR for incidental 
lesions (95.7%) compared with symptomatic lesions (77.1%) [30]. Not 
surprisingly, predictors of poor prognosis include tumors presenting 
with neurological deficits, tumors originating in non-frontal locations 
and large tumors [31].

Supporting the role for early aggressive surgical intervention 
areimproved chances at GTR before symptom progression and 
improved overall survival [32]. The survival advantage of GTR 
compared to subtotal resection has been estimated to be as high as 30 
months [33]. Extent of resection is an independent predictor of overall 
survival [34], even when GTR is not possible. Ius and colleagues 
recently examined overall survival as a function of EOR for LGG near 
eloquent cortex [35]. The 5-year survival rate was 93% for resections 
greater than 90% of the original tumor volume, 84% for resections 
greater than 70% of the original tumor volume and 41% for those 
less than 70% of the original volume. This nonlinear response curve 
suggests that the observed survival benefit may have an inflection 
point at, or around, 70% EOR. This phenomenon is thought to 
represent a reduction in the probability of malignant transformation 
due to cytoreduction. This observation waits empirical testing. 

The observation that survival is related to EOR led to the 
introduction of supra-maximal resections in brain surgery [36]. 
Having long been a tradition in general surgery practices, the rationale 
for supra-maximal resections is based upon the fact that neoplastic 
cells extend beyond the area of abnormality visualized on MRI. 
Indeed, glioma cells are found up to 20 mm outside the boundaries 
of ‘well-defined’ gliomas [37]. This explains natural history of 
the disease, which is characterized by local tumor recurrence and 
progression [38-43].

In supra-maximal resections, tissue removal proceeds until 
eloquent cortex is encountered, often well beyond the radiographic 
limits of the tumor [36]. Such resections are volumetrically larger 
(36.8 cm3vs26.6 cm3, p <0.05) and are associated with a trend towards 
lower rates of tumor recurrence (26% vs 41%) and lower rate of 
transformation. Aggressive resections also result in high rates of 
neurological deficit (60%) which temper the enthusiasm for universal 
adoption of this technique. 

Few definitive conclusions can be reached with the available 
data on the management of LGG. For obvious ethical and logistical 
reasons, class I data are difficult to obtain. For the foreseeable future 
a balance must be reached between maximizing the oncological goals 
of surgery with the risk of inducing neurological deficits on a case-by-
case basis [44]. 

Extent of resection of high grade gliomas
High-grade gliomas (HGGs) account for 60–75% of all gliomas, 

and include WHO grade III anaplastic astrocytoma, anaplastic 
oligodendroglioma, mixed anaplastic oligoastrocytoma and grade 
IV glioblastomamultiforme (GBM). GBM is the most malignant 
and prevalent astrocytic tumor. Histological hallmarks include 

polymorphism, nuclear atypia, mitotic activity, venous thrombosis, 
neovascularity and necrosis. The median survival for HGG is 
approximately 15 months [45]. With such a dismal prognosis, there 
is little controversy concerning the surgical management of HGG—
maximal safe resection, followed by aggressive adjuvant therapy. 

HGGs are heterogeneous tumors in both genotype and 
phenotype. This fact contributes to the broad range of individual 
survival [46,47]. A single glioma may contain several different types 
of pathological cells. The WHO convention for grading tumors 
requires that the tumor be classified based on the most malignant 
feature observed. Therefore the diagnosis of HGG may be rendered 
even if the predominant cell type is less malignant [48]. HGGs are 
derived from transformed neural stem cells or de-differentiated 
mature neural cells, so called ‘glioma stem cells’ [49]. De novo HGG is 
believed to be a result of an aggregation of multiple mutations leading 
to dysregulation of signaling pathways [50]. This complex interaction 
of altered signaling pathways confounds treatment strategies. 

Noclass I evidence exist concerning extent of resection and overall 
survival for HGG. A single prospective, randomized study comparing 
biopsy verses resection demonstrated a modest survival benefit in 
favor of EOR (2.8 months vs 5.7 months) [51]. Unfortunately, the 
interpretation of this study is limited by the small sample size and the 
absence of quantitative tumor volumetrics. In the absence of class I 
evidence, treatment recommendations are based upon a number of 
high quality case-control trials. Lacroix and colleagues performed 
retrospective multivariate analysis on 416 patients with GBM to 
identify independent predictors of survival [52]. They documented 
a significant survival advantage when the EOR was ≥ 98% of the 
enhancing tumor volume, especially when other predictive variables 
such as age, KPS and the presence of necrosis on MRI, were favorable. 
This finding is taken as supporting evidence by those who practice an 
all-or-none surgical strategy for HGG.

An alternative to the all-or-none strategy is one of maximizing safe 
EOR when GTR is not possible. This strategy is supported by class II 
and III evidence, predominantly from single institutions and is more 
widely adopted in the US. Sanai and colleagues identified EOR as an 
independent predictor of survival using a Cox proportional hazards 
analysis of 500 consecutive GBM cases [53]. A significant survival 
advantaged was seen above 78% EOR, with stepwise improvement in 
survival with increasing EOR. The largest impact on overall survival 
was realized by the group of patients with EOR ≥ 95%. Unfortunately, 
even in this group, the median survival was only 14.5 months.

Additional support for a relationship between extent of resection 
on survival was found in two multi-center studies investigating the 
role of 5-aminolevulinic acid (ALA) as a surgical aid [54,55]. ALA 
accumulates in fluorescent porphyrins within malignant glioma cells. 
When tagged with fluorescent markers, it may be visualized during 
surgery under proper filters. Improved visualization of the tumor 
results in greater EOR (65% for ALA vs 36% for white light) [56]. 
Patients in the ALA group also had higher 6-month progression 
free survival compared to a surgical control group (41% vs. 21%, 
respectively). Further, when stratifying patients by Radiation Therapy 
Oncology Group recursive partitioning analysis (RTOG-RPA), EOR 
predicted overall survival for prognostically-unfavorable Class IV and 
V patients. Overall survival for patients with complete resections was 
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5 months longer that those without (16.7 monthsvs11.8, p<0.0001). 
These data mirror those of larger studies. McGirt reviewed 1215 cases 
of pathologically proven Grade III or IV tumors [56]. After adjusting 
for age, KPS and adjuvant chemotherapy, the authors observed 
that the median survival for GBM was predicted by stratified EOR. 
Similarly, maximizing EOR of recurrent disease is associated with 
modest survival advantage [57], but even in the presence of maximal 
surgical and medical therapies, prognosis remains dismal.

Conclusion
Surgery remains a central tenant in the treatment of glioma. 

Perioperative considerations inform the surgical strategy and aid in 
maximal safe resection while identifying and preserving eloquent 
brain regions. In both low grade and high grade glioma, survival 
is improved when the surgeon is able optimize extent of resection. 
Significant improvements in glioma treatment are desperately needed 
to extend overall survival in this deadly disease.
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