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Summary	 The management of glioblastomas starts with surgical resection if possible, 
along with subsequent chemotherapy and radiation therapy. Several retrospective studies 
have suggested that extent of resection plays a role in the prognosis of glioblastoma patients. 
The importance of extent of resection must be balanced with preserving patient’s functional 
status for tumors in eloquent areas. Here we review the preoperative imaging modalities such 
as functional MRI and magnetoencephalography (MEG), and the intraoperative techniques 
such as motor and language mapping, intraoperative MRI, and intraoperative techniques 
such as 5-aminolevulinic acid administration, that allow maximal safe operative resection of 
glioblastomas.
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Background
Glioblastoma resection has evolved over time to incorporate the changes and advancement that 
have included both clinical research and technology advancement, most notably in the field of 
medical imaging and image processing. Through these advancements, both invasive and non­
invasive treatments have steadily effected and at times improved time to progression, quality of 
life, and overall survival. The current standard of care for newly diagnosed glioblastomas is to 
proceed to an operative resection if it is safe and achievable, along with subsequent chemotherapy 
and radiation therapy.

The introduction that maximizing extent of surgical (EOR) resection could improve outcomes, 
was first introduced into the medical literature in 1976 by Onoyama et al. [1], where radiation treat­
ment of glioblastoma was studied; tumor location was identified as potentially affecting survival and 
prognosis. Interestingly, they felt that this variable could be confounded by the extent of resection 
given that less eloquent brain regions and the nondominant hemisphere were producing longer 
survivals. Survival was longest in the right hemisphere when compared with the left hemisphere, 
and lowest when bilateral hemispheres were involved. Right frontal tumors also showed a survival 

Practice points

●● 	Many retrospective studies have correlated extent of resection with improved patient survival for 
glioblastoma.

●● 	Preoperative techniques to improve safety of maximal surgical resection include functional MRI, 
magnetoencephalography and diffusion tensor imaging.

●● 	Intraoperative techniques to improve safety of maximal surgical resection include language and 
motor mapping.

●● 	Intraoperative techniques to improve extent of resection include intraoperative MRI and 
5-aminolevulinic acid administration.

For reprint orders, please contact: reprints@futuremedicine.com
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advantage when compared with other right-sided 
lobed tumors [1]. Was it possible that surgeons 
were more likely to have larger EORs when 
knowing that patients would have less associated 
morbidity when operating on less eloquent loca­
tions? It was also noted as an aside that almost 
all patients who were long-term survivors had 
received maximal resection of the initial tumor 
burden. At this time, EOR was being defined 
using CT contrast studies.

Subsequent studies continued to identify EOR 
as a significant prognostic factor [2,3], but equally 
important was the overall quality of life of patients 
following extensive resections. Ammirati et al. 
showed that glioblastomas that received gross 
total resection (GTR), had overall more time in 
an independent status following the operation as 
compared with those who had a subtotal resec­
tion (STR) [4]. Not only has EOR affected over­
all survival, but subsequent studies showed that 
time to progression (TTP) was also prolonged 
and associated with greater extent of resection [5].

There have been few large-sized studies that 
have provided evidence for factors influenc­
ing survival, but the first was in 2001 where 
Lacroix et al. showed a median survival differ­
ence of 13 months compared with 8.8 months 
when separating glioblastoma patients by EOR 
divided by those that had 98% of tumor removed, 
with more extensive resections having a survival 
advantage [6]. Given the diffuse signal abnor­
mality encountered in glioblastoma, including 
enhancing and nonenhancing tumor burden, 
Stummer et al. showed that survival depended 
on EOR of the enhancing tumor on MRI [7]. 
Survival benefit has been shown with EOR to be 
>78%, and continued with a step-wise benefit 
when looking at EOR >90, >95, >98 and when 
equal to 100% [8]. The largest data analysis to 
date includes 21,783 patients, and this study also 
demonstrated that GTR and radiation therapy 
(RT) compared with STR and RT had a median 
survival benefit of 11 months compared with 
9 months, respectively [9].

When incorporating all of the data from over 
the past 30 years of published data, it is clear that 
achieving the maximal safe EOR is beneficial to 
patients with glioblastoma. In order to optimize a 
safe and maximal resection of patients with glio­
blastoma, there has been a significant amount of 
development and research that has gone into the 
preoperative optimization planning, as well as the 
intraoperative tools that can be utilized that will 
be discussed below.

Preoperative tools to optimize resection
●● Functional MRI

Functional MRI (fMRI) is a technique that pro­
vides a merge of dynamic data with the ability to 
localize function onto an MRI, in a noninvasive 
way. It was initially validated using electrocortical 
stimulation [10]. This enabled fMRI to become a 
useful tool as a presurgical planning aid to iden­
tify dominant hemisphere cortical language areas 
[10]. Language lateralization scores directly cor­
relate between fMRI and Wada testing, which 
was thea prior gold standard [11].

fMRI provides a preoperative tool with addi­
tional information on eloquent brain regions 
that can be used when determining operative 
risk prior to tumor resection [12–17]. When inte­
grating this information into patients with brain 
tumors, mass lesion displacement of eloquent 
regions can be better understood using fMRI. 
Neuro-navigation has the capability of provid­
ing this information to the surgeon not only 
prior to operative resection, but also during the 
surgical procedure [18]. Figure 1 is an example 
of an intraoperative screenshot showing neuro-
navigation. Like the DTI technique mentioned 
below, fMRI can potentially be incorporated into 
standard imaging done at most modern MRIs, 
although the complexity of the analysis reduces 
its availability to centers handling a sufficiently 
large number of brain tumor cases.

In terms of reimbursement for fMRI, in the 
USA, the CPT code process for fMRI began in 
early 2004 and was a coordinated effort of many 
professional societies such as American Society of 
Neuroradiology, American Society of Functional 
Neuroradiology, American College of Radiology, 
and American Academy of Neurology. These 
efforts yielded CPT codes 70555 (fMRI, requir­
ing physician administration) and 96020 (neuro­
functional testing selection). Hypothesized 
pitfalls with fMRI in glioblastoma include the 
change in the microenvironment that potentially 
exists within high-grade tumor tissue that is quite 
different from the normal tissue on which the 
technique was founded [19].

●● Magnetic source imaging
Magnetic source imaging (MSI) provides inte­
grated functional and dynamic data from mag­
netoencephalography (MEG) to be merged with 
anatomical images obtained with an MRI [20]. 
MSI is a functional preoperative imaging tech­
nique that provides sensorimotor, visual and 
language functional data. When planning for 
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tumor operations that lie within regions of elo­
quent brain regions, it is critical to identify accu­
rately the operative corridors that could result 
in morbid outcomes during tissue resection 
for brain tumors. MSI provides an additional 
facet of information that can show usefulness 
when stratifying patients by risk preoperatively 
[21]. MSI is of value in understanding the ana­
tomic boundaries individualized to each and 
every operation (Figure 2) [22,23]. Although MSI 
has provided additional information that could 
be used for preoperative planning, it is still not 
widely used and is utilized primarily in highly 
specialized medical centers, with only 34 cent­
ers in the USA possessing this technology as 
of 2014.

To date, there have been no good comparisons 
of the accuracy of fMRI versus MSI/MEG in 
predicting real anatomic locations of function 
identified by intraoperative mapping. It should 
be noted that, prior to the advent of fMRI 
and MSI, preoperative language mapping had 
required invasive techniques. The early gold 
standard used an invasive intracarotid ambo­
barbitol procedure – the Wada test – that had 
potential morbidity [24]. However, identification 
of dominant hemisphere language function can 
now be acquired using noninvasive techniques 
like fMRI or MSI [22,23].

●● Diffusion tensor imaging
Axonal architecture can be captured using non­
invasive imaging with diffusion tensor MRI, 

and this has been shown to be useful and con­
firmatory when evaluated using intraoperative 
cortical stimulation [25]. Diffusion MRI pro­
vides connectivity information, and subcortical 
pathways for motor, sensory, vision and language 

Figure 1. Post-gadolinium enhanced T1 MRI showing a 49 year-old man with a cerebellar vermis 
high-grade glioma. (A) Sagittal and (B) axial. Shown are the neuro-navigation (green) trajectories 
intra-operatively, demonstrating the supracerebellar–infratentorial approach that was used for 
operative resection of this tumor. 
For color images please see www.futuremedicine.com/doi/full/10.2217/cns.14.36

Neuro-navigation

A B

Figure 2. Example of 
magnetoencephalography-derived images 
obtained from a 44-year-old male with 
a left frontal lobe high grade glioma. 
Magnetoencephalography revealed a focus 
in the left frontal lobe associated with picture 
naming that was posterior the lesion. These 
images were loaded into operating room 
neuronavigation, and awake intraoperative 
language mapping was used to corroborate the 
preoperative magnetoencephalography.

Picture
naming 
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pathways  [26]. Figure 3 shows an example of 
an intraoperative screenshot, demonstrating 
diffusion tensor imaging (DTI) tracks.

Intraoperative stimulation using cortical stim­
ulation is the traditional standard for identifica­
tion of function in the cortex [27–30]. Although 
the technique is reliable, it does have limitations 
in its ability to stimulate subcortical extensions 
of functioning areas. Tumors or lesions that have 
mass effect on these tracts can not only cause 
displacement of these tracts, but can also make 
understanding location for these tracts difficult 
[31]. Tumor pathology has been shown to have an 
effect on the accuracy of the tumor-to-diffusion 

tracts, with nonenhancing lesions showing mini­
mal intraoperative shift when compared with 
enhancing lesions [32].

Preoperative DTI has become a useful adjunct 
in providing subcortical pathway identification. 
Together with neuro-navigation techniques, 
DTI connectivity maps provide additional infor­
mation that is useful in delineating areas that 
require identification for functional preservation 
during surgical resection. When mapping in the 
subcortical region, DTI is used to help identify 
the regions in question by allowing a visual spa­
tial registration and improved localization so 
that mapping identification is maximized [33,34].

Figure 3. Intraoperative screenshot, demonstrating diffusion tensor imaging tracks. (A) Axial 
and (B) coronal post-gadolinium T1 enhanced MRI from a 36-year-old man with a lesion in the left 
amygdala. Motor (red) diffusion tensor imaging (DTI) tracks are shown at the level of the midbrain 
(A) and corona radiata and internal capsule (B). (C) Axial post-gadolinium enhanced and (D) coronal 
T2 MRI showing a 66-year-old woman with a cystic glioblastoma and enhancing mural nodule in 
the right posterior cingulate gyrus. Optic radiations (yellow) and corticospinal tracts (red) were 
generated using DTI imaging and are shown as well as neuro-navigation (green). 
For color images please see www.futuremedicine.com/doi/full/10.2217/cns.14.36

Neuro-navigation

Motor tracks

Optic tracks

A

B

C
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Further studies using DTI have shown an 
association of functional information and that 
of the structural DTI fiber tracking making 
the link between speech and naming by com­
bining these techniques. These techniques not 
only make new associations within unknown 
relationships in the brain architecture, but also 
provide additional connectivity data that allow 
preservation of language function [25]. Further 
sequence development using q-ball reconstruc­
tion with diffusion MRI has shown improve­
ments in sensitivity and accuracy of tracking 
methods providing reproducible and accurate 
advancements [35]. One study has shown that 
DTI and MSI can prove complementary in 
identifying and validating cortical centers and 
their associated subcortical pathways [23].

Intraoperative tools to optimize resection
●● Intraoperative motor & language mapping

Early identification of the motor and sensory 
representations on the cortical brain tissue sur­
face was first studied using cortical stimulation, 
and this was introduced in 1931 by Foerster 
et al., and soon after proceeded by Penfield in 
1937 [36]. Brain tumor lesions distort the tra­
ditionally identified anatomical representation 
of eloquent regions, so intraoperative stimu­
lation has become a gold standard for direct 
identification of cortical function [29,37].

The method of direct stimulation depolar­
izes a focal area of cortex and induces a neu­
ronal excitation that either creates an inhibition 
or excitation [38]. This method of excitation 
can be utilized intraoperatively to map both 
motor and language function not only on the 
cortex, but also subcortically [39,40]. The goal 
of operative resection of infiltrative glioblasto­
mas is to achieve a resection that maximizes 
EOR safely without compromising eloquent 
tissue and sparing function. As has been shown 
previously, and highlighted in many articles 
including Sanai et  al. [41] and Duffau et  al. 
[42], intraoperative stimulation provides tract 
localization and when tissue is maximized 
and abutting these regions, transient deficits 
are experienced and recovered in the major­
ity of patients. Negative results have proven 
useful when looking at the EOR in nonelo­
quent or nonfunctional mapping regions and 
improved survival. There has been discussion 
about the potential use of a supratotal resection 
in nonfunctioning eloquent glioblastomas as 
an avenue for achieving maximal resection to 

improve survival [42]. In a study that looked 
at 250 dominant hemisphere glioma patients, 
after identification of intraoperative language 
function, def icits were noted immediately 
postoperatively in 14% of patients, but at the 
6-month follow-up evaluation, only 1.6% of 
patients had persistent language deficits, and 
all other patients that had experienced postop­
erative changes had recovered [41]. These data 
alone characterize the strength of intraopera­
tive mapping in sparing eloquent cortex and 
function.

To date, there have been no good studies 
analyzing the time and costs of intraopera­
tive stimulation. A cost–benefit justification 
of the technique would need to show that 
the cumulative costs of mapping the brain 
when removing tumors in eloquent locations 
is justified by reducing the costs such as time 
in rehab, mechanical assistance devices, addi­
tional needed medications, and complications 
such as aspiration or venous thrombosis that 
are associated with postoperative motor and 
language deficits.

●● 5-aminolevulinic acid
In glioblastoma, the complete resection of 
the enhancing tumor has been shown to be 
an important prognostic factor, together with 
maximizing the extent of resection [7,8]. New 
techniques have been developed to aid the sur­
geon in identifying the boundaries of tumor 
tissue. 5-aminolevulinic acid (5-ALA) is a non­
fluorescent amino acid precursor that, when 
introduced into a glioma patient, induces an 
accumulation of fluorescence in the tumor bed. 
It is believed that the fluorescence occurs in the 
tumor bed of glioma patients because of the 
disruption in the blood–brain barrier that leads 
to an accumulation in glioma tissue, therefore 
5-ALA is not seen in healthy brain tissue [18,43].

Retrospective studies using 5-ALA have 
shown median overall survival benefit of 
27 months over 17 months, and a decrease in 
complication rates of 18.5 versus 8% [43]. When 
comparing the complete removal of contrast-
enhancing tumors, a 5-ALA study achieved a 
65% complete removal, compared with 36% 
over white light microsurgery [44]. 5-ALA 
has shown to be a useful intraoperative aid in 
achieving not only improved EORs, but also 
influencing survival.

Although the data for 5-ALA use have shown 
promise, its limited use is still only utilized in 
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highly specialized medical centers. 5-ALA has 
shown promise as an intraoperative aid, but 
there are practical limitations that exist when 
using this technique as an operative tool. 
5-ALA can be visualized only under fluores­
cence, therefore the operative arena lights must 
be turned off and this prohibits the surgeon 
from operating under minimal visualization of 
the surrounding tissues; this makes this tech­
nique strictly a validation tool. Furthermore, 
fluorescence is obscured by blood, therefore this 
can easily influence the interpretation of the 
fluorescence signal.

●● Intraoperative imaging: ultrasound & MRI
Contrast-enhanced ultrasound (CEUS) imag­
ing of tissue perfusion is based on microtubule 
echo detection and visualizes tumors based on 
local perfusion variations. The technique has 
been used to classify the presence of glioblas­
toma in tumor borders with minimum average 
classification error of 17% [45]. Intraoperative 
MRI has been more frequently studied than 
intraoperative ultrasound. One randomized 
controlled trial showed no benefit of iMRI on 
EOR as compared with standard neuronaviga­
tion [46]. Another study in which iMRI was 
used if available found that the impact of iMRI 
on EOR was barely statistically significant 
(p = 0.049) while its impact on overall survival 
was not statistically significant [47].

Recurrent glioblastoma
The improvements in both preoperative and 
intraoperative tools have resulted in longer 
survival for patients with glioblastoma. This 
has resulted in many patients surviving with 
good functional status, and also surviving to 
recurrence [48]. Although there has been sig­
nificant advancement in both the surgical and 
nonsurgical treatment of glioblastoma, these 
malignant tumors are still associated with poor 
prognosis. Recent studies have demonstrated 
convincing evidence for supporting repeat cra­
niotomy [48]. Similar to what has been shown 
in the population of newly diagnosed glioblas­
toma, the impact of EOR at repeat resection 
has shown a benefit in overall survival [48]. 
Importantly, the EOR from the time of ini­
tial craniotomy does not influence this benefit 
during repeat craniotomy. And a recent study 
has suggested that there is an EOR threshold 
of 80% at the time of repeat craniotomy in 
order for the craniotomy to exert an impact of 

overall survival [49], suggesting that the benefits 
of repeat craniotomy for recurrent glioblastoma 
are not limited to tumors with large mass effect 
or edema, or for cases where the diagnosis of 
treatment effect versus recurrence needs to be 
established.

Although operative repeat resection has 
shown a benefit as described above, a large 
portion of therapy at the time of recurrence 
involves nonoperative treatments. Aside from 
the developments in chemotherapy and radia­
tion treatments for patients with recurrent glio­
blastoma, novel therapies are being developed 
that offer new avenues for improving outcomes 
in patients. Immunotherapy is a recent devel­
opment that evokes specific immune responses 
against glioblastomas by developing tumor 
antigens and delivering them via heat-shock 
peptide protein vaccines [50].

Conclusion & future perspective
The operative management of glioblastoma 
has undergone continued improvement and 
optimization over the recent years. This has 
resulted in an overall survival benefit, and 
also an improvement in the quality of life of 
patients. Postoperative patients are seeing better 
functional outcomes as a result of the changes 
that were discussed above. This is largely due 
to the preoperative and intraoperative develop­
ments that help identify tumor tissue, and also 
aid in locating and sparing adjacent eloquent 
and normal functioning brain. The result has 
been larger regions of extent of resection, which 
has provided the improvements in survival.

In the future, hopefully the techniques 
described here will be better integrated together 
in a seamless manner that maintains an effi­
cient workflow in the operating room. While 
technically challenging, larger clinical trials 
will hopefully better define the specific roles 
of each individual technique in a manner that 
allows more standardized practice patterns.
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