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A B S T R A C T

Slow-growing, infiltrative brain tumours may modify the electrophysiological balance between the two hemi-
spheres. To determine whether and how asymmetry of EEG rhythms during motor preparation might occur
following “awake brain surgery” for this type of tumour, we recorded electroencephalograms during a simple
visuo-manual reaction time paradigm performed by the patients between 3 and 12months after surgery and
compared them to a control group of 8 healthy subjects. Frequency analyses revealed imbalances between the
injured and healthy hemispheres. More particularly, we observed a power increase in the δ frequency band near
the lesion site and a power increase in the α and β frequency bands. Interestingly, these alterations seem to
decrease for the two patients whose surgery were anterior to 9 months, independently of the size of the lesion.
Reaction times did not reflect this pattern as they were clearly not inversely related to the anteriority of the
surgery. Electrophysiology suggests here different processes of recovery compared to behavioral data and brings
further insights for the understanding of EEG rhythms that should not be systematically confounded or as-
similated with cognitive performances. EEG monitoring is rare for these patients, especially after awake brain
surgery, however it is important.

1. Introduction

Low-Grade Gliomas (LGG – World Health Organization grade II
gliomas) are slow-growing primary brain tumours that develop at the
expense of glial cells. Because of their infiltrative and diffuse nature,
maximizing the resection of tumoural tissue bordering or merging with
functional areas brings important risks of neurological impairments
(Duffau and Capelle, 2004). It is therefore crucial to distinguish the
eloquent cortex and preserve structures supporting essential cognitive
processes such as language or motor control from surgical injury (Plaza,
Gatignol, Leroy, & Duffau, 2009; Schucht, Moritz-Gasser, Herbet,
Raabe, & Duffau, 2013). In this context, direct electrical stimulation
(DES) is used during wide-awake brain surgery for online mapping of
brain functions (Duffau, 2015; Mandonnet, Winkler, & Duffau, 2010).
The neurosurgeon applies DES with a bipolar stimulator on the surface
of the brain and along underlying white matter tracts while the patient

is asked to perform a set of motor, language, and cognitive tasks. If the
patient consistently fails neuropsychological tests during the stimula-
tion, this means that the region remains functional despite the invasion
of the lesion and should be preserved. Conversely, if the stimulated
region does not cause deficits in appropriate tasks, this means that its
function is taken over by another region. This surgical routine allows
the progressive identification and optimal resection of the tumour up to
the functional limits (Duffau, 2015).

Tumour discovery mostly relies on first epileptic seizure or in-
cidental detection rather than neurological complaints from patients. It
has been suggested that the slow progression of LGG contrasts with
more acute lesions, allowing the central nervous system to ensure
functional homoeostasis while the tumour disseminates to other brain
areas (Desmurget, Bonnetblanc, & Duffau, 2007; Duffau, 2013). This
very unique physiopathological model and associated neuroplasticity
phenomena were investigated in several works, which have suggested
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various patterns of functional redistribution with progressive involve-
ment of both ipsi- and contra-lesional areas in the compensation of
gradually damaged neuronal circuits (Bonnetblanc, Desmurget, &
Duffau, 2006; Duffau, 2014a,2014b).

After surgical resection, patients only present transient impairments
despite massive exeresis volumes, and recover within 3months showing
no clinical deficits in almost all cases. These deficits are hardly de-
tectable using classical neuropsychological evaluations (Duffau et al.,
2003; Herbet, Lafargue, Bonnetblanc, Moritz-Gassers, & Duffau, 2013).
Regarding, visuo-spatial and motor cognition, preliminary studies
proposed dedicated paradigms for the assessment of recovery kinetics.
Sallard, Duffau, and Bonnetblanc (2012a) and Charras et al. (2014)
both used standard line bisection tests to reveal transient hemispatial
neglect and neglect-like symptoms in the acute post-operative phase
preceding fast and substantial recovery in all patients. Sallard, Barral,
Duffau, and Bonnetblanc (2012b) also proposed a visuo-manual reac-
tion time paradigm to evidence longer reaction times for the contrale-
sional hand. These results clearly suggest some degree of functional
asymmetry during the postoperative period, and were hypothesized to
represent more global physiological and functional imbalance between
brain hemispheres, including subcortical structures (e.g. Thalamus and
cerebellum), induced by tumour resection (Boyer et al., 2015a,2015b).

Apart from behavioural aspects, little is known regarding the con-
sequences of awake brain surgery on postoperative brain dynamics. In
order to clarify the role of each hemisphere in compensation processes
and possible electrophysiological imbalances, Bonnetblanc et al. (2014)
measured the electroencephalographic (EEG) activity of 5 patients
performing an analogous visuo-manual reaction time task between 3
and 12months after surgery. The experiment consisted of combinations
of visual stimulus location and responding hand to supposedly recruit
each hemisphere to a different extent. The study focused on the am-
plitude of event-related potentials (ERPs) to probe asymmetries of
cortical excitability. Surprisingly, they found that excitability was in-
creased in the injured hemisphere but for patients with the smallest
lesions and independently of the anteriority of the surgery. Neither
behavioral scores nor excitability changes were illustrative of the time
passed from the operation.

In the present work, we complement these investigations focusing
on the motor preparation period preceding the hand response to study
the stationary EEG signal before the ERP and further document the
consequences of tumour resection and functional reorganisation on
brain electrophysiological dynamics.

We performed usual spectral analyses and searched for potential
differences in the amplitude and spatial distribution of common
“Brainwaves”. These rhythms typically refer to oscillatory activities
recorded over the scalp and commonly grouped into bands depending
on their frequency, amplitude, and location (Arroyo et al., 1993;
Buzsaki and Draguhn, 2004; Garcia-Rill et al., 2016). Their physiolo-
gical origins and functional role are still highly debated but emerging
evidence from animal and human studies suggests their importance in
brain spatio-temporal integration and segregation (Varela, Lachaux,
Rodriguez, & Martinerie, 2001). Modifications of brain oscillation
patterns have been associated with diseases of the central nervous
system and quantitatively assessed in EEG studies as clinical indicators,

especially in the context of cognitive disorders, seizure, and more
particularly, ischemic strokes (Harpale and Bairagi, 2016; Medeiros
Kanda et al., 2009; Rabiller, He, Nishijima, Wong, & Liu, 2015).
However, alterations of brainwaves in the presence of a brain tumour
remain particularly unclear, leading to inconsistent results even though
a few MEG and EEG studies highlighted an overall slowdown in elec-
trophysiological activity of the brain, i.e. increased spectral power in
the δ (1–4 Hz) and θ (4–8 Hz) frequency ranges (Decker and Knott,
1972; Jongh et al., 2003; Preuß et al., 2015; Selvam and Devi, 2015;
Selvam and Shenbagadevi, 2011; Wijk, Willemse, Peter Vandertop, &
Daffertshofer, 2012). None of these studies focused on brain oscillations
after awake brain surgery and, to the best of our knowledge, no study
confirmed the presence of slow waves after the tumour removal. From a
functional perspective, the attentional task preceding motor response
offers a constrained environment similar to motor preparation para-
digm as seen in Brain Computer Interface studies (Han and Bin, 2014)
which may help decipher potential modifications of induced brain os-
cillatory activity, contrasting with ambiguous resting states EEG stu-
dies. Therefore, we placed special emphasis on α rhythms (9–12 Hz)
and sensorimotor rhythms (consisting of μ: 9–12 Hz and β: 14–20 Hz
bands), potentially emerging in occipital and Rolandic areas respec-
tively. These particular oscillations have been linked to visual proces-
sing, motor control, motor imagery, action anticipation, and are
therefore likely to be elicited during the motor preparation period
(Arroyo et al., 1993; Denis, Rowe, Williams, & Milne, 2017; Han and
Bin, 2014; Heinrichs-Graham, Kurz, Gehringer, & Wilson, 2017; Kim
and Kim, 2016; Sabate, Llanos, Enriquez, & Rodriguez, 2012). The
perirolandic region is of particular interest because of its low inter-in-
dividual variability (Mellerio et al., 2016). It contains sensorimotor
areas which are direct input/oupout for sensory and motor systems and
are thus unlikely to be compensated in other locations (Herbet, Maheu,
Costi, Lafargue, & Duffau, 2016).

Using spectral analyses, we aim to study the EEG signal during
motor preparation period in the frequency domain to provide com-
plementary information and new insights regarding the consequences
of awake surgery on brain electrophysiological activity.

2. Materials & methods

2.1. Participants

Five right-handed patients (P1 to P5; 4 males and 1 female;
mean ± SD age, 39 ± 5.34, range= [33–45]) and eight age-matched,
right-handed, healthy controls (7 males and 1 female; mean ± SD age,
39.75 ± 4.30, range= [33–45]) participated in the study. None of the
controls had a history of neurological disease (including motor, visual
hemifield, or visuo-spatial impairments). The study complied with the
World Medical Association’s Code of Ethics (the 1964 Declaration of
Helsinki and its amendments). The patients’ socio-demographic and
clinical characteristics are summarized in Table 1.

P1 (a 35-year-old male) presented with a tumour at right middle
and inferior temporal area (Fig. 1a). P2 (a 38-year-old male) presented
with a right temporal tumour (Fig. 1b). P3 and P4 (a 44-year-old female
and a 33-year-old male, respectively) presented with a right frontal

Table 1
Patient information: Socio-demographic and clinical data of the 5 patients enrolled in this study.

Socio-demographic Clinical Time of assessment after surgery (months)

Id. Age (years) Gender Edu. level (years) Handedness Grade of the tumour Surgery Volume of resection (cm3)

P1 35 M 17 R II Awake 7.1 3
P2 38 M 15 R II Awake 79.2 3
P3 44 F 12 R II Awake 119.1 3
P4 33 M 17 R II Awake 116.8 9
P5 45 M 17 R II Awake 11.5 12

A. Boyer et al. Brain and Cognition 125 (2018) 45–52

46



tumour (Fig. 1c and d). P5 (a 45-year-old male) presented with a tu-
mour in the right temporal pole (Fig. 1e). All patients underwent the
surgical resection of LGG (grade II, according to the World Health Or-
ganization classification) with intra-operative DES.

Lesion mapping was based on whole-brain three-dimensional T1
anatomical MRI data sets acquired 3months after surgery (on a 3T
Siemens Skyra machine, Siemens Medical Systems, Erlangen,
Germany). These individual MRI data sets were then normalized
against the Montreal Neurological Institute template by applying cost
function masking (Brett, Leff, Rorden, & Ashburner, 2001). This method
has been well characterized and is known to be the best option for
normalization when the lesion is extensive (Andersen, Rapcsak, and
Beeson, 2010). During the registration process, cost function masking
avoids the bias caused by abnormal, lesion-induced, radiological sig-
nals. Briefly, the lesion was contoured (using MRIcron software (http://
www.mccauslandcenter.sc.edu/mricro/mricron) (Rorden, Karnath, and
Bonilha, 2007) and transformed into a binarized image. This image was
inserted during the normalization processes performed here with SPM 8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8) (Ashburner, 2012).
The lesion is then redrawn on the normalized scan, in order to generate
an individual volume of interest.

Patients were thoroughly examined by a neuropsychologist before
and after surgery. None had clinically evident neurological disorders.
Data on surgical resection volumes are summarized in Table 1. Three
patients had extensive resections (79.2, 119.1 and 116.8 cm3), and two
had much smaller resections (7.1 and 11.5 cm3). P3 was undergoing her
second surgical operation on the frontal lobe. The first operation had
been performed in 2004 by another neurosurgeon, but the lesion had
continued to grow in the intervening time.

2.2. The behavioural task

Participants comfortably sat in front of a laptop computer on which
different visual stimuli (including the “go” signal) were displayed with
Presentation® software (http://www.neurobs.com). The screen was

about 60 cm from the body in the sagittal axis and 45 cm below eye
level. Two switches were positioned on each side of the sagittal axis
(15 cm apart and 45 cm from the body).

The motor responses consisted of pressing one or both switches with
the corresponding index finger(s). A fixation cross appeared in the
middle of the screen and served as the warning signal. After a variable
time interval, one or two arrows appeared at different locations (re-
presented the “go” signal); the participant sawing one or two arrows
then had to press the corresponding button(s), as soon as possible. The
arrow(s) could appear to the left of the initial fixation cross (designated
as LS), to the right (RS), to both the left and the right at the same time
(R+LS) or at the fixation cross’s central position (CS).

The time interval between the appearance of the fixation cross and
the appearance of the “go” signal (i.e. the stimulus onset asynchrony)
varied randomly from one trial to another in the range 1’000 to
2’000ms. This interval comprised two phases. Firstly, the fixation cross
was displayed for a duration between 1’000 and 1’500ms. After the
disappearance of fixation cross, the stimulus appeared after a variable
interval of between 0 and 500ms. The four combinations of visual
stimuli (RS, LS, R+ LS, and CS) were randomized within three blocks
that depended on the hand(s) used (i.e. RH, LH, and R+LH), resulting
in twelve conditions. A total of 360 trials (30 trials× 12 conditions)
were performed in two separate sessions.

2.3. EEG recording and pre-processing

The electroencephalogram was recorded at 64 scalp sites using a
10–20 system (BioSemi ActiveTwo). Horizontal eye movements were
recorded with electrodes placed on the outer left and right canthi.
Vertical eye movements were recorded with an electrode placed under
the right eye. Two additional electrodes were placed on the left and
right mastoids (A1, A2). During recording, the BioSemi system’s
common mode sense electrode served as the reference electrode.
Electrophysiological signals were digitized at a 2’048 Hz sampling rate
and acquired with ActiView software. The EEG signals were analysed

Fig. 1. Lesion mapping: Result of the lesion mapping performed 3months after surgery for each patient.
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using the EEGLAB toolbox (https://sccn.ucsd.edu/wiki/EEGLAB)
(Delorme and Makeig, 2004) for Matlab (MATLAB and Statistics
Toolbox Release 2012a, The MathWorks, Inc., Natick, Massachusetts,
United States). The data were re-referenced against the mean of elec-
trodes A1 and A2, down sampled to 250 Hz and filtered using a high-
pass FIR filter with a cut-off frequency of 1 Hz. In order to correct for
eye-movement artefacts, EEGLAB’s binica routine was used to perform
independent component analyses by removing the first component. All
the corrections underwent visual inspection. Eventually, we focused on
motor preparation period restricting epochs to 1 s latency window
going from −1’000ms prestimulus to the stimulus onset. In this par-
ticular context, only the condition related to the hand used remains
relevant and the random combinations of visual stimuli were therefore
pooled.

2.4. Spectral analysis

Power spectral densities (PSDs) were computed per epoch using
Welch’s modified periodogram estimation method (250 data points;
100 data point Hanning-window; 75% overlap), producing an effective
power value for each 1-Hz iteration. For each subject and channel, re-
sulting power spectra were averaged over all 120 trials according to the
hand used (30 trials for each of the 4 randomized visual stimulus) and
across the 1–40 Hz frequency range to cover commonly investigated
Brainwaves (δ: 1–4 Hz; θ: 4–8 Hz; occipital α, rolandic μ, temporal τ:
8–12 Hz; β: 12–30 Hz and γ: 30+ Hz bands) (Arroyo et al., 1993;
Buzsaki and Draguhn, 2004; Garcia-Rill et al., 2016).

Spectral data were also used to compute topographical maps of the
spectral power distribution over the scalp, “PSD maps”, extracting the
mean power contained within aforementioned frequency bands. For
visualization purposes, power spectra computed from epochs were first
log-transformed before being averaged over trials and/or subjects. For
some patients and healthy subjects, visual inspection of PSD maps
clearly revealed that up to several electrodes located at the edge of the
EEG headcap had artefactual data, typically due to inadequate contact
between electrodes and the scalp. For this reason we chose to exclude
the outermost electrode strip from our analyses.

2.5. Statistical analysis

Reaction times, effective power values (over the 1–40 Hz frequency
range) and mean power values (within bands of interest), for each
patient, at each electrode, were compared with their respective 95%
confidence interval estimated from the control group. Comparisons
were performed for each hand condition. The smallness of the control
group limits statistical inferences regarding underlying probability
distribution of the data. In this context, confidence intervals were es-
timated using a resampling technique, i.e. Bootstrapping technique,
applying the Bias Corrected and Accelerated percentile (BCA) method.
The sampling distribution of statistical means of each variable (reaction
times and power values) was computed using 1’000 bootstrap samples
and the confidence interval was deduced from the estimated distribu-
tion (Carpenter and Bithell, 2000).

3. Results

3.1. Spectral analysis

Among the 5 patients enrolled in this study, 3 showed substantial
alterations of oscillatory activity in comparison with the healthy group.
The 3 patients were those who followed the experimental protocol the
soonest after wide-awake surgery, namely P1, P2 and P3, who were
recruited 3months after tumour resection. The 2 other patients, P4 and
P5, followed the experimental protocol respectively 9 and 12months
after surgery and showed marginal, barely significant, alterations of
spectral content. As seen in Figs. 2 and 3, the major differences arise

within δ, α and β bands with significantly higher spectral power and
multiple peaks, which are not seen in healthy subject spectra. PSD maps,
illustrated in Fig. 4, revealed that higher power mainly occurs within
the injured (right) hemisphere, contrasting with a more balanced dis-
tribution of spectral densities for the control group.

Similarly to reaction times (see below), the hand used did not yield
any notable differences regarding spectral content, therefore we chose
to present only the results associated with the Left Hand (LH) condition.

3.1.1. Increase in δ activity
δ power appeared significantly higher for all 5 patients compared to

healthy subjects, especially when moving closer to the lesion site. P3
and P4, both with a right frontal tumour, showed maximum δ activity
in superior frontal regions whereas P2 and P5, both a with right tem-
poral lesion, showed highest scores in more lateral, fronto-temporal
regions. This is however not the case of P1 with enhanced δ activity
scattered over the cortex. Regarding P1, P2 and P3, δ power is higher
over most of the scalp with respect to the control group. On the other
hand, P4 and more particularly P5 showed more contrasted variations
of δ activity with increased power near the lesion site and decreased
power for some electrodes in contralesional parieto-occipital regions.

3.1.2. Increase in α activity
P1, P2 and P3 exhibited increased α power at almost all electrodes.

For P1 and P2, maximum α activity was recorded within the occipital
lobe, with an extension to ipsilesional somatomotor regions. For P3, α
activity was mostly concentrated in ipsilesional peri-rolandic areas. P4
and P5, for their part, showed scarcely significant variations of α power
in comparison with the healthy group. For theses patients, higher power
arise in similar regions to those observed when studying spatial re-
partition of δ activity, i.e. close to the lesion site. However, a slight
diminution of α power can be observed for a few electrodes of the
contralesional frontal lobe for both patients.

3.1.3. Increase in β activity
P1, P2 and P3 showed highest β activity around somatomotor re-

gions, just below electrode C4 (Fig. 3). P3 was the only patient who
presented a global increase of β power across all scalp electrodes. P1
and P2 both exhibited diminished β activity for a few electrodes of the
contralesional frontal lobe. P4 and P5 showed more balanced β activity
with minor gain of power in similar regions to those observed when
studying δ and α activity and in parieto-occipital regions for P5. It
should be noted that power spectra computed for electrode C4 revealed
observable differences of β power depending on the hand used. P1 and
P2 showed decreased β activity for this particular electrode when the
right hand is used in comparison with the 2 other conditions (LH and
L+RH).

3.2. Reaction time analysis

As shown in Fig. 5., P2 and P3 (with extensive right temporal and
frontal lobe resection, respectively) showed significantly extended re-
action times in all 3 conditions. On the other hand, P4 exhibited shorter
reaction times although he also underwent an extensive resection of the
right frontal lobe. Similarly, patients with smaller lesions, P1 and P5,
showed abnormally diminished reaction times.

Despite substantial differences between patients and the control
group, no significant differences in reactions times were identified
when considering the hand used during the experimental protocol.
These results did not mirror those obtained for spectral analyses. The
size of the lesion can be large but the reaction times smaller (see P4). By
contrast the normalization of spectrum can appear after 9months de-
spite very different lesion sizes (see P4 and P5), and δ band activities
can be important despite a smaller lesion (see P1).
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4. Discussion

In this study, we focused on postoperative brain dynamics of pa-
tients who underwent wide-awake surgery for LGG. We analysed the
EEG data of 5 patients, who performed a simple visuo-manual task, and
compared them to a control group of 8 healthy subjects. We used the
motor preparation period to extract power features to better

characterise changes in EEG signal following surgery and subsequent
functional reorganisation. We used spectral analysis to identify altera-
tions of brainwaves over the cortex. Brainwaves have been investigated
in various psychiatric and neurological diseases (Claus et al., 1998;
Medeiros Kanda et al., 2009; Morita, Kamei, and Mizutani, 2011;
Swisher, 2017) as well as brain injuries (Pevzner et al., 2016; Rabiller
et al., 2015), but because of the heterogeneity of pathophysiological
models and inter-individual variability, a general agreement regarding
alterations of brain oscillatory rhythms is hard to reach. Nonetheless,
several EEG studies helped identifying robust parameters dis-
criminating patients and controls relying on a relatively strong dis-
sociation between increased slower waves (δ and θ) and weakened
faster activities (α and β) (Brenner, Reynolds, & Ulrich, 1988; Claus
et al., 1998; Coben, Danziger, and Storandt, 1985; Forstl et al., 1996;
Jongh et al., 2003; Koberda, Moses, Koberda, & Koberda, 2013; Morita
et al., 2011; Rabiller et al., 2015; Soininen et al., 1991). Neuronal
origins for the slowdown of EEG activity in the impaired brain are not
fully understood but previous works suggested it to be linked with al-
tered cerebral blood flow and cortical metabolism (Buchan et al., 1997;
Foreman and Claassen, 2012; Gueguen et al., 1991; O’Gorman et al.,
2013; Szelies, Mielke, Kessler, & Heiss, 1997). More particularly, stroke
studies proposed that the reduction of cerebral blood flow causes en-
ergy deprivation of pyramidal neurons, inducing changes in membrane
potentials, leading to the slowdown of EEG activity (Rabiller et al.,
2015). In this context, observed increases in δ waves we noticed for
patients may be seen as an indication for altered metabolic activity as it
appears to be roughly distributed within the injured side and max-
imized nearby the lesion site.

Fig. 2. Topographical maps of spectral power: Maps illustrating the spatial distribution of the spectral power contained in a given frequency band over the scalp. We
selected bands which showed significant peaks of spectral power for patients in comparison with the control group (i.e. δ band: 1–4 Hz, α band: 9–12 Hz, β band:
14–20 Hz), and we then calculated the average power at each electrode for each band. Electrodes are represented by a set of symbols: ● symbol is used when the
corresponding spectral power falls within the 95% confidence interval estimated from healthy subjects. ▲ and ▾ symbols are respectively used when the power is
either greater or smaller than the 95% confidence interval. Results for the left hand (LH) condition are presented here.

Fig. 3. Reaction times: Reaction times for the control group (histograms:
means ± 95% CI) and patients (geometric forms: individual means) depending
on the hand used. CI – confidence interval, LH – left hand, RH – right hand.
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Awake brain surgery may induce neural activity depression con-
comitant with blood flow reduction in remote deafferented regions also
known as diaschisis phenomenon (Boyer et al., 2015a,2015b), as well
as more local disruption of perfusion balance. This imbalance might
fade over time as patients who followed the experimental protocol 9
and 12months after surgery showed limited alterations of δ activity.
Even if the slow down of EEG activity is often associated with altered
metabolism in stroke model and used as a predictive biomarker for
post-stroke outcomes, δ waves were also considered in neuronal plas-
ticity mechanisms and more precisely long-term potentiation (Assenza,
Pellegrino, Tombini, Di Pino, & Di Lazzaro, 2015), and axonal sprouting
(Carmichael and Chesselet, 2002). Just as in stroke, overall power tends
to be higher in both hemispheres with respect to healthy subjects

especially when considering slow waves. It was suggested that acute
deafferentation increased neural synchronization with new corticocor-
tical junctions and enhanced neuronal excitability (Tecchio et al.,
2005). ERP analysis previously performed on these data revealed con-
curring results with asymmetric interhemispheric excitability for pa-
tients (Bonnetblanc et al., 2014). In this context, origins for enhanced δ
waves for patients who underwent wide-awake surgery are hard to
disentangle and may be ascribed to metabolic disruptions and/or neu-
roplastic recovery. A few studies investigating wave abnormalities in
the presence of a brain tumour (without surgery), revealed similar re-
sults with a slowing of background rhythms (Jongh et al., 2003; Selvam
and Devi, 2015; Wijk et al., 2012).

Less-expected result was the strengthening of faster activities with
global increase in α power and cluster of β activity near somatomotor
regions for the 3 patients who were the most recently surgically oper-
ated at the time of the study. α waves are historically known to occur
within the occipital lobe during wakeful relaxation with closed eyes and
have been thought to reflect idling or inhibition of task-irrelevant
cortical areas (Berger, 1929; Palva and Palva, 2007). Garcia-Rill et al.
(2016) described α oscillations as resting rhythms, acting as a fulcrum
for transitional brain states. A point of contention is whether this fre-
quency serves to process information relevant to the task at hand or
rather to filter out irrelevant information and if it is generated by the
neocortex, the thalamus, or a combination of both (Hughes and
Crunelli, 2005; Silva, Amitai, and Connors, 1991; Vijayan and Kopell,
2012). Their origins and functional role are still debated to this date
and have been focused in several computational models (Bhattacharya,
Coyle, & Maguire, 2011; Jones et al., 2009; Vijayan and Kopell, 2012).
The presence of enhanced α activity may be interpreted either from a
“processing” or “idling” standpoint and no categorical conclusion could
be drawn regarding the metabolic origins of the observed increase in α
power. A hypothesis is that it might be linked with perturbation of
thalamo-cortical circuits and acute changes in thalamic hemodynamic
activity consequent to awake surgery (Boyer et al., 2015a,2015b;
Hughes and Crunelli, 2005). Interestingly, Wijk et al. (2012) also found
task-independant enhanced α rhythms for patients with glioma using a
motor related paradigm consisting of self-paced opening and closing
movement of the right or left hand. Authors relied on physiological
modelling and proposed that enhanced α activity may originate from
the loss of feedback connections from other cortical regions. Neuronal
oscillations above the θ range seemed to cover a large part of the oc-
cipital and parietal lobes and concentrate near ipsilesional perirolandic
regions when progressing towards faster oscillations to the point that β

Fig. 4. Power spectral densities: Example of PSDs we obtained for patients (single lines) and associated 95% confidence interval estimated from the control group
(yellow surface), for a subset of electrodes (F3, Fz, F4; C3, Cz, C4; P3, Pz, P4). Results for the left hand (LH) condition are presented here.

Fig. 5. Power spectral densities at C4: PSDs for patients (single lines) and as-
sociated 95% confidence interval estimated from the control group (yellow
surface) at the electrode C4. Results for the left hand (LH) condition are pre-
sented here.
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activity appeared as a focal point in the precentral gyrus, facing elec-
trode C4. μ and β waves near the central sulcus are often depicted as
sensorimotor rhythms and have been involved in a large set of ex-
perimental paradigms including visual processing and stimulation,
motor control, intention and imagery, or action anticipation (Arroyo
et al., 1993; Denis et al., 2017; Han and Bin, 2014; Heinrichs-Graham
et al., 2017; Kim and Kim, 2016; Sabate et al., 2012). But it is unknown
whether the observed differences in faster activities were elicited by the
experimental protocol itself or result from an intrinsic brain state, as
healthy subjects did not show singular patterns of μ and β oscillations in
any experimental condition. μ waves are, for example, often proposed
as a proxy for mirror neuron activity and their presence could be con-
nected with postoperative recovery (Fox et al., 2016). β activity,
however, appeared to be stronger when the contralateral hand is re-
cruited, which led to the conclusion that the observed alterations are, at
least partially, task dependant and motor-related.

The present study had several limitations. the sample size was small
because the post-operative assessments were lengthy and burdensome.
Furthermore, the tumour size and site varied markedly from one patient
to another. To circumvent these limitations, we used a differential ap-
proach in which individual performance levels were compared with a
baseline. For each condition, each patient’s performance was compared
with the 95% CI derived from a control group. Differential approaches
are particularly appropriate when between-subjects variability is large
(as in many clinical studies) and so are fully justied in the present case.
This approach was even more justified when the variability in the lesion
extent and size is considered. It is important to bear in mind that lesion
variability is always present in studies of patients with brain lesions.
Even though researchers try to control for lesion size and locations,
lesion reconstruction (when performed) is not usually accurate enough
to determine which white matter pathways are injured, for instance.
Furthermore, as demonstrated by functional mapping of the brain,
there is also huge between-subjects variability in anatomical landmarks
and functional performance. In many cases, datasets from individual
patients are also averaged, constituting a major limitation. Given that
white matter pathways link remote brain areas with various functions,
small differences in the state of damage may lead to complete different
functional states. Accordingly, we consider that our differential ap-
proach was justified for determining whether it was possible to measure
changes in interhemispheric electrophysiological balance after awake
brain surgery.

Overall, our results clearly identify changes in postoperative
brainwaves of patients who underwent wide-awake surgery. Spectral
analyses suggested imbalances between the injured and healthy hemi-
spheres for patients. Interestingly, we observed that both δ and α ac-
tivity appeared to be significantly higher over the whole scalp for the 3
patients at 3months which could be a sign of the disruption of entire
network(s) subsequent to surgery. Using fMRI, a recent study made a
correspondence between resting state networks and brain oscillatory
activity and stated that the dichotomy between the intrinsic vs. ex-
trinsic systems (of networks) corresponds to the electrophysiological
distinction between parts of the brain that communicate via θ vs. α
phase synchrony. Thus, our results may indicate a perturbation of both
systems for these patients (Hacker, Snyder, Pahwa, Corbetta, &
Leuthardt, 2017). These investigations performed on the motor pre-
paration period also provided important information regarding long-
itudinal recovery of brain dynamics. Although all patients in our study
had very different tumours, both in size and location, it’s interesting to
note that the 2 patients who underwent the experimental protocol re-
spectively 9 and 12months after surgery showed more moderate al-
terations of spectral content independently of the lesion size. This may
be seen as an indicator for EEG signal standardization in time and
presumably a resumption of brain dynamics. However, the fact that
these patients still showed altered spectral power near the lesion site
after such a long period may be indicative of a slower than expected
recovery and/or may result from a new cortical configuration near the

lesion site (new corticocortical junctions/axonal sprouting). These
findings have potential clinical rehabilitation implications and suggest
that a relatively simple motor task might be sufficient to monitor in-
traindividual brain dynamics recovery, using EEG measurement and a
reduced number of features.
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