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Abbreviations
ACEPS Axonal-cortical evoked potentials
CCEPs Cortico-cortical evoked potentials
CST Cortico-spinal tract
DES Direct electrical stimulation
DTI Diffusion tensor imaging
ECoG Electrocortiograms
HGA High-gamma activity
IFOF Inferior fronto-occipital fasciculus
PPTT Pyramid-palm-tree test
R-fMRI Rest-based fMRI
rTMS Repetitive transcranial magnetic stimulation
SLF Superior longitudinal fasciculus
SMA Supplementary motor area
T-fMRI Task-based fMRI
vPMC Ventral premotor cortex
VWFA Visual word from area

Introduction

The goal of surgery in primary brain tumors is to
optimize the extent of resection, in order to sig-
nificantly increase the survival, while preserving
or even improving quality of life (for example by
controlling intractable epilepsy). In other words,
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the aim is to find the best “onco-functional bal-
ance”, that is, to give the opportunity to the
patients to enjoy a normal life as long as possi-
ble. To this end, due to a considerable inter-
individual anatomo-functional variability, struc-
tural landmarks are important but not enough.
Furthermore, in essence, “tumoral limits” do not
exist in diffuse gliomas, because these tumors
migrate within brain parenchyma, especially
along the white matter tracts. As a consequence,
in the past decade, it has been proposed to switch
from “image-guided surgery” to “functional
mapping-guided surgery”, i.e., to achieve resec-
tion up to eloquent structures, both at cortical and
subcortical levels. Indeed, advances in brain
mapping have deeply improved the surgical
management of glioma patients, regarding func-
tional as well as oncological outcomes. In this
chapter, we summarize the preoperative and
intraoperative methods that allows to map the
brain and we review the cortical and axonal
mapping of the main cognitive functions.

Preoperative Mapping

The preoperative planning is likely to be the most
important step in functional brain tumor resec-
tion. Apart the non-invasive techniques of brain
mapping that will be discussed in this section, the
preoperative time is essential for selecting the
intraoperative tasks.

The choice of those tasks rely on three
parameters:

• location of the tumor, in relation to the
knowledge we have about the functional
anatomy and neural networks [1],

• the deficit evidenced on extensive neuropsy-
chological assessment. Indeed, any slight
deficit in a cognitive domain testifies that
plasticity limitations of the lesioned networks
have been reached, meaning that this specific
domain should be tested if it should be pre-
served (see for e.g. Chapter 19 in [2]),

• in-depth discussion with the patient. The
choice of functions to be preserved depends
on the patient’s way of life (profession, hob-
bies …) [3].

Over the last twenty years, several methods
have been developed to map preoperatively brain
functions. Although none of these methods is
reliable enough to get rid of awake brain map-
ping by direct electrical stimulation, their com-
bined use can be of help when there is a
contra-indication to awake surgery. We rapidly
review these methods and refer the reader to
more specific review papers on this topic.

Preoperative Cortical Methods

Task-Based fMRI (T-fMRI)
The link between non-invasive T-fMRI mapping
and intraoperative DES mapping remains poorly
understood. For primary motor areas, the degree
of correlation is quite high [4], although not
perfect (for e.g., sensitivity of 71% reported in
[5]). The problem is far more complex for higher
cognitive functions, like complex motor task or
language. Previous studies have approached the
problem through simple comparison between
activated areas on task-based fMRI and DES
eloquent sites. It has been concluded that sensi-
tivity and specificity of T-fMRI (with respect to
DES areas) are much too low to rely solely on
T-fMRI for determining functional boundaries.
Depending on the T-fMRI paradigm, some
studies concluded to a high sensitivity and low
specificity, and some others to the reverse [6]. Of
note, the advent of 3T MRI did not improve the
reliability of fMRI (for e.g., sensitivity of 37.1%
and specificity of 83.4% in [7]). At least two
caveats might explain the discrepancy between
T-fMRI and DES. First, as mentioned in [8], the
two methods are intrinsically different: DES will
jam some networks preventing their functional-
ity. But, through instantaneous dynamic reorga-
nization of the undisturbed networks, the
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function can eventually still be implemented by
compensatory networks. This would explain
some false positive of fMRI (i.e. an activated area
on T-fMRI is not found eloquent by DES). To
explain false negatives of fMRI, there are two
possibilities: either they correspond to “false
positives of DES” (i.e. removal of an eloquent
DES areas would not cause any deficit) or it is a
real false negative of fMRI (the site is eloquent
and not detected by fMRI). This last situation is
grounded by our recent understanding of the link
between neuronal activity and BOLD signal.
Indeed, it has been shown that BOLD contrast
indicate areas with input and local computations
rather than output spiking activity [9].

In the same vein, a recent study has shown
that in temporal regions, high-gamma band
power (which is believed to be the best surrogate
of BOLD signal) on electrocorticography during
picture naming and word reading vanishes after a
short duration of 10 s [10]. On the contrary, in
frontal areas, this activity lasted all along the 60 s
of analysis. Such dissociation in neuronal activity
between frontal and temporal areas during a
language task likely explains that temporal areas
are more difficult to detect on T-fMRI than
frontal areas (see [11] and references therein).

Rest-Based fMRI (R-fMRI)
Although the first observation of low-frequency
(0.1 Hz) correlations within distinct brain net-
works in a resting subject dates back to 1995 [12],
it is only 10 years later that a seminal paper
offered to use this technique to perform a segre-
gation of brain areas in different functional net-
works [13]. Among others, have been recognized
motor, language, attention (dorsal and ventral),
and default mode networks. According to pre-
liminary reports, R-fMRI could be a promising
tool, with better correlations with DES [14, 15].
Moreover, a very important study revealed a
high degree of correlations between R-fMRI and
cortico-cortical evoked potentials (CCEPs) [16].
Last but not least, positive and negative correla-
tions exhibited by R-fMRI have been found to

exist also electrophysiologically (by measuring
the correlations in the high-gamma band) [17].
All these datas support the idea that the parti-
tioning of the brain based on low-frequency cor-
relations in R-fMRI could be a powerful method
to achieve in a very short time a global brain
mapping for each patient.

rTMS: Motor/Language
The interest of rTMS regarding motor function
mapping has been established. The motor maps
obtained through neuronavigated rTMS are
highly correlated with the intraoperative maps
obtained by DES [18]. Moreover, for high-grade
tumors, due to edema and vascular redistribution,
T-fMRI might be unable to locate primary motor
areas, whereas rTMS is still effective. For that
reason, rTMS appears to be the gold standard for
preoperative mapping of primary motor areas.
Nonetheless, as it will be discussed in the para-
graph about intraoperative methods, there is
currently no reports testing by rTMS higher
motor functions (like grasping, fine movements,
bimanual coordination …). Moreover, there are
conflicting results regarding the interest of rTMS
for mapping language functions [19, 20]. Its
specificity for language mapping is only 23.8%,
with a positive predictive value of 35.6%
according to [21]. A recent study investigated the
relationship between T-fMRI, rTMS and DES
maps [22]. It was found that rTMS was more
sensitive compared to DES. On the contrary,
T-fMRI was not enough sensitive with regards to
DES. More specifically, T-fMRI failed to detect
temporal language areas, as previously discussed.

Preoperative Axonal Mapping

Preoperative tractography is gaining interest
among neurooncological surgeons. This MRI
modality enables to locate the main white matter
fiber tracts of the brain. In the past few years,
several new algorithmic methods have been
developed to infer fibers directions from diffusion-
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weighted images. Diffusion tensor estimation is
the most widely used. It allows to draw RGBmaps
superimposed on a 3D-T1 anatomy, which is the
simplest way to visualize white matter anisotropy.
But this diffusion tensor estimation was unable to
resolve the problem of crossing fibers. Two dif-
ferent new categories of algorithm attempted to
overcome this limitation: the constrained spheri-
cal deconvolution and q-ball. Finally, it should be
reminded that there is another layer of algorithms
to determine the continuous line of a pathway:
tracking algorithms. These algorithm are classi-
fied in two broad categories: deterministic or
probabilistic. Tractograms can then be uploaded
in the neuronavigation systems, allowing to cor-
related images with intraoperative stimulation,
both for motor functions of the pyramidal tract and
language functions of the dorsal and ventral
streams. However, clinical interest of tractogra-
phy is quite limited for two reasons:

• First, the variability of the trackings with the
different methods. CSD and q-ball are sup-
posed to resolve the problem of crossing
fibers, however, there is currently no way to
validate the obtained tractograms. As a con-
sequence, a recent study by the DTI challenge
concluded that there are still limitations for
clinical use of DTI in neurosurgery [23].
Moreover, the problem of kissing fibers is
even more challenging.

• Second, even if tractography would be per-
fect, this imaging method cannot inform us
about the functional deficit that would be
encountered after resection of a tracked
fasciculus.

All in all, preoperative mapping methods are
becoming more informative about individual
brain functional and structural anatomy. It can be
anticipated that datas coming from all these
methods (T-fMRI, R-fMRI, tractography, rTMS)
could be integrated by means of biocomputa-
tionals models of the brain, allowing better cor-
relations with DES and surgical outcome.

Intraoperative Mapping

Cortical Mapping Under General
Anesthesia

Motor: DES Versus Train of Five
The primary motor areas can be identified under
GA by direct electrical stimulation. This seminal
technique, introduced by Penfield, consists to
apply a 60 Hz current for a few seconds (what
we call Ojemann stimulation, OS), until a
movement is elicited. About 20 years ago, the
train of five (To5) technique has been introduced
[24]. Since then, very few papers have studied
the pro and cons of the two techniques. In a large
series of glioma patients, Bello et al. very
recently compared the two techniques and con-
cluded that whereas To5 is always applicable, OS
is not recommended for cases with increased
excitability [25]. This excitability can be pre-
dicted from preoperative parameters, including
long seizure history, diffuse margins on FLAIR,
infiltration of CST, preoperative deficits.

However, it should be kept in mind that
theTo5 technique is more challenging in terms of
equipments and that interpretation of
motor-evoked potentials has to be made by a
qualified neurophysiologist. For this reason,
many teams prefer to awake the patient also for
motor functions.

Non-motor Functions: Cortico-Cortical
Evoked Potentials
Up to now, awake surgery was the only way to
identify cortical areas eloquent for non-motor
functions. However, the technique of CCEP,
initiated in 2004 by Matusmoto et al. (although
there are some sporadic earlier reports cited in
the paper of Matsumoto et al.) shows promising
results regarding the possibility to map language
functions under GA. In their initial report, these
authors have shown, in an extraoperative
recordings of grids put all over the perisylvian
language areas, that 1 Hz stimulation of anterior
frontal language areas (as detected by functional
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disturbances at 60 Hz stimulation) generates
CCEPs in a wide posterior temporal region (in-
cluding the 60 Hz temporal language site). And
reciprocally, the posterior temporal language site
also elicited CCEPs in the frontal operculum.
Importantly, it has been recently shown the shape
of these CCEPs is quite similar in awake and
asleep patients [26]. More studies are needed to
evaluate the clinical value of this new tool.

Cortical Mapping in Awake Condition
Several techniques can be used for intraoperative
mapping in an awake patient. The first kind of
methods is just to record electrical activity (by
electrocortiograms, ECoG) while the patient is
performing a task. Although high-gamma activ-
ity (HGA) of ECoG was the focus of several
previous studies [27–31], it is only recently that
this activity was analyzed on-line for language
mapping [10]. It was shown to be highly corre-
lated with direct electrical stimulation. This
method is appealing, because all the brain surface
can be mapped in a very short period of time.
However, this technique is quite sophisticated,
limiting currently its spread in daily practice [32].

Moreover, it should be noted that, similarly to
T-fMRI, HGA mapping is in essence inadequate
for distinguishing participating areas from
essential ones. Hence, only methods interfering
with neuronal networks can make the distinction.
There are two different ways to interfere with
brain networks: cooling and electrical stimula-
tion. Cooling as been reported once in humans,
and showed somewhat different results compared
to electrical stimulation [33]. For some reason,
this method has not been used by any other team
to our knowledge, and consequently, we will
focus, in the next sections, on brain mapping by
direct electrical stimulation.

Sensori-Motor Functions
In comparison to the motor mapping that can be
done asleep, awake motor mapping offers the
possibility to test not only the ability to move,
but also to perform complex movements or
motor behavior. Although there exists a variety
of tasks (repetitive movement of flexion and
extension of the different segments of the

superior limb, grasping, using a screw-driver,
in-phase and out-of-phase bimanual movements),
their use remains rare during awake surgery. In
fact, the first cases have been reported during
extraoperative mapping for epilepsy surgery [34,
35]. A recent review [36] discussed these so
called negative motor areas (negative, because
they stop the on-going motor behavior). Two
clusters have been found on each hemisphere: the
posterior end of inferior frontal gyrus (pars
opercularis) together with the lower end of pre-
central gyrus on the lateral surface, and the SMA
on the mesial surface. In a somehow contradic-
tory study about the exact location of these sites
on the superior frontal gyrus, it has been shown
recently that, in fact, 95% of sites blocking
repetitive complex movements or bilateral coor-
dination are located in the convexity of the
superior frontal gyrus (see also Fig. 5.1), while
only 5% are located in the mesial part of the
superior frontal gyrus [37]. Last but not least,
awake condition allows the patient to report
about sensory functions: for example, he can
warn the surgeon by telling during stimulation
(usually of parietal areas) «I do not feel my leg
anymore» and the preservation of these sites is
crucial to keep such a fundamental function as
walking.

Primary Visual Areas
The preservation of the primary visual areas on
both sides of the calcarine sulcus is in some cases
of utmost importance. Indeed, it should be
reminded to the patient that the driving license is
no more valid in case of hemianopsia. As initially
reported in 1968 [38], electrical stimulation
generates mainly positive visual phenomena, like
phosphene, flash of light, … Of note, as for any
primary motor or sensory areas, there is almost
no plasticity, meaning that anatomical landmarks
allow to locate primary visual areas reliably.

Language
Language is the most widely mapped function
during awake surgery. Since the very first reports
by Penfield, the technology did not change that
much: applying electrical stimulation for a period
of 3–4 s disturbs the language task. However, the
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classification of the different types of observed
errors has been only recently clarified: it is of
utmost importance to distinguish motor arrest,
speech arrest, and anomia. A simple algorithm
has been proposed, in order to optimize the initial
testing for differentiating the areas to these dif-
ferent types of error [39]. Most commonly, the
language assessment is performed through a
picture naming task. This raises a still debated
question: is it enough to assess a function as
complex as language just by naming pictures? In
a first response, it is important to notice that
picture naming allows to investigate the two
main components of language: phonology and
semantics [40]. Indeed, the speech therapist can
make the on-line distinction between phonolog-
ical paraphasia (e.g. log instead of dog) versus
semantic paraphasia (for e.g. cat instead of dog)
[41]. The current anatomo-functional model
maps these two components on the dorsal path-
way for phonology and ventral stream for
semantics [42]. However, on the cortical surface,
there is no clear-cut spatial segregation between
phonological and semantic sites [43]. There is for
each domain, three clusters in the left hemi-
sphere: one in the pars triangularis, one at the
posterior end of the middle frontal gyrus, and one
in the posterior part of the superior temporal
gyrus. The great well known inter-patients vari-
ability [44] proves once again the necessity of
intraoperative mapping in an awake patient. Of
note, there is a striking resemblance between this
map and the clusters evidenced by a
meta-analysis of T-fmRI studies [45]. This
overlapping suggests that the phonological and
semantic systems are not anatomically separable
at the 5 mm scale at the cortical level. Of note,

when the patient’s response is an anomia, one
cannot conclude whether this is a disturbance of
the phonological or semantic system, or both.

Hence, the ability to name a picture insures
that both phonological and lexico-semantic abil-
ities are preserved. However, it should be kept in
mind that naming does not warrant full semantic
judgment. Indeed, a dissociation has been shown
between picture naming and pyramid-palm-tree
test (PPTT), a supramodal semantic association
task: in some fronto-opercular and superior
temporal sites (see also Fig. 5.1), patients were
able to name pictures, without being able to
make semantic association [46, 47].

Moreover, language requires more than
phonology and basic semantics: syntax, that is
the ability to find the meaning of a sentence from
rules and links between words, is also an essen-
tial part of language. Interestingly, although
some patients exhibit difficulties to understand
syntactically complex sentences in the immediate
postoperative course, permanent syntactic deficit
after picture-naming based awake surgery are
rarely observed [48]. Similarly, there are no
reported case of patients with a long lasting
deficit of repetition (i.e. a language task with an
auditory rather than visual input). Still, many
authors have proposed numerous tasks for better
evaluating language intraoperatively (see fol-
lowing review papers [49–51]), and some new
protocols are still under investigation [52, 53].

Nevertheless, it should be mentioned that
proper name deficits have been reported after left
anterior temporal lobectomy [54, 55]. Whereas
this deficit can be prevented by adding a task of
naming famous faces, this should be balanced on
a case-by-case basis with the oncological benefit:

Fig. 5.1 Illustrative case of a 50 years-old frustrated
left-handed patient diagnosed with a left frontal glioblas-
toma revealed by headaches and language disturbances. a
Preoperative T1-gadolinium enhanced MRI, showing a
large enhancing mass of the superior frontal gyrus,
extending towards the ventricle and the head of the
caudate nucleus. b Intraoperative mapping, cortical
mapping evidenced a complete anarthria in the parietal
operculum (tag 1), primary motor area of the thumb (tag
2), negative motor areas, stopping repetitive movement of
upper limb (tag 3 and 4), and disturbances of PPTT with
preservation of picture naming (tag 5). Axonally,

resection was stopped in the lateral vicinity of the head
of the caudate nucleus, where stimulation at the
cross-road between aslant tract and IFOF generated
perseverations and semantic paraphasias. c Postopera-
tive FLAIR MRI showing a small residue in the posterior
wall (the enhancement was completely removed). Patient
was then treated with radiotherapy with concomitant
Temozolomide, followed by 6 cycles of Temozolomide.
He was able to resume his professional activity of sales
representative full time. He remained recurrence-free for
18 months

b
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indeed, the impact in daily life of an inability to
name proper names is highly variable for each
patient.

Similarly, one should not forget to test
patients in mother-tongue and secondary learned
languages for bilingual patients [56–60].

Last but not least, reading is an essential part
of language abilities. Removal of visual word
form area (VWFA) has been shown to result in
long lasting reading deficit [61], while its iden-
tification by DES allows to preserve reading
abilities [62, 63]. Apart in the basal temporo-
occipital areas, different studies reported specific
reading disturbances when stimulating posterior
superior left temporal gyrus and left supra-
marginal gyrus [64], but also posterior part of
inferior and middle left frontal gyrus [65]. These
latter sites were generally superimposed or close
to naming sites, meaning that they would have
been preserved even if lecture would not have
been tested. Finally, stimulation of FEF areas
also induced reading troubles, by generating
involuntary ocular movements (but this area can
be detected just by looking at eyes movements
[66]). On a practical point of view, these results
show that reading per se needs to be tested only
in (left) dominant posterior temporo-occipital
regions. Of note, disturbances were very infre-
quently observed in the anterior temporal lobe.
This is somehow in disagreement with the tri-
angle model, in which it has been shown recently
that the semantico-phonological conversion in
reading is thought to be supported by the anterior
temporal lobe [67]. Moreover, in this model, the
role of posterior inferior and middle frontal
regions was not assigned. Hence, electrostimu-
lation datas should be better integrated in the
currents neurocomputational models of reading.

Spatial Consciousness
It has been well known from stroke studies that
right parietal lobe lesions can result in spatial
neglect of the opposite hemi-space. Because such
deficit can be as debilitating in daily life, the
importance of preventing this syndrome cannot
be overemphasized. In a seminal report in 2005,
Thiebaut de Schotten et al. described two cases
of right parietal tumor resection with spatial

consciousness monitoring [68]. The bisection test
is very simple: the patient is asked to draw the
middle of a 20 cm line. In case of unilateral
spatial neglect (transiently generated by the
electrical stimulation), patient will deviate on the
right of the line. Two cortical deviations sites
were identified, in the caudal superior temporal
gyrus and in the supramarginal gyrus. Since then,
two studies reported larger series of spatial con-
sciousness mapping [69, 70]. Roux et al. found
several cortical regions with rightward but
also leftward deviations. Those regions were
centered around the temporo-parietal junction
and deviations in the superior parietal lobule
were uncommon. On the contrary, Vallar et al.
observed rightward deviations mainly in Broad-
man’s area 7b. Like for language, it is likely that
spatial consciousness is supported by a dis-
tributed set of interconnected cortical areas.

Calculation
The neural correlates of mental calculation have
been intensively studied by T-fMRI studies. It
involves a large set of areas, grouped in three
different networks [71]: the bilateral horizontal
segment of intraparietal sulcus for quantity pro-
cessing, the left angular gyrus for numbers
manipulation in verbal modality, and the bilateral
superior parietal regions for focusing attention
(and this network is not specific to number
manipulations). Accordingly, several authors
reported disruption of calculation in various
cortical areas, such as left angular gyrus [72–74],
right angular gyrus [75, 76], left superior parietal
lobule [77], horizontal portion of left intraparietal
sulcus and left supramarginal gyrus [74]. In all
these studies, some sites were specific to calcu-
lation and even to a subtype of computations
(susbtraction vs. multiplication), while some
others were also related to language disturbances.
It should be noted that, in comparison with lan-
guage mapping, there are very few reports about
mental calculation mapping. This might be in
relation to the relative rarity of parietal diffuse
low-grade glioma. Moreover, the functional
benefit of preserving mental calculation should
be balanced with the oncological benefit to
remove these areas: indeed, except for some very
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specific professions requiring mathematical
abilities, patients usually do not care to keep their
mental calculation abilities (probably because we
are more and more relying on computers for
daily arithmetic).

Double Task
The importance in efficient cognition of being
able to perform simultaneously two tasks cannot
be overemphasized. Fortunately, this can be
easily tested intraoperatively: a motor task can be
added to any other cognitive task. Hence,
patients can be asked to do picture naming or
PPTT or mental calculation while simultaneously
performing a repetitive movement of the upper
limb. This double task greatly enhances the
sensitivity to electrical stimulation, that is, some
sites will respond only to the double task, while
each task separately would be efficiently per-
formed [42]. Again, depending on the preopera-
tive discussion with the patient, one can decide to
preserve or not such areas requiring a high-level
of cognitive functioning.

Mentalizing
Emotions have a major influence in daily life,
particularly for decision making. Assessing the
subjective experience of others in terms of
mental states is a brain function referred to as
mentalizing. Recent theories hypothesizes a two
levels hierarchical network: a low-level network
for emotion recognition or motor intention (the-
ory of mind), and a higher-level network of
mentalizing per se for complex inferences about
other’s state of mind and intentions. The
low-level network is supposed to be linked to the
mirror neuron system, whereas the higher-level is
related to the default-mode network, in particular
the ability to attribute the intentions of others
[78]. Interestingly, the low-level network can be
monitored intraoperatively by the Read the Mind
in the Eyes test. A first study reported responses
in the right superior temporal gyrus, middle
temporal gyrus and supramarginal gyrus [79]. In
another study, responses were found in the pars
opercularis and triangularis of the right frontal
operculum [80]. If it is safer to preserve these
sites, it should be noted that this function is likely

to be distributed over redundant areas, ensuring a
high plastic potential: indeed, in a series without
intraoperative testing, only two patients out of
ten kept an impairment on the assessment
3 months after surgery [81]. Of note, whereas
mentalizing per se can be objectively evaluated
with the comic strips task, there is currently no
way to test the higher-level network in an intra-
operative setting. It could be anticipated that this
higher-level function is even more prone to
plasticity than its lower-level counterpart. This
would explain the very low risk of permanent
deficit (10%).

Other Self-reported Effects of Stimulations
A major advantage of on-line monitoring during
awake surgery is the possibility for the patient to
continuously report any inner conscious and
subjective feeling induced by electrical stimula-
tion. For example, intention to move (by stimu-
lation in the posterior parietal cortex [82]) or
out-of-body experiments (interpreted as a dis-
ruption of multisensory information by stimu-
lating the (right) temporo-parietal junction [83])
have been described by patients.

In the same vein, disruption of consciousness
of the external environment (induced by stimu-
lating the ventral part of the posterior cingulate
cortex) has been reported [84]. After recovering
from the stimulation, the patients could describe
their state as if «in a dream».

Axonal Mapping Under General
Anesthesia

Motor: DES Versus Train of Five
The To5 technique is becoming a popular tool for
axonal mapping of the cortico-spinal tract.

Continuous monitoring can be achieved by
stimulating with the resective surgical tool, either
the ultrasonic aspirator [85] or a suction device
[86].

All in all, To5 appears to be a powerful
method, for both cortical and axonal identification
of cortico-spinal pathway. However, it should
be kept in mind that with this technique, it is
currently not possible to assess higher order
motor function (like grasping, fine movements,
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bimanual coordination …) and the only way to
monitor these functions is intraoperative electrical
mapping in an awake patient.

Non-motor Functions: ACEPs
Until very recently, there was no technique to
map non-motor function axonally under GA.
A very recent study reported the identification of
the arcuate fasciculus by axono-cortical evoked
potentials [26]. The basic idea is to stimulate at
1 Hz during white matter removal and to record
in anterior and posterior language areas identified
by CCEPs. The reliability of this technique needs
to be assessed further, but seems promising.

Axonal Mapping in Awake Patients

Motor Functions
The possibility to test repetitive movements and
bimanual coordination opened new avenues in
the axonal mapping of motor functions. In par-
ticular, the stimulation of the fibers located in the
depth of the precentral sulcus generates impair-
ments of repetitive movements of unilateral or
bilateral limbs. It has been argued that the stim-
ulated pathway has direct projection to the spinal
cord [87]. In addition, the network for motor
control might also involve the frontal aslant tract
(linking the SMA to the pars opercularis/vPMC)
and the fronto-striatal tract [88, 89]. This is not
surprising, considering that the aslant tract makes
the link between the two clusters of «negative
motor areas». From past experience in surgery
with motor mapping under GA, it is known that
resection of these pathways will lead to the so
called «SMA syndrome», with a transient aki-
nesia (and mutism on the left dominant side).
Again, the oncological benefit should be care-
fully balance for each patient: it is certainly
important to preserve a high level of motor
coordination in a tennis player or a pianist, while
it might be not necessary for a sales manager.

Language Function
Since the seminal paper in 2002 [90], great
advances have been made in our understanding of
error patterns elicited by white matter pathways
stimulation. These advances were concomitant

with the development of new neuropsychological
models of language (identifying phonological and
semantic as the two main subsystems [40], and
hypothesizing that they are sustained anatomi-
cally by two parallel pathways, the dorsal and
ventral streams respectively [91]) and with the
(re)-discovery of white matter anatomy by diffu-
sion tensor imaging and cadaveric fiber dissec-
tions. For example, the inferior fronto-occipital
fasciculus has been rediscovered by DTI [92] and
detailed by fiber dissections [93, 94], and new
pathways (aslant [95–97], middle longitudinal
fasciculus [98–100]) were discovered by virtual
dissections and then confirmed by fiber dissec-
tions [96, 97, 101]. On the other side, as
explained above, tracking algorithms can lead to
unrealistic pathways: for example, the trajectory
of the SLF I as described by DTI [102] is the
subject of debate among fiber dissection experts
(see [103] for initial controversy, and [104] for
recent discussion). In the same vein, a long
standing debate about the putative existence of a
superior occipital-frontal fasciculus seems to be
resolved [105].

The datas gathered from axonal mapping can
be summarized in two ways:

• Probabilistic maps, either of functional tumor
remnants [106] or of eloquent sites [107].

• Neuropsychological models with anatomical
substrate [41, 42].

In brief, phonological errors are more fre-
quently encountered by stimulation of the arcuate
fasciculus [108, 109], while perseverations and
semantic errors are more frequently encountered
by stimulation of IFOF (see Fig. 5.1) [110, 111].
This is in line with the dual stream model of
language [91, 112]. Articulatory aspects are
supported by the SLF III [113], while distur-
bances of speech fluency are observed in relation
to the aslant and fronto-striatal tracts [114, 115],
linking the SMA area to the pars opercularis/
vPMC and the head of caudate nucleus respec-
tively. The connectivity of the reading system
has also been investigated [116]. The results
show that: stimulation of inputs to the VWFA
(i.e. the posterior part of the inferior longitudinal
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fasciculus) induces complete alexia; stimulation
of the white matter anteriorly adjacent to the
VWFA induces difficulties for irregular words
reading (i.e. for the semantic/addressed pathway
in the triangle model); while stimulation of the
white matter located superiorly to the VWFA
generates difficulties for both irregular and
pseudo-words, but not for regular words. This
intriguing observation suggest that the posterior
part of the arcuate fasciculus is involved in the
executive control that normally regulates the
balance between the semantic/addressed and
phonological/assembled pathways.

Visual Functions
Whenever the patients cannot accept to live with
a hemianopsia, the visual pathways should be
preserved by DES mapping. The anatomical
complexity of the visuals pathways has recently
been revisited, thanks to DTI and fiber dissection
studies [117–121]. It should be mentioned that
intraoperative testing of vision in a hemi-field
remains a challenge, because axonal stimulation
can generate visual defect rather than positive
phenomena. Hence, it is necessary to use for
example picture naming with images distributed
in the different quadrants. However, because the
patient can compensate with ocular movements,
this is not a 100% reliable methodology [122]
and this should be taken into account in the
onco-functional balance [3].

Spatial Consciousness
In a seminal study [68], the 2nd branch of the
superior longitudinal fasciculus was identified as
the tract whose stimulation generated rightward
deviations in line bisection test. Since this first
description, two other teams reported their
observations of intraoperative line bisection
[69, 70]. Results are not easy to compare, as
methodology were slightly different (line on
paper versus tablet, use of right hand or left hand
to mark the midpoint). Interestingly, leftward as
well as rightward deviations were observed.
Remarkably, both studies agreed that it is the
stimulation of the second branch of the superior
longitudinal fasciculus that generates massive
deviations. How these observations (and

especially the leftward deviations) could be
integrated in the general model of spatial neglect
as an interaction between right dominant
stimulus-driven ventral attention network (sus-
tained by SLF III) and goal-directed bilateral
dorsal attention network (sustained by SLF II)
[123] remains an open question.

Mentalizing
A lesion study suggested that disconnection of
the right arcuate fasciculus and/or SLF III was
associated with poorer low-level mentalizing,
while disconnection of the right cingulum was
associated with poorer high-level mentalizing
[78]. Accordingly, stimulation of the white mat-
ter of the right frontal operculum generated error
in the Read the Mind in the Eyes test, at a
location that could correspond to the termina-
tions of the the arcuate fasciculus/SLF III [80].
More studies are needed to make the link with
the more posterior sites observed cortically, that
is to stimulate the arcuate fasciculus/SLF III in
the depth of a tumor located to the right supra-
marginal gyrus.

Mental Calculation
While a first study did not report any distur-
bances of mental calculation when stimulating
white matter of the left angular gyrus [73], such
effects were observed when stimulating the white
matter in the right parietal lobe [124].

Plasticity and Remapping

Whenever the resection has been pushed until
encountering functional responses in an awake
patient, an immediate postoperative decline is
usually observed in one or several cognitive
domains. The onset of this deterioration is not
always immediate, and usually takes place
between postoperative day 1 and 3 [125]. The
classical explanation of this delay is that deteri-
oration is concomitant to the peak of edema. In
addition, it can be hypothesized that in the first
postoperative days, the brain is massively reor-
ganizing its connection weights, resulting in a
transient abnormal functioning. Recovery usually
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occurs in two steps: a rapid spontaneous post-
operative recovery in the first week after deteri-
oration, and a slow rehabilitation-guided long-
term recovery (lasting about 3 months). The
importance of intensive rehabilitation cannot be
overemphasized. It should be started as soon as
possible, right after the surgery [126, 127], and it
should be under the supervision of a trained
speech therapist or neuropsychologist. On a
patho-physiological point of view, this long-term
recovery is directly related to the patient’s
potential of plasticity, and it has been observed
that it took longer time in older patients.

All in all, for low-grade glioma, postoperative
plasticity is driven first by rehabilitation and then
by the slow regrowth of the tumor. As a conse-
quence, it should be kept in mind that, thanks to
this plasticity, responsive sites identified during a
first surgery might be unresponsive some years
later. This opens the possibility to reoperate on
low-grade glioma and to remove the second time
some areas found eloquent at first surgery—thus
to increase the extent of resection without elic-
iting permanent functional deficits [128, 129].

Conclusions

Advances in brain mapping techniques have
allowed a better understanding of the dynamic
organization of human brain, i.e. in large-scale,
parallel, delocalized and interactive sub-networks.
Therefore, anatomical landmarks are not enough
to preserve an optimal quality of life in brain
tumor patients undergoing maximal resective
surgery: individual functional mapping is
mandatory to tailor the resection according to
cortical and subcortical eloquent structures for
each patient. Because non-invasive preoperative
functional neuroimaging is currently not reliable
enough to identify the cortices and white matter
tracts crucial for brain processing, in particular
with regard to high order cognitive functions,
intraoperative mapping using direct electrical
stimulation is the goal standard to remove diffuse
gliomas. In awake patients, it is now possible to
achieve an extensive mapping, not only of sen-
sorimotor and language functions, but also of

cognitive and emotional functions. Cortical and
axonal stimulation enables a precise investigation
of the neural circuits of glioma patients, to detect a
possible remapping elicited by the tumor itself, in
addition to the interindividual variability, and to
define in real-time the boundaries of surgical
resection in order to improve both the oncological
results (e.g. by performing a supratotal resection,
extended beyond the enhancement in high-grade
gliomas and beyond the FLAIR abnormalities in
low-grade glioma) as well as the functional out-
comes. The ultimate goal is to increase the quan-
tity of quality of life, based upon a personalized
surgical strategy taking into account the wishes of
the patient. Therefore, a comprehensive explana-
tion of the natural history of the disease, but also
the determination of the individual quality of life
(according notably to the job and hobby of the
patient) is essential before the surgical act, with
the aim to adapt the selection of cognitive tasks
during resection, and then to optimize the
onco-functional balance of surgery.
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