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1. Introduction

It is generally accepted that tumor extirpation constitutes the treatment goal in cases of
intracranial tumors. It is also well known that intracranial gliomas are infiltrative lesions
with ill-defined borders, and their total resection is often quite challenging. Moreover, the
presence of a glioma in an eloquent cortical area may make its extirpation even more
difficult. It has been demonstrated that extensive glioma resection is associated with
prolonged survival and better quality of life, and the overall outcome of patients with
intracranial gliomas is associated with the extent of the tumor’s surgical resection [Lacroix et
al., 2001; McDonald et al., 1999; National Comprehensive Cancer Network, 2007; Sanai &
Berger, 2008; Stafford et al., 1998). Therefore, every effort to achieve maximal tumor
resection without jeopardizing vital neuronal functions becomes of paramount importance
in cases of intracranial gliomas. Exact knowledge of the cortical topography, accurate
identification of all eloquent cortical areas as well as delineation of their relationships with
the tumor, constitute key elements in avoiding all functional cortical areas, while aggressive
tumor resection is accomplished.

It is well known that conventional imaging studies providing pure structural anatomical
information are not sufficient for identifying and localizing functional cortical areas, since
there are frequent anatomical variations, and cortical functional center shift due to brain
distortion and plasticity, particularly in glioma cases. Various methodologies have been
developed for identifying different functional areas of the cerebral cortex and accurately
localize them, in regard to the studied tumor on each individual case. Intraoperative
electrophysiological studies such as recording of Somato-Sensory Evoked Potentials (SSEPs),
Motor Evoked Potentials (MEPs), Direct Cortical Stimulation (DCS), and spontaneous
Electro-Myo-Graphy (sEMG) are considered the gold standard for cortical mapping and
delineation of functional cortical networks. The major drawback of these methodologies
however, is the fact that all are invasive tests and cannot provide all this valuable
information preoperatively. Thus, the development of non-invasive tests for cortical
mapping seems to be mandatory. Recently, advanced imaging and electrophysiological
studies such as Positron Emission Tomography (PET), brain SPECT imaging, functional
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Magnetic Resonance Imaging (fMRI), Magneto-Encephalo-Graphy (MEG) and Magnetic
Source Imaging (MSI), as well as high-density Electro-Encephalo-Graphy (hdEEG), have
been employed, with various success rates, in cerebral cortical mapping. The wide clinical
application of MRI, the high spatial resolution of fMRI compared with all other functional
methods, its non-invasive character, and its low cost compared with all other methods, have
made fMRI the most popular methodology for cortical functional mapping. Functional MRI
can provide the neurosurgeon with critical information for a safe and aggressive surgical
planning, thus, allowing maximal tumor resection and minimizing the possibility of a new
postoperative neurological deficit.

2. Functional magnetic resonance imaging: Advantages and drawbacks

Since its introduction, during the 1990s, functional Magnetic Resonance Imaging has proven
to be a powerful technique for the non-invasive imaging of various brain functional centers,
such as motor, sensory, language, vision, odor and others. Functional MRI can
constructively help towards a safe pre-operative or radiation treatment planning for various
pathologies. In neurosurgical practice, fMRI is used in order to assess suitability of patients
for resection of tumors and/or resective epilepsy surgery. In neurosurgery, the aim is to
maximize the removal of pathological tissue with the minimum post-operative functional
deficit. Therefore, the pre-operative knowledge of the proximity of the pathological tissue to
the eloquent cortex is of fundamental importance for accurate and safe neurosurgical
planning. Functional MRI provides information regarding anatomical variations, as well as
tumor related shift of functional cortical centers.

Functional MRI is based on a physiological phenomenon called the Blood-Oxygenation-
Level-Dependent (BOLD) contrast. BOLD is strongly coupled, to neuronal activity and
cerebral hemodynamics [Roy & Sherrington, 1890]. The BOLD signal expresses small
changes in the volume of the oxygenated blood in a specific brain volume during increased
neuronal activity. When an examinee is subjected to a stimulus, there is an increased
neuronal activity of the corresponding cluster of neurons responsible for this particular
function. This is translated into a regionally increased metabolic demand. In order for this
demand to be met, the supply of oxygenated blood locally increases, via dilation of the
surrounding capillaries. The regional cerebral blood flow (CBF) and volume (CBV) increase
with a surplus of oxygen (2%-6%). This produces an increased ratio of oxygenated versus
de-oxygenated blood in the local system of capillaries and veins, in regard to the adjacent
idle neurons. Oxygenated blood contains oxy-hemoglobin, a diamagnetic material, while
deoxygenated blood contains de-oxyhemoglobin, a paramagnetic material. Microscopically,
this decreased paramagnetism causes less signal loss on T>" weighted images [Ogawa et al.,
1990]. Therefore, a relative signal increase is generated during the active neuron period,
with respect to the passive neurons’ period. The pulse sequence that is used in order to
image the BOLD effect is the Gradient-Echo Echo-Planar-Imaging (GE-EPI), which is T>"
weighted, i.e. sensitive to magnetic susceptibility effects [Stehling et al., 1991]. Thus, the
BOLD fMRI response to a neuronal activity is a hemodynamic response function, which is
the change in BOLD fMRI signal due to a short period of neural activity. Hemodynamic
Response Factor reflects variations in vascular physiology generated by a neuronal activity.
The major advantage of fMRI is its non-invasive character, especially when compared to the
electrophysiological cortical stimulation studies. In addition, it has a relatively low cost, is
reproducible, has a short examination time compared to the electro-cortical stimulation
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studies, and is well tolerated by the vast majority of patients [Giussani et al., 2010 GJ.
Moreover, fMRI may be performed in pediatric patients, which is not the case for
intraoperative cortical stimulation studies during an awake craniotomy. Functional MRI
can test multiple language tasks, and check larger cortical areas for auxiliary language
networks [Giussani et al., 2010]. Comparing fMRI with other non-invasive techniques, such
as Magneto-Encephalo-Graphy (MEG) and high-density Electro-Encephalo-Graphy (EEG),
fMRI has the advantage of studying both cortical and intrasulcal areas, as well as deep brain
areas. It has been demonstrated that fMRI has higher spatial resolution than MEG/MSI,
PET, SPECT, and hdEEG, and comparable temporal resolution to the MEG/MSI.
Furthermore, fMRI does not require intravascular injection of contrast media or
radioisotopes.

Several drawbacks of fMRI may however limit its clinical applications. Most importantly,
only cooperative patients may undergo an fMRI study, since motion artifacts secondary to
head movements, respiratory movements, and cardiac pulsation may influence the quality
of the obtained study. Moreover, the patient’s ability to understand the functional paradigm
and promptly perform the necessary tasks, are essential in obtaining a high quality fMRI. It
has to be emphasized that fMRI constitutes an indirect measurement of neuronal activity,
and it indicates where this indirect measurement takes place, without however describing
the exact underlying mechanism. Besides, fMRI does not exhibit the neuronal networks,
which interconnect the various functional clusters of neurons that collaborate for the
performance of a particular function. Furthermore, there are other aspects that require
attention in interpreting fMRI findings, such as the HRF and the BOLD signal. The HRF is
a function: i) of the studied brain area, its regional blood volume and blood flow, ii) of the
patient, and iii) of the employed stimulus. Similarly, the BOLD signal may be influenced
by: i) hypoxia, ii) hypercapnia, iii) presence of cerebral vascular pathologies, iv) lack of
sleep, v) anemia, vi) smoking, vii) various brain degenerative pathologies, viii) proximity
of large veins to the activated neuronal clusters (vein effect), and ix) previous brain
anatomical injuries.

Since fMRI is based on magnetic susceptibility, hemorrhage within a brain tumor may alter
the accuracy of the BOLD effect and misplace the location of the detected signal. Particular
attention should be taken in such cases and further preoperative, possibly invasive studies,
need to be performed. In high grade gliomas, the presence of neovascularization, the
induction of neuro-chemical changes in the cytosol and the subsequent alteration of the
regional cerebral blood flow and the oxygen extraction fraction, the presence of arterio-
venous shunting, and the presence of tumor-associated edema and mass effect causing
mechanical vasoconstriction, as well as the presence of scar tissue secondary to a previous
craniotomy may result into significant BOLD signal changes [Atlas et al., 1996; Giussani et
al., 2010; Haberg et al., 2004; Krishnan et al., 2004 ]. It has been demonstrated, that in 10-31%
of the performed fMRI studies the obtained data cannot be processed, and this percentage in
glioma populations ranges between 0-30% [Haberg et al., 2004]. Moreover, gliomas are
usually surrounded by edema and cause mass effect. During the fMRI study the activation
area is located in the brain tissue that may be displaced by the lesion. At the time of the
craniectomy, decompression of the brain occurs and alteration of the measured distances
between the activation area and the brain tumor may take place. Therefore, we need to refer
to the anatomical structures, especially the sulci, rather that the actual distance between the
brain tumor and the activation area, when evaluating an fMRI study.
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2.1 Neurosurgical considerations and clinical experience

It is widely accepted that surgical resection of intracranial gliomas is the treatment method
of choice. Glioma resection reduces the tumor’s mass effect on the surrounding brain,
reduces the tumor-associated edema, ensures the establishment of an accurate histological
diagnosis, and induces residual tumor cells into active mitotic process thus making them
more vulnerable to the adjuvant administered radiotherapy and chemotherapy. It has been
demonstrated that extensive resection of gliomas is associated with prolonged survival and
better quality of life [Lacroix et al., 2001; McDonald et al., 1999; National Comprehensive
Cancer Network, 2007; Sanai & Berger, 2008; Stafford et al., 1998]. Accurate knowledge of
the anatomical relationship of a glioma with neighboring eloquent cortical areas is of
paramount importance for maximizing tumor resection, minimizing the chance of
postoperative neurological deficit, and thus maximizing the patient’s safety. Functional MRI
has been employed for more than 15 years in the preoperative evaluation of patients
harboring intracranial gliomas for identifying, accurately localizing, and intraoperatively
avoiding functional cortical centers [Atlas et al., 1996; Berntsen et al., 2010; Bizzi et al., 2008;
Fandino et al., 1999; Fitzgerald et al., 1997; Giussani et al., 2010; Haberg et al., 2004; Hirsch
et al., 2000; Hoenig et al., 2005; Krasnow et al., 2003; Krishnan et al., 2004; Lehericy et al.,
2000; Li et al, 2010; Lurito et al., 2000; Mueller et al., 1996; National Comprehensive Cancer
Network, 2007; Petrovich et al., 2005; Pouratian et al., 2002; Puce et al., 1995; Roux et al.,
Ruge et al., 1999; 2003; Rutten et al., 2002; Sanai & Berger, 2008; Schulder et al., 199§;
Signorelli et al., 2003; Tieleman et al., 2007; Tomczak et al., 2000; Yetkin et al., 1997; Yousry et
al., 1995] (Figures 1 & 2). Several clinical studies have been performed comparing fMRI with
intraoperative electrophysiological stimulation studies, with varying results, and frequently
contradictory conclusions [Atlas et al., 1996; Berntsen et al., 2010; Bizzi et al., 2008; Fandino
et al., 1999; Fitzgerald et al., 1997; Giussani et al., 2010; Haberg et al., 2004; Hirsch et al.,
2000; Hoenig et al., 2005; Krasnow et al., 2003; Krishnan et al., 2004; Lehericy et al., 2000; Li
et al, 2010; Lurito et al., 2000; Mueller et al., 1996; National Comprehensive Cancer Network,
2007; Petrovich et al., 2005; Pouratian et al., 2002; Puce et al., 1995; Roux et al., 2003; Ruge et
al., 1999; Rutten et al., 2002; Sanai & Berger, 2008; Schulder et al., 1998; Signorelli et al., 2003;
Tieleman et al.,, 2007, Tomczak et al, 2000; Yetkin et al., 1997; Yousry et al, 1995].
Unfortunately, the utilized methodologies vary significantly among these studies, their
populations are frequently limited and non-homogenous, and a large number of them are
retrospective studies. Therefore, their results are not comparable, in the vast majority of
cases. However, a systematic review of the existent clinical studies show that fMRI
constitutes a routine clinical practice in many neuro-oncology centers around the world,
which provides the opportunity to the performing neurosurgeon for a more realistic and
accurate preoperative discussion with the patient, a wiser decision-making process, a safer
surgical planning, and a more aggressive tumor resection [Atlas et al., 1996; Berntsen et al.,
2010; Bizzi et al., 2008; Fandino et al., 1999; Fitzgerald et al., 1997; Giussani et al., 2010;
Haberg et al., 2004; Hirsch et al., 2000; Hoenig et al., 2005; Krasnow et al., 2003; Krishnan et
al., 2004; Lehericy et al., 2000; Li et al, 2010; Lurito et al., 2000; Mueller et al., 1996; National
Comprehensive Cancer Network, 2007; Petrovich et al., 2005; Pouratian et al., 2002; Puce et
al., 1995; Ruge et al., 1999; Roux et al., 2003; Rutten et al., 2002; Sanai & Berger, 2008;
Schulder et al., 1998; Signorelli et al., 2003; Tieleman et al., 2007; Tomczak et al., 2000; Yetkin
et al.,, 1997; Yousry et al., 1995]. Several studies also emphasize that fMRI can localize more
accurately motor and sensory cortical areas than language areas, and therefore they indicate
the necessity for employing complimentary intraoperative electrophysiological stimulation
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studies, in cases of tumor proximity to language-associated cortical areas [Berntsen et al.,
2010; Giussani et al., 2010; Hirsch et al., 2000; Roux et al., 2003; Ruge et al., 1999].

Fig. 1. Preoperative fMRI demonstrating the displacement of the motor cortex and its
relationship with a low grade glioma (astrocytoma grade II) during an active right foot
plantar flexion.

ELURCMEDICA-ENCEPHA

Fig. 2. Preoperative fMRI demonstrating activated hand motor cortex and its relationship to
a loe grade glioma during a left fist clentcing paradigm.

In one of the earliest published prospective, clinical studies comparing preoperative fMRI
and DCS for identifying cortical motor areas, Yousry et al. [Yousry et al., 1995] reported a
series of six patients with gliomas. All participants underwent preoperative fMRI at 1.5T for
localizing the motor cortex [Yousry et al., 1995]. A repetitive opening-closing of the hand
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paradigm was used for the fMRI, while DCS was intraoperatively employed for
identification and localization of the motor strip [Yousry et al., 1995]. They found that the
fMRI accuracy in localizing the motor cortex was 100% when error margin was confined to
10mm [Yousry et al., 1995]. Likewise, Puce et al. [Puce et al., 1995] in a series of four tumor
cases, found in their prospective study good agreement between preoperative fMRI and
intraoperative DCS/SSEP, regarding localization of the sensori-motor cortex. Their fMRI
protocol included sponge squeezing as a motor task, and electrical stimulation of the
median nerve, palm light brushing, and palm air blowing as sensory tasks [Puce et al., 1995].
Mueller et al. [Mueller et al., 1996] reported 10 patients with intracranial tumors and 2
patients with intracranial vascular lesions undergoing preoperative fMRI at 1.5T for sensori-
motor cortex localization, and intraoperative DCS. Their fMRI protocol included index-
thumb tapping as a motor task, and palm light scratching as a sensory task [Mueller et al.,
1996]. They found that fMRI accuracy was 100% in their retrospective study [Mueller et al.,
1996]. They also reported that they had no postoperative motor deficits, when their resection
distance was more than 5 mm from the fMRI identified motor cortex [Mueller et al., 1996].
At approximately the same time, Schulder et al. [Schulder et al., 1998] reported a series of 12
patients with various intracranial tumors undergoing preoperative fMRI at 1.5T and
intraoperative DCS/SSEP studies, for sensori-motor cortex localization. They reported that
fMRI accuracy in their prospective study was 100%, while they concluded that maximal
tumor resection and no new postoperative neurological deficits were observed in their series
[Schulder et al., 1998]. Contrariwise, Atlas et al. [Atlas et al, 1996] reported a series of seven
patients with gliomas, undergoing preoperative fMRI at 1.5T. Their fMRI protocol included
single- or multi-stage active finger tapping as motor tasks [Atlas et al, 1996]. They reported
that in 28.5% of their cases fMRI failed to identify the motor cortex, while they postulated
that glioblastomas and high-grade gliomas may alter the obtained BOLD signal [Atlas et al,
1996]. Fandino et al. [Fandino et al., 1999] reported similar findings from a series of 11
patients with central area tumors, undergoing preoperative fMRI at 1.5T and intraoperative
DCS for motor cortex localization. They considered that there was concordance between
their fMRI and DCS findings when there was a discrepancy of less than 20 mm [Fandino et
al., 1999]. They found that fMRI accuracy in their series was 82% [Fandino et al., 1999].

In a more recent study, Lehericy et al. [Lehericy et al., 2000] reported their results from a
retrospective study of 26 patients with intracranial tumors, undergoing preoperative fMRI
at 1.5T and intraoperative DCS for motor cortex localization. Their fMRI protocol included
active flexion/extension of fingers/toes, and lip contraction as motor tasks [Lehericy et al.,
2000]. They found 92% agreement between fMRI and DCS results, while fMRI accuracy was
100% when error margin was 15 mm [Lehericy et al., 2000]. Similarly, Hirsch et al. [Hirsch et
al, 2000] reported their results from a large prospective study of 125 patients with various
intracranial pathologies, and of 63 healthy volunteers. All their participants underwent
fMRI at 1.5T unit for sensori-motor, language, and visual cortex localization [Hirsch et al,
2000]. Their fMRI protocol included active finger tapping as a motor task, passive tactile
hand stimulation as a sensory task, and picture naming by silent speech and object or name
listening as language tasks [Hirsch et al, 2000]. They were able to localize with fMRI the
central sulcus in 100% of their healthy volunteers and in 98.4% of their patients [Hirsch et al,
2000]. They were also able to localize by fMRI the Wernicke’s and Broca’s areas in 91% and
77%, respectively, in their patients, while the respective percentages were 100% and 93% for
their volunteers [Hirsch et al, 2000]. The primary visual cortex was identified by fMRI in
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100% of their tested cases [Hirsch et al, 2000]. Haberg et al. [Haberg et al., 2004] reported a
series of 21 patients with gliomas, undergoing preoperative fMRI at 1.5T for localizing
sensori-motor and language associated cortical areas. Their fMRI protocol included active
thumb-index opposition, active toe flexion, and active tongue movement as motor tasks, and
thinking of a short action-verb and silent construction of a short noun as language
paradigms [Haberg et al., 2004]. They reported that 80% of their patients were able to
successfully finish their fMRI studies, while in 20% of their cases fMRI was unsuccessful due
to EPI signal voids, secondary to previous craniotomy, head motion artifacts, and patient’s
inability to perform the task. They found that 73% of their patients had no postoperative
neurological deficits, while 27% had a new permanent postoperative deficit [Haberg et al.,
2004]. It has to be emphasized however, that 43.3% of these patients developing new
deficits, knew that before the operation, from the obtained fMRI [Haberg et al., 2004].
Similarly, Krishnan et al. [Krishnan et al., 2004] reported their results from a prospective
study including 54 patients with various intracranial tumors. All their patients underwent
preoperative fMRI at 1.5T and intraoperative DCS/SSEP studies for localization of motor
cortex [Krishnan et al.,, 2004]. They examined their total resection rates and the observed
morbidity in association with the distance of the resection margin from the fMRI defined
motor cortex [Krishnan et al., 2004]. They found that when this distance was > 15 mm their
resection rate was 85.7%, while 53% of their patients remained neurologically unchanged
postoperatively and 47% were improved [Krishnan et al., 2004]. When this distance was
between 10-15 mm, total resection was achieved in 86.6% of their patients, 13.3% developed
new postoperative neurological deficits, 60% remained unchanged, while 37.3% were
improved [Krishnan et al., 2004]. When the distance was between 5-10 mm, total resection
was observed in 83.3%, while 50% remained neurologically stable, and the remaining 50%
were postoperatively improved [Krishnan et al.,, 2004]. Finally, when this distance was
between 0-5 mm, total resection was accomplished in 85%, neurological worsening occurred
in 35%, 50% remained stable, while 15% were improved [Krishnan et al., 2004]. They
pointed out that the obtained BOLD signal may be varying with the utilized functional
paradigm, and they concluded that fMRI is a valuable tool in surgical planning [Krishnan et
al., 2004].

Li et al. [Li et al, 2010] in a recent study reported their experience from five patients with
gliomas, undergoing preoperative fMRI at 3T and intraoperative DCS for motor cortex
localization. They found that the accuracy of fMRI was 100% in their series, and postulated
that 3T field provides an increased BOLD signal [Li et al, 2010] . Berntsen et al. [Berntsen et
al., 2010] reported their results from a prospective study including 51 patients with
various intracranial lesions (33 patients with gliomas), undergoing preoperative fMRI for
sensori-motor cortex localization. Interestingly, 3.9% of their patients did not undergo
surgery because of the preoperative MRI and fMRI findings. They reported that 13% of
their patients could not finish their fMRI study, either due to reduced cooperation or
excessive head motion artifacts [Berntsen et al., 2010]. They reported that in 42% of their
cases more than 95% of the tumor was resected, while their mean residual tumor was 11%
(range: 0-94%) [Berntsen et al., 2010]. They also found, that 88% of their patients had
stable postoperative neurological status, while 12% experienced some worsening
[Berntsen et al., 2010]. The lesion to eloquent area distance was related to the amount of
tumor residual, and this relationship was statistically significant in their series [Berntsen
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et al., 2010]. They postulated that fMRI accuracy depends highly on the skills of the
obtained data analyst [Berntsen et al., 2010].

Several clinical studies with significantly varying results have been published in regard to
the language-associated cortical areas identification and localization by employing fMRI
[Bizzi et al., 2008; Fandino et al., 1999; Fitzgerald et al., 1997; Giussani et al., 2010; Lurito et
al., 2000; Mueller et al., 1996; Pouratian et al., 2002; Roux et al., 2003; Ruge et al., 1999;
Rutten et al., 2002; Signorelli et al., 2003; Tomczak et al., 2000; Yetkin et al., 1997]. Mueller et
al. [Mueller et al., 1996] reported their results from a series of 12 patients (10 tumor and 2
vascular cases) undergoing fMRI and intraoperative language mapping for language-
associated cortical areas localization. Their fMRI protocol included audible and silent word
generation paradigms [Mueller et al., 1996]. They reported that their fMRI findings were
concordant to their intraoperative findings in 100% of their cases [Mueller et al., 1996].
Similarly, Yetkin et al. [Yetkin et al., 1997] reported a series of 28 patients (but only five
tumor cases), undergoing preoperative fMRI at 1.5T for language mapping and
intraoperative DCS. Their fMRI protocol included silent word generation and number
counting tasks, while their DCS protocol included text recitation and number counting
[Yetkin et al., 1997]. They found that the fMRI accuracy in localizing language centers was
100% when the error margin was 20 mm, and 86% when the error margin was 10 mm
[Yetkin et al., 1997]. Likewise, Ruge et al. [Ruge et al., 1999] reported their results from a
series of 21 patients with various intracranial tumors undergoing preoperative fMRI at 1.5T
for language mapping and intraoperative DCS. Their fMRI protocol included object naming
and word listening, while their DCS paradigms were object naming and number counting
[Ruge et al., 1999]. They found concordance between the fMRI and DCS findings in 100% of
their cases [Ruge et al., 1999]. Fitzgerald et al. [Fitzgerald et al., 1997] reported their findings
from a series of 11 patients (but only 8 tumor cases), undergoing preoperative fMRI at 1.5T
and intraoperative DCS for language mapping. Their fMRI tasks were word reading, verb
generation, text listening, and word listening, while their DCS paradigms included object
naming and number counting [Fitzgerald et al., 1997]. They reported 81% sensitivity and
53% specificity for fMRI when the margin error was 10 mm, while the respective
percentages were 92% and 0% when the margin error was 20 mm [Fitzgerald et al., 1997].
Similarly, Signorelli et al. [Signorelli et al., 2003] reported two glioma cases undergoing
fMRI at 1.5T and reported excellent fMRI accuracy and high reproducibility.

Contrariwise, Lurito et al. [Lurito et al., 2000] reported three glioma cases undergoing
preoperative fMRI at 1.5T and intraoperative DCS for language mapping. They employed
object naming and number counting tasks for both fMRI and DCS [Lurito et al., 2000]. They
reported good but imperfect correlation between fMRI and DCS findings [Lurito et al.,
2000]. Likewise, Tomczak et al. [Tomczak et al., 2000] reported a large series of 41 tumor
cases (34 gliomas), undergoing preoperative fMRI at 1.5T and intraoperative DCS for
language mapping. Their fMRI paradigm was a semantic test for word relations, while their
DCS protocol included speech comprehension, word production, object naming, and text
reading [Tomczak et al., 2000]. They reported agreement between their fMRI and DCS
findings in only 33.3% of their cases [Tomczak et al., 2000].

Pouratian et al. [Pouratian et al., 2002] in a more recent study of 10 patients (none of them
with glioma) undergoing preoperative fMRI at 3T and intraoperative DCS for language
mapping, found that fMRI was more accurate in localizing language-associated areas in the
frontal lobe than the temporal and parietal lobes. The observed fMRI sensitivity and
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specificity were 100% and 66.7%, respectively for the frontal lobe, while the respective
percentages for the temporal and parietal lobes were 96.2% and 69.8% [Pouratian et al.,
2002]. Their fMRI protocol included object naming, word generation, auditory
responsiveness, visual responsiveness, and sentence comprehension, while their DCS
protocol included only object naming [Pouratian et al., 2002]. Roux et al. [Roux et al., 2003]
reported their results from a series of 14 tumor patients (11 gliomas, 3 meningiomas)
undergoing preoperative fMRI at 1.5T and intraoperative DCS for language mapping. Their
fMRI and DCS protocol included object naming and verb generation paradigms [Pouratian
et al., 2002]. They reported 59% sensitivity and 97% specificity for fMRI, and they concluded
that fMRI cannot be used alone for surgical planning, in critically-located tumors in the
language cortical areas [Pouratian et al., 2002].

Rutten et al. [Rutten et al., 2002] reported their findings from a series of 13 epilepsy patients
undergoing preoperative fMRI and intraoperative DCS for language mapping. Their fMRI
protocol included object naming and verb generation paradigms, while their DCS protocol
included only object naming [Rutten et al., 2002]. They reported 100% sensitivity and 61%
specificity for fMRI in their study [Rutten et al., 2002]. Likewise, Bizzi et al. [Bizzi et al,,
2008] reported a large series of tumor cases (28 gliomas, 2 metastatic tumors, and 1
meningioma) undergoing preoperative fMRI at 1.5T and intraoperative DCS for language
mapping. Their fMRI and DCS protocol included solely a verb generation paradigm [Bizzi et
al., 2008]. They found that fMRI had 80% sensitivity and 78% specificity in their series [Bizzi
et al., 2008].

2.2 Future directions of preoperative fMRI in gliomas

Further development of fMRI techniques may strengthen its role in the preoperative
evaluation of patients with gliomas. The wide clinical application of higher magnetic fields
may increase fMRI’s quality. It has been demonstrated that higher magnetic fields change
the relaxation rate R2 and thus provide better BOLD signal and more accurate fMRI studies
[Hoenig et al., 2005; Krasnow et al., 2003; Tieleman et al., 2007] Higher strength magnets
allow fMRI studies to be performed in shorter times, and provide the opportunity for almost
real time imaging of cortical activation during stimulation [Scarabino et al., 2007]. The
development of advanced software packages, allowing further decrease of susceptibility
artifacts, may well improve the quality and the accuracy of fMRI [Li et al., 2010].

Moreover, the development of more concrete paradigms and protocols may further
improve fMRI’s accuracy and reproducibility. It has been shown that loud speech tasks
provide more accurate fMRI data than silent speech tasks [Petrovich et al., 2005].
Therefore, the development of multi-stage, loud language tasks examining several aspects
of language may further increase fMRI’s accuracy. The implementation of other advanced
MR imaging techniques such as Diffusion Tensor Imaging and intraoperative fMRI and
DTI may allow better identification and localization not only of the cortical language-
associated centers but also their interconnecting networks, and thus may make glioma
resection safer [Nimsky, 2011].

The development of paradigms and protocols for testing higher cognitive functions such as
memory, emotion, affect, and other high-cognitive functions may further increase the
applicability of fMRI in the preoperative evaluation of patients with gliomas. These
potential fMRI developments along with the technological evolution of the frameless neuro-
navigational systems may allow more aggressive and safer resection of gliomas of eloquent
cerebral cortex.
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3. Conclusions

Functional MRI constitutes a non-invasive imaging modality that lends itself to the
identification and localization of eloquent cortical areas and cerebral functional mapping. Its
ability to depict neuronal activity is based on the Blood-Oxygenation-Level-Dependent
(BOLD) phenomenon, which is correlated with the relative concentrations of oxy- and
deoxy-hemoglobin in an activated cerebral region. It represents thus, an indirect evaluating
tool of neuronal activity. The acquisition of Gradient Echo-Echo Planar Imaging (GE-EPI)
T>* sequences is required for fMRI studies. Strength of at least 1.5T is required for obtaining
an adequate resolution fMRI, while several studies postulate that higher magnetic field MR
units may provide better quality and more accurate fMRI studies. Functional MRI is
characterized by higher spatial resolution than PET, hdEEG, MEG/MSI, or SPECT
functional studies, while its temporal resolution is comparable, if not better, to that of all
other functional imaging methodologies. Moreover, MR units are easily accessible, and
definitely more widely distributed than any of the other methodologies.

Identification and localization of motor, sensory, and language-associated cortical, but also
deep-sited areas can be performed with fMRI. Various performance tasks and protocols
have been proposed and utilized in clinical practice, with variable success rates. It can be
postulated that active thumb-index opposition, active hand squeezing, and active finger
tapping are the most commonly employed motor tasks. Palm light brushing, palm air-puff
blowing, and median nerve electrical irritation are the most commonly applicable sensory
tasks. Object naming, word generation, and number counting are the most popular speech
tests, although a wide variability occurs in language tests, and several issues (silent vs. loud
language testing) remain still controversial. It has to be emphasized that the selection of the
appropriate performance tasks (especially for language) frequently needs to be
individualized. Another issue that requires attention is the application of the same language
tests during fMRI and intraoperative DCS, when both studies are performed, for
standardizing the comparison of these methodologies.

The role of preoperative fMRI in the management of patients with intracranial gliomas is of
paramount importance. Functional MRI allows the preoperative localization of sensori-
motor and language associated areas, and their relationships with the studied tumor. This
information enables the neurosurgeon to discuss with the patient the possibility of total
tumor resection, the chance of postoperative neurological deficits, and the calculation of the
benefit to risk ratio. Furthermore, it provides the opportunity for a safer surgical planning,
and potentially for a more aggressive tumor resection. Functional MRI allows cortical
mapping even in cases that DCS during awake-craniotomy is impossible, as in pediatric or
psychologically unstable patients. The vast majority of the published clinical studies
demonstrate that the accuracy of fMRI in localizing sensori-motor cortex is extremely high,
while that of language-associated cortical areas is lower. There are several studies
postulating that fMRI language-associated cortical areas may be inaccurate, particularly in
cases of temporal or parietal localization of speech areas. Additionally, the presence of scar
tissue due to a previous craniotomy, the presence of neovascularization in cases of high
grade gliomas, the presence of tumor-induced cellular chemical changes, and the proximity
of large veins to the tumor, may confound the accuracy of fMRI.

The development of novel, high-reproducibility, high-resolution software fMRI packages,
along with the application of higher magnetic field strength may further increase fMRI's
accuracy, and minimize the confounding effect of various glioma-associated parameters.
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The preoperative evaluation with fMRI of higher cognitive functions may allow even safer
glioma surgical resection in the near future.
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