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Although a primary tenet of neurosurgical oncology is that
survival can improve with greater tumor resection, this

principle must be tempered by the potential for functional
loss after radical removal. Current neurosurgical innovations
aim to improve our anatomical, physiological, and functional
understanding of the surgical region of interest to prevent
potential neurological morbidity during resection. We review
current and future imaging modalities as well as state-of-the-
art intraoperative techniques that can facilitate extent of
resection while minimizing the associated morbidity profile.

Physiological Imaging
Physiological imaging has emerged as one of the most

important adjuncts available in neurosurgery. By transition-
ing from a purely anatomy-based discipline to one that
incorporates functional, hemodynamic, metabolic, cellular,
and cytoarchitectural alterations, the current state of neuro-
imaging has evolved into a comprehensive diagnostic tool
that allows characterization of morphological as well as
biological alterations to diagnose and grade brain tumors and
to monitor and assess treatment response and patient prog-
nosis. Among physiological imaging technologies, magnetic
resonance spectroscopy (MRS) is now considered by many to
be the gold standard7 (Fig. 2.1). It is a powerful noninvasive
imaging technique that offers unique metabolic information
on brain tumor biology not available from anatomic imaging.

Beyond its diagnostic capabilities, MRS is becoming
increasingly useful in the operating room, where imported
MRS images can be integrated into the neuronavigational
workstation to define the lesion not just anatomically, but in
terms of the disease around it.10,26 Although incorporating
this technology into the surgical strategy can influence a
planned extent of resection, it can also guide stereotactic
biopsies for higher diagnostic yields.12 The usefulness of
having this information available during a brain tumor resec-
tion is clear, and there is also increasing evidence that

radiosurgical planning also benefits from physiology imaging
such as MRS.8,9

Assessment of extent of resection is one of several
important avenues through which MRS can potentially im-
pact the quality of brain tumor resections. Analysis of post-
operative MRS imaging demonstrates that, even when gross
total resection is anticipated, neurosurgeons leave a signifi-
cant amount of metabolically active tumor behind, which can
be volumetrically quantified using physiological imaging.
Comparisons of magnetic resonance versus MRS on postop-
erative imaging have demonstrated that the location and
volume of residual disease varies significantly based on the
choice of imaging modality. Although most of the metabol-
ically detectable disease is contained within the T2 hyperin-
tensity, extension of physiological imaging signal beyond the
T2 hyperintense region is seen in 60 and 65% of patients
without and with contrast enhancement, respectively.19 This
supports the concept of combining anatomical imaging with
spectroscopic imaging for surgical target planning during the
course of brain tumor resection.

The prognostic value of MRS imaging is becoming
increasingly becoming evident as imaging findings are cor-
related with outcome. In several retrospective analyses, spec-
troscopic data appear to be powerful predictors of poor
outcome.1,8,18 For example, high lactate and lipid levels,
indicating hypoxia and necrosis, respectively, are negative
prognostic factors, as is a high choline level in addition to a
large contrast-enhancing volume.24 Furthermore, signifi-
cantly shorter median survival times are observed for patients
with a large volume of the choline-to-N-acetylaspartate index
than for patients with a small index volume before tumor
irradiation. Based on these investigations, both the initial
tumor burden and the treated volume of the metabolic abnor-
mality play an important role in predicting survival for
patients with high-grade gliomas.

Taken together, these applications of MRS technology
lead us to develop a new, more comprehensive surgical
strategy for brain tumor resection. Specifically, tumors of the
same histology can now be stratified based on their magnetic
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spectroscopy features. Prospectively, this approach can direct
the neurosurgeon’s resection of abnormal spectroscopic areas
such as regions of high lactate or lipid. Not only will this
facilitate a greater anatomical extent of resection, but it will
also minimize the residual of spectroscopically abnormal
tissue. Using this approach, we now need to study its overall
effect on patient survival and other outcome parameters.

As magnetic resonance technology evolves, the capa-
bilities of MRS will likely expand. Current studies using
3-Tesla field strength technology are promising and suggest a
level of resolution that was previously unattainable.13,25,28

However, with the advent of 7-Tesla magnetic resonance
imaging scanners (Fig. 2.2), this gain may be further en-
hanced. Although current applications of this technology are
limited to ex vivo experimentation, these data clearly dem-
onstrate a new capability to discern an additional level of
metabolic complexity. As this approach matures, a whole set
of new imaging biomarkers will likely emerge, allowing
neurosurgeons to identify novel, high-value surgical targets
that we may currently be neglecting.

Emerging Neuroimaging Technologies

Apparent Diffusion Coefficient Maps
Beyond MRS technology, a number of other new phys-

iological imaging techniques are emerging on the horizon and
will be directly applicable to the operating room. This in-
cludes diffusion-weighted imaging that correlates the appar-
ent diffusion coefficient (ADC) with brain tumors. ADC is a
diffusion-weighted imaging parameter that is inversely re-
lated to cellularity and tumor infiltration (Fig. 2.3) such that
the ADC decreases as the histologic grade increases. His-
topathological evaluations show that meningiomas and brain
metastases tend to be more cellular compared with gliomas
because of the compact sheets of tumor cells.14

Quantitative T2 Imaging
Quantitative T2 imaging can also provide insight into

tumor cellularity and characterize tumor-related edema in
ways that are not readily discernible on conventional mag-
netic resonance images (Fig. 2.4).23 Studies have demon-
strated that T2 relaxation times are significantly longer in the
peritumoral edema regions than in the tumor for patients with
meningiomas or metastases.23 Long T2 relaxation times may
indicate that the increased water content in the extracellular
space in those regions is a result of reactive changes of the
normal brain in response to the tumor. The extent of longer
T2 relaxation times for vasogenic edema may be related to
size of the contrast-enhancing tumor. In gliomas, the peritu-

FIGURE 2.2. Seven-Tesla MRS can reveal an entirely new
spectrum of metabolic tumor markers.

FIGURE 2.3. ADC maps may be predictive of relative tumor
histopathological grading.

FIGURE 2.1. MRS is the physiological imaging gold standard,
correlating with tumor burden and tumor progression as well
as with the extent of tumor necrosis.
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moral edema is known to contain both vasogenic edema and
infiltrating tumor. The longer T2 relaxation times that were
observed in the endemic regions for the patients with menin-
giomas or metastases as compared with those for patients
with gliomas suggest that it may be possible to distinguish
pure vasogenic edema from infiltrative tumor with use of
quantitative T2 values. As we compare these quantitative T2
imaging characteristics with stereotactic biopsy histology,
this modality may also prove to be a highly sensitive indicator
of tumor infiltration.

Functional Magnetic Resonance Imaging
Functional magnetic resonance imaging (fMRI) is

based on the increase in blood flow to local vasculature that
accompanies neural activity in the brain. This results in a
corresponding local reduction in deoxyhemoglobin, because
the increase in blood flow occurs in the absence of a compa-
rable increase in oxygen extraction. Thus, deoxyhemoglobin
is used as an endogenous contrast-enhancing agent and serves
as the source of the signal during functional MRI. Functional
MRI results can be consistent with electrophysiology,
positron emission tomography, cortical stimulation, and mag-
neto-encephalography and is commonly used to provide pre-
operative functional and structural information for neurosur-
gery. Cortical stimulation, which remains the gold standard,
is based on local circuit disruption and best identifies areas
that are essential to language processing. In contrast, func-
tional MRI is an activation-based method that identifies all
regions of the brain demonstrating activity related to a par-
ticular task regardless of whether those areas are essential or
supplementary. Consequently, areas that appear negative for
language when cortical stimulation is used may still demon-
strate functional MRI activation, producing false-positive
results. Decreased specificity may also be expected because

functional MRI is a perfusion-based method and does not
directly detect neuronal activity.

Magnetic Resonance Perfusion and Cerebral Blood
Volume

Magnetic resonance techniques have also been devel-
oped for assessment of cerebral blood volume (CBV) (Fig.
2.5). A 2- to 3-minute dynamic acquisition of T2-weighted
images during intravenous injection of a bolus of gadolinium-
DTPA allows estimations of CBV. A voxel-by-voxel CBV
map can be created by integrating the area under the dynamic
contrast uptake curve and provides a relative measure of CBV
with a spatial resolution of approximately 1 � 2 � 5 mm3 or
better.

Because the vasculature plays a pivotal role in tumor
growth and infiltration, particularly for gliomas, and also
affects drug delivery and radiotherapy effectiveness, in vivo
assessment of vascular properties in brain tumors is critical.
Tumor cells often infiltrate along vascular channels and
spread across midline along the commissural white matter
tracts. Malignant gliomas are able to recruit and synthesize
vascular networks for additional growth and proliferation.
Thus, visualizing the degree of vascular proliferation is im-
portant in determining the biological aggressiveness and
histopathological grading of tumors such as gliomas. Tissue
oxygen content, determined by the balance between oxygen
delivery and consumption, directly influences the efficacy of
radiotherapy. Therefore, it is of potential value to characterize
the vascularity of gliomas as well as changes in vascularity
associated with therapy. In examining the permeability and
blood volume profiles of many tumors, it is now possible to
localize tumor extension beyond the enhancing margin of the

FIGURE 2.5. Magnetic resonance perfusion imaging can re-
veal regions of abnormal permeability and blood flow beyond
the enhancing margin of the tumor.

FIGURE 2.4. Quantitative T2 imaging may provide an imag-
ing surrogate for tumor infiltration.
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tumor. To date, magnetic resonance perfusion imaging and
CBV have been evaluated for assessment of tumor aggres-
siveness, selection of biopsy location, evaluation of treatment
response, and differentiation of treatment effects versus re-
current tumor.5,6

Diffusion Tensor Imaging
Emerging neuroimaging modalities such as diffusion ten-

sor imaging (DTI) also allow examination of specific neural
components such as the integrity of white matter tracts. This
technique is based on the paradigm of fractional anisotropy,
which is related to diffusion-weighted imaging.2 It allows,
among other things, the identification of subcortical white matter
tracts and a preoperative determination of their course relative to
the surgical target. Although the role of DTI in preoperative
planning is currently being defined, much of the published
experience in this area has been limited to case reports and
demonstrations in small numbers of patients.17,20–22,29,31 Typi-
cally, some form of tensor directional mapping, either with or
without fiber tracking, is used to depict the dislocation of a fiber
tract by tumor. Some investigators have integrated DTI-based
tractography with cortical mapping using functional MRI or
intraoperative electrocortical stimulation using the results of
cortical mapping to provide seed locations to the tractography
algorithm.30

DTI-based fiber tract maps can provide confirmation
that a tract in question remains intact and inform the surgeon
as to the tract’s location with respect to the tumor, possibly
facilitating the tract’s preservation at surgery.16 Although
intraoperative stimulation remains the gold standard for func-
tional localization, DTI fiber tracking is now a valuable
complement to invasive subcortical stimulation (Fig. 2.6).
Using subcortical stimulation mapping to measure the accu-
racy of DTI fiber tracts in deep white matter, studies have
confirmed that DTI fiber tracks can be used to define a safety
margin around the motor tract for use in surgical planning.3

Currently, these data from this imaging modality can be
imported into neuronavigational workstations to preopera-
tively identify language pathways such as the arcuate fascic-
ulus and determine connectivity between these regions.

Magnetoencephalography
Magnetoencephalography (MEG) has also been increas-

ingly used for preoperative functional mapping. Compared with
functional MRI and positron emission tomography, MEG has
the advantage of higher temporal resolution by directly measur-
ing neuronal activation rather than indirect hemodynamic
change. Previous studies have also suggested that MEG is more
accurate than functional MRI in identifying functional cortices
that have been distorted by a nearby tumor.15 Overall, MEG is a
robust and reliable functional imaging modality that is now used
to identify the cortical location of motor and sensory pathways.
Integrating MEG data with DTI information into a neuronavi-
gational workstation directs the neurosurgeon toward potential
functional sites that can be intraoperatively confirmed using
stimulation mapping.

Although many of the aforementioned modalities gener-
ally provide static images of neural function and physiology,
future neuroimaging will focus on functional connectivity. In
this respect, MEG is now evolving to measure connectivity
based on the principle of imaginary coherence, which is a
mathematical modeling paradigm that allows connections be-
tween cortical regions to be elucidated based on the neuro-
oscillations within that cortex.11 Consequently, this technology
provides critical information regarding the integrity of functional
connection and can prospectively identify patients with neuro-
logical deficit related to functional disconnections.

Intraoperative Stimulation Mapping
Stimulation mapping is another very useful technique that

allows for the reliable identification of both cortical and subcor-
tical function at the time of resection. Although functional
neuroimaging continues to steadily improve, cortical and sub-
cortical stimulation mapping remains the gold standard for
avoidance of motor and language pathways during any brain
tumor resection. Consequently, reported morbidity profiles are
very favorable when intraoperative mapping is used appropri-
ately. For language pathways, in particular, preservation of
function is of critical importance to patient quality of life. At the
University of California–San Francisco, our experience with 250
consecutive patients with brain tumor who underwent intraop-
erative language mapping demonstrated a less than 2% likeli-
hood of permanent language morbidity (Fig. 2.7). Importantly,
this profile could be achieved using a “negative language map-
ping” paradigm, in which tailored cortical exposures without
positive language site identification still allowed for aggressive
resections and ultralow postoperative language morbidity.27

FIGURE 2.6. Subcortical motor tractography can play an
integral role in devising surgical strategies that avoid compro-
mising critical white matter pathways.
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Future Horizons in Detecting Neural Network
Activity

The future of brain tumor surgery lies with the devel-
opment of techniques that go beyond neuroimaging and
cortical stimulation mapping. This will include measuring
and mapping neural network activity related to particular
functional paradigms and using these data to safely guide
resections. For example, recent work has identified high
gamma activity in the human brain during awake cranioto-
mies as a mechanism of neural circuitry involved in verb
generation (Fig. 2.8).4 This technology provides a real-time,
in vivo analysis of neuronal pool circuitry as well as how
cortical regions relay information to one another in the setting
of a specific task. Actual data such as this will likely represent
the basis of future efforts to improve brain tumor surgery and
minimize patient morbidity.

CONCLUSION
Current and future state-of-the-art imaging modali-

ties will, with increasing efficiency, delineate functional

neural networks involved in neoplastic processes and that
are critical for preservation. Intraoperative integration of
this data, along with advanced cortical stimulation and
recording techniques, will allow the neurosurgeon to max-
imize tumor extent of resection while preserving patient
function and quality of life. Taken together, these technical
advances will form the basis of future neurosurgical strat-
egies for brain tumor resection.
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