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Auditory novelty detection has been associated with different cogni-
tive processes. Bekinschtein et al. (2009) developed an experimental
paradigm to dissociate these processes, using local and global
novelty, which were associated, respectively, with automatic versus
strategic perceptual processing. They have mostly been studied
using event-related potentials (ERPs), but local spiking activity as
indexed by gamma (60-120 Hz) power and interactions between
brain regions as indexed by modulations in beta-band (13-25 Hz)
power and functional connectivity have not been explored. We thus
recorded 9 epileptic patients with intracranial electrodes to compare
the precise dynamics of the responses to local and global novelty.
Local novelty triggered an early response observed as an intracranial
mismatch negativity (MMN) contemporary with a strong power in-
crease in the gamma band and an increase in connectivity in the
beta band. Importantly, all these responses were strictly confined to
the temporal auditory cortex. In contrast, global novelty gave rise to
a late ERP response distributed across brain areas, contemporary
with a sustained power decrease in the beta band (13-25 Hz) and an
increase in connectivity in the alpha band (8-13 Hz) within the
frontal lobe. We discuss these multi-facet signatures in terms of con-
scious access to perceptual information.

Keywords: connectivity, intracranial recordings, mismatch negativity, P300,
time-frequency

Introduction

Novelty detection is fundamental to quickly respond to poten-
tially relevant stimuli. It is notably important to detect both
unusual objects (perceptual novelty) and usual objects deliv-
ered in a new context. This second type of novelty, termed
“contextual novelty,” has been widely studied using ERPs. Two
main cognitive processes, a fast and automatic novelty detec-
tion process and a slow and strategic one, have been identified.
The first one is indexed by the mismatch negativity (MMN—
Nidtinen et al. 1978), which is elicited around 100-200 ms
after change onset. The MMN is generated by bilateral sources
in the superior temporal cortex and possibly in the frontal
cortex (Giard et al. 1990; Rinne et al. 2000; Opitz et al. 2002).
These generators were confirmed by intracranial studies con-
ducted in humans (Halgren et al. 1995; Kropotov et al. 2000;
Liasis et al. 2001; Rosburg et al. 2005). Interestingly, the MMN
persists in the absence of attention (Niitinen et al. 1978). It
can even be observed during rapid eye-movement sleep
(Atienza et al. 1997) or in comatose patients (Fischer et al.
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1999; Naccache et al. 2005) or more generally in patients with
impaired consciousness (Faugeras et al. 2011, 2012; King et al.
2013). Following the MMN, another component sensitive to
auditory novelty, the P300, can be recorded about 300 ms after
change onset (Sutton et al. 1965) and is related to a strategic
novelty detection process. Two types of P300 can be distin-
guished. The P3a is anteriorly distributed, peaks between 220
and 280 ms, and is weakly affected by attention (Squires et al.
1975), whereas the P3b is a centro-posterior component, re-
flecting the activation of the hippocampus and parietal and
frontal cortices (Picton 1992), and spanning from 250 to 600
ms after change onset. The P3b is highly dependent on atten-
tion, as it only occurs when subjects are actively engaged in de-
tecting novel stimuli (Bekinschtein et al. 2009). Therefore, it
has been proposed as a neural signature of working memory
(Donchin and Coles 1988; Polich 2007) and conscious access
(Sergent et al. 2005).

Bekinschtein et al. (2009) developed an experimental para-
digm exploring these 2 processes. It relies on 2 levels of audi-
tory novelty that are orthogonally manipulated: a change in
pitch within series of 5 sounds (local novelty) gives rise to an
MMN, whereas a rare change in series of 5 sounds in a fixed
context (global novelty) triggers a P3b. An fMRI experiment
using this exact paradigm showed that local novelty elicited re-
sponses within auditory cortices, whereas processing of global
novelty was associated with a distributed brain network in-
cluding frontal, anterior cingulate, and parietal areas (Be-
kinschtein et al. 2009). Interestingly, the response to local
novelty was present even when subjects were distracted,
whereas the response to global novelty only occurs when sub-
jects were actively engaged in detecting novel stimuli (Be-
kinschtein et al. 2009) or when they were paying attention to
the stimuli (Wacongne et al. 2011). Moreover, using this para-
digm, responses to local novelty were observed in patients
with impaired consciousness, but responses to global novelty
were only observed in patients with preserved consciousness
(Faugeras et al. 2011, 2012; King et al. 2013).

Taken together, these findings suggest that local novelty de-
tection involves a fast, automatic, and encapsulated process,
whereas global novelty detection involves a slow, strategic,
and widespread process.

Nevertheless, responses to local and global novelty have
mostly been explored using ERP measures, but it is important
to explore their oscillatory properties and functional connectiv-
ity in order to fully understand the networks underlying these
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2 types of responses, as evidenced in previous intracranial
studies (Axmacher et al. 2010; Zaehle et al. 2013). Indeed, re-
sponses to events of interest contain modulations in some
frequency bands that are time-locked to the events, but not
phase-locked, and thus cannot be extracted by ERPs (Pfurtschel-
ler and Lopes da Silva 1999; Tallon-Baudry and Bertrand 1999).
In particular, modulations in high gamma activity has been pro-
posed to reflect local spiking activity (Pesaran et al. 2002; Nir
et al. 2007; Ray and Maunsell 2010), which cannot be measured
by ERPs. Moreover, interactions between brain regions cannot be
explored by ERPs but are thought to be reflected in modulations
of power in the beta band (Kopell et al. 2000) and in functional
connectivity measures, such as phase coupling (Fries 2005).

We thus compared spatio-temporal dynamics of the re-
sponses to local and global novelty by analyzing ERPs, spectral
power, and functional connectivity, in 9 epileptic patients with
intracranial electrodes, taking advantage of the high spatial
and temporal resolutions of these recordings.

We predicted responses to local novelty to be confined
within superior temporal cortices and to appear as an intracra-
nial MMN ERP, contemporary with an increase in gamma-band
power indexing localized neural activity (Pesaran et al. 2002)
and associated with no clear increase in long-range functional
connectivity. In sharp contrast, we predicted responses to
global novelty to be more widespread across brain regions, in-
cluding in particular parietal and frontal areas: indeed global
novelty detection involves working memory, and fronto-
parietal areas have been associated with this effect in MEG
(Wacongne et al. 2011) and fMRI (Bekinschtein et al. 2009)
studies. We also predict that these responses should appear as
a maintained ERP peaking around 300 ms, contemporary with
a modulation in beta-band power, which has been associated
with long-range communication (Donner and Siegel 2011),
and with direct evidence of inter-area connectivity.

Materials and Methods

Patients

Ten epileptic patients (age M =32 years old, SD =11 years; 4 males—
see Table 1) gave their written informed consent to participate in this
study. Neuropsychological assessment revealed normal or mildly im-
paired general cognitive functioning (IQ ranged from 77 to 98) for all
patients but one. This last patient had an extremely low IQ of 64 but
was able to do the task properly (97% accuracy). These patients suf-
fered from drug-refractory focal epilepsy and were implanted stereo-
tactically with depth electrodes as part of a presurgical evaluation.
Implantation sites were selected on purely clinical criteria, with no ref-
erence to the present protocol. This experiment was approved by the

ethical committee of Pitié-Salpétriere Hospital (Comité Consultatif de
Protection des Personnes participant a une Recherche Biomédicale).
Based on poor behavioral performance (only 56% accuracy), Patient 10
was excluded.

Procedure
The procedure used in this experiment exactly followed the “Local-
Global” paradigm, developed by Bekinschtein et al. (2009), who
already reported intracranial ERPs from 2 of the present patients.
Patients were presented with 8 blocks of 123-128 trials. In each trial,
a series of 5 sounds were played over a total of 650 ms. The first 4
sounds were always identical, either low- (sound A) or high-pitched
(sound B), but the fifth one could be either identical (AAAAA or
BBBBB) or different (AAAAB or BBBBA). Thus, this last sound respects
or violates the local regularity established by the first 4 sounds in local
standard or local deviant trials, respectively (Fig. 1). On top of this local
rule, a global regularity was added. In each block, global standard trials
were delivered on 80% of trials. In the first type of blocks, these trials
were local standard trials, whereas in the second type of blocks,
they were local deviant trials. In contrast, global deviant trials were pre-
sented in 20% of trials in a given block (Fig. 1). In the first type of
blocks, these trials were local deviant trials, whereas in the second
type of blocks, they were local standard trials. The first 20-30 trials of
each block were global standard trials to establish the global regularity.

Local effect
— —

Local standard Local deviant

esssoniss | MDD DI PDP
sostdeion | MDD DN PP PP

I:l 1" type of blocks (global standard AAAAA or BBBBB)
I:l 25" type of blocks (global standard AAAAB or BBBBA)

Global effect

Figure 1. The Local Global paradigm. The Local Global paradigm (Bekinschtein et al.
2009) is an auditory oddball paradigm with 2 levels of regularity. Each trial is composed
of a series of 5 successive sounds (SOA = 150 ms). The first 4 sounds are always
identical. The fifth sound can either be identical to these first sounds in local standard
trials or different in local deviant trials. On top of this local regularity, a global rule is
added. Global deviant trials correspond to a series of 5 sounds, which is rare in a given
block, compared with the frequent global standard trials. Local and global regularities
are manipulated orthogonally, resulting in 4 types of trials: local standard-global
standard and local deviant-global deviant in the first type of blocks, and local
deviant-global standard and local standard-global deviant in the second type of blocks.
Two sounds were used to generate these trials: sound A (composed of 350-, 700-, and
1400-Hz sinusoidal tones) and sound B (composed of 500-, 1000-, and 2000-Hz
sinusoidal tones). The local effect corresponds to the difference between local deviant
and local standard stimuli, whereas the global effect corresponds to the difference
between global deviant and global standard stimuli.

Table 1
Clinical characteristics of the patient sample

Patient Age Gender Handedness Epilepsy duration (year) Total number of electrodes Temporal electrodes Frontal electrodes Occipital electrodes
1 18 F R 8 36 36 0 0
2 29 F R 4 25 25 0 0
3 48 F L 10 37 37 0 0
4 46 F R 25 14 " 3 0
5 23 M R 8 43 10 33 0
6 43 F R 24 27 1 16 0
7 26 M L 16 42 40 0 2
8 42 M R 26 9 0 9 0
9 26 M R " 49 24 0 25
10 24 F R 14 72 9 63 0

Note: Patient 10 was excluded from the analysis as she did not perform the task correctly (56% accuracy).
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Local and global regularities were thus manipulated orthogonally
(Fig. 1). This design enables the comparison between physically identi-
cal stimuli in different contexts. In the following analyses, we will refer
to local and global effects, which correspond respectively to the con-
trast between local deviant versus local standard stimuli, and between
global deviant versus global standard stimuli (Fig. 1). Additionally, pa-
tients were instructed to actively count the number of global deviant
trials and report this number at the end of each block. This task
ensured that they were paying attention to the stimuli.

Each sound was 50-ms long and composed of 3 sinusoidal tones
(350, 700, and 1400 Hz, sound A; or 500, 1000, and 2000 Hz, sound B).
All tones were prepared with 7-ms rise and 7-ms fall times. Four differ-
ent series were used: AAAAA, BBBBB, AAAAB, and BBBBA. The stimu-
lus onset asynchrony (SOA) between sounds was 150 ms. A series of
sounds were separated by a variable silent interval of 1350-1650 ms.
Four different blocks were thus created, with each possible series of
sounds as global standard trials. All patients heard each of these blocks
twice, in randomized order. Sounds were presented from the computer’s
speakers, using E-prime v1.2 (Psychology Software Tools, Inc.) at the
bedside of each patient.

Electrode Implantation and Localization

Patients were implanted intracerebrally with depth electrodes, each
bearing 4-10 recording sites (Ad-TechMedical Instruments). Each
patient had on average 59 (SD = 13) recording sites.

To compare position of recording sites and summarize brain activa-
tions across patients, their coordinates were obtained after normalizing
the anatomical three-dimensional post-implantation MRI onto the tem-
plate from the Montreal Neurological Institute, using SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm). Electrodes localization plots used
the iso2mesh toolbox (Fang and Boas 2009; Fang 2010).

Data Acquisition and Preprocessing

For 7 patients, data were acquired with an audio-video-EEG monitor-
ing system (Micromed), which allowed for simultaneous acquisition of
data from up to 128 EEG channels sampled at 1024 Hz. Data from the
remaining 3 patients were acquired using another audio-video-EEG
monitoring system (Nicolet-Viasys), which allowed for simultaneous
acquisition of data from up to 64 EEG channels sampled at 400 Hz.

Unless specified otherwise, data were analyzed with Fieldtrip
toolbox (Oostenveld et al. 2011) and Matlab 2011a (The Mathworks,
Inc.). All the analyses were done at the electrode level, as the position
of the recording sites differed from one patient to another.

Epochs were extracted (from —800 to 700 ms after the onset of the
fifth sound). To avoid artifacts, recording sites exceeding the threshold
of #300 pV in more than 5% of the epochs were excluded. All signals
were re-referenced to their nearest neighbor on the same electrode
(bipolar montage). In the following, we will refer to these bipolar mon-
tages as “electrodes.” All data were visually inspected to discard any
trial with epileptic activity.

Bebavioral Analysis
Patients were instructed to count silently the number of global deviants
and report this number. For each patient, we computed the average
percentage of errors over blocks and we report accuracy as 100%
minus this percentage.

ERP Analysis

Event-related potentials (ERPs) were obtained by averaging epochs for
each condition. The signal was band-pass filtered off-line from 0.5 to
20 Hz using a fourth-order Butterworth filter in forward and reverse di-
rections in order to avoid phase-shift, and a baseline correction was
applied, by subtracting the mean voltage in the [-800 ms 0 ms]
window.

To assess the statistical significance of our results, ERPs of local
deviant trials and global deviant trials were compared with those of
local standard trials and global standard trials, respectively, using inde-
pendent sample #-tests for each electrode. To control for type I errors

generated by multiple comparisons across time at level o, we used a
nonparametric procedure. We computed N=1000 permutations by
shuffling trial labels. For each permutation, the maximal #-value across
time samples was extracted to estimate the permutation distribution of
the maximal statistic. The critical threshold that controls for family-
wise error rate over time samples was define as the c+1 largest
member of this distribution, where ¢ is equal to oV rounded down. In
the original data, only samples with a #-value higher than this threshold
were identified as significant (Nichols and Holmes 2002). In addition,
to correct for multiple comparison over electrodes when visualizing
effects across all electrodes in all patients, we used a false discovery
rate (FDR) correction on P-value obtained at the electrode level, across
the whole time window. All reported P-values are corrected and re-
ferred to as Py,

Peak latencies were identified within periods of statistical signifi-
cance on the difference between standard and deviant trials. For the
sustained responses to global novelty, latencies were estimated as the
earliest significant differences given the absence of a clear peak. In
both cases, reported latencies are the average across all significant
electrodes.

Time-Frequency Analysis

Time-frequency representations were calculated by Morlet wavelets, as
described previously (Tallon-Baudry et al. 1997). The power at a given
time 7 and frequency f; is given by the squared norm of the convolution
of the signal to the wavelet w(t, fy):

2
w(t, fo) = A exp (#) exp (2imfor) whereA = (o,y/m) V2.
t

The width of the wavelet m = 27oy f; was set to 5 as this value gives a
good tradeoff between time and frequency resolution (De Moortel
et al. 2004). The length of each wavelet used for the computation was
30%. The convolution of the signal by this set of wavelets resulted in an
estimate of power at each time sample and at each frequency (2-Hz
step) between 5 and 200 Hz. Power was then converted to a decibel
(dB) scale. Time-frequency values were obtained from the subtraction
between 2 conditions, without baseline correction.

To assess the significance of differences in oscillation power across
conditions, we used independent sample #tests at each time and fre-
quency point. Then, correction for multiple comparisons over time
and frequency was performed, by nonparametric cluster-based
method (Maris and Oostenveld 2007). We computed N= 1000 permu-
tations by shuffling trial labels. Then, for each permutation, independ-
ent sample #-tests were performed at each time and frequency sample.
All samples with a t-value corresponding to a P-value smaller than 0.05
were clustered in connected sets on the basis of adjacency in time and
frequency. Then, the cluster statistic was computed by taking the sum
of the #-values within each cluster. The cluster-corrected threshold was
obtained by computing the permutation distribution of the maximum
cluster statistic and taking the ¢ + 1 largest member of this distribution,
with ¢ is equal to oV rounded down. In the original data, only clusters
with a cluster statistic higher than this threshold were identified as sig-
nificant. Moreover, when visualizing effects across all electrodes in all
patients, we additionally corrected for multiple comparisons over elec-
trodes, using FDR correction. All reported P-values are corrected and
referred to as Pgoyy.

Peak latencies were identified within time-frequency windows of
statistical significance on the difference between standard and deviant
trials. For sustained responses, effect latencies were estimated as the
earliest significant differences between deviant and standard trials. In
both cases, reported latencies are the average latency across all signifi-
cant electrodes.

Functional Connectivity Analysis

Connectivity analyses were performed using pairwise phase consist-
ency (PPC—Vinck et al. 2010), which provides a method for measuring
rhythmic synchronization, without being affected by the finite sample
size bias, observed with classic tools, such as phase locking value (PLV
—Lachaux et al. 1999). This issue is particularly relevant when
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comparing global deviant and standard conditions, as the number of
trials in these conditions is different. In each trial j, for each time point
t and frequency f, the phase ¢j(¢, f) of the signal was estimated, using
wavelets, as presented earlier. Pairwise phase consistency PPCy,
between electrodes k and / is then computed across N trials as follows:

PPCu(1) = oy D D cos (Aelu) - Ady(0).

=1 j=it1

with Al (#) the phase difference between electrodes k and / in trial 7 at
time ¢.

Pairwise phase consistency was computed for all pairs of electrodes,
for frequencies between 5 and 60 Hz, between 800 and 700 ms relative
to the onset of the fifth sound. No baseline correction was applied.

Statistical significance was assessed by a nonparametric test on the
difference of PPC between conditions (Lachaux et al. 1999), using 500
permutations, for each time and frequency samples, and cluster-based
correction for multiple comparisons across time and frequency samples
was applied (Maris and Oostenveld 2007). All reported P-values are cor-
rected and referred to as P..,. Given the high level of correlations
between pairs of electrodes and the relatively low number of highly
computationally demanding permutations, multiple comparisons are
corrected only across time and frequency samples, but not across pairs
of electrodes in order to avoid missing potentially relevant changes in
functional connectivity (type II errors). However, this less conservative
threshold could lead to false-positives (type I errors). This is why we
report the average PPC changes across all pairs of temporal and frontal
electrodes (see Fig. 4b).

The estimation of connectivity is based on the consistency of phase
lags between areas. Note that consistent phase lags reflect the true con-
nectivity between areas but also artifactual connectivity driven by syn-
chronization of different areas onto any external reference. Therefore,
we tried to isolate genuine synchronization between electrodes from
spurious connectivity related to simultaneous processing of the stimuli
(e.g. in left and right auditory cortices). We reasoned that spurious con-
nectivity would be linked to oscillations evoked by the stimulations at
several electrodes, as opposed to the induced activity that is time-locked,
but not phase-locked, to the stimulation. We introduced a novel analysis,
the induced PPC, based on the “evoked” versus “induced” terminology
introduced by Tallon-Baudry and Bertrand (1999). For this analysis, the
evoked oscillations were regressed out of the data and connectivity was
estimated using the phase of the induced oscillations isolated in this
way. Thus, induced PPC measures functional connectivity, which is not
related to external stimulations. To compute this measure, we first aver-
aged the data across trials in a given condition. This average preserves
evoked oscillations and cancels out induced oscillations (Tallon-Baudry
and Bertrand 1999). We then computed the time-frequency decompos-
ition of this average using wavelets as described earlier. To isolate the
induced response, we decompose data into time and frequency and re-
gressed out linearly from each trial of a given condition the time-
frequency decomposition of the corresponding evoked response. This
corrected signal was used to compute the PPC;,qyced, and statistical com-
parisons were performed as previously described for the PPC.

Results

Auditory novelty detection was studied using 282 intracranial
electrodes across 9 epileptic patients, with an average of 31 (SD
=13) electrodes per patient (Table 1). Activity was recorded
from the temporal lobe (194 electrodes), the frontal lobe (61
electrodes), and the occipital lobe (27 electrodes). Note that, as
we did not have precise hypotheses about the laterality of the
effects, we analyze electrodes from the left and right hemi-
spheres together. All these patients performed the task properly
(accuracy of >80%). We analyzed ERPs, time-frequency decom-
positions, and functional connectivity associated with local and
global auditory novelty detection. This approach allowed us to
test whether local novelty was related to an automatic and
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encapsulated process and whether global novelty implicated
distinct inter-connected brain regions.

ERP Analysis

Significant responses to violation of local regularity (local
deviant compared with local standard trials) were observed in 44
electrodes (16% of all the electrodes, t-test, all P, <0.05), all
located in the temporal lobe. These responses were observed in
6 of the 8 patients with temporal electrodes. Notably, 20 of the
26 electrodes implanted in the superior temporal lobe (77%)
showed significant local effect (Fig. 2a). The responses to local
novelty presented 2 main components: an early one, with a peak
on average at 133 ms (SD = 17 ms—see Fig. 2b for an exemplar
electrode in which this peak is at 105 ms) after the onset of the
fifth sound, and a second component, with a reversed polarity,
showing a peak on average at 231 ms (SD = 33 ms—see Fig. 2b
for an exemplar electrode in which this peak is at 165 ms). This
local effect is related to the MMN observed in scalp EEG (N4itd-
nen et al. 2001) and was found in previous intracranial studies
(Halgren et al. 1995; Edwards et al. 2005; Bekinschtein et al.
2009). Note that, interestingly, the polarity of this component
depends on the position of the electrode relative to the Sylvian
fissure (Halgren et al. 1995). Moreover, in 8 of these 44 electro-
des, from 3 different patients, these components were preceded
by an event peaking on average at 71 ms (SD = 8 ms—see Fig. 2b
for exemplar electrode in which this peak is at 63 ms) and which
can be related to early components of novelty detection found in
scalp EEG (Grimm et al. 2011). Finally, in 18 electrodes from 4
patients, the 2 main components were followed by an event with
a peak on average at 435 ms (SD =95 ms—see Fig. 2b for exem-
plar electrode in which this peak is at 330 ms), which may be
related to the P3a (Halgren et al. 1995).

In contrast, responses to violation of global regularity (global
deviant compared with global standard trials) were observed in
32 electrodes (11% of all the electrodes). These responses were
more widespread across cortical structures than the local effect
and were observed in 7 out 9 patients. Twenty-four electrodes in
the temporal lobe (24% of temporal electrodes), including 12 in
the superior temporal lobe (46% of superior temporal lobe elec-
trodes) and 8 in the frontal lobe (13% of frontal electrodes)
showed significant effects (#-test, all P, <0.05—Fig. 2a). The
global effect was associated with 3 distinct components. First, in
19 electrodes from 5 patients, we observed a transient difference
between global deviant and global standard trials on average at
226 ms (SD =56 ms—see Fig. 2¢ for an exemplar electrode in
which this component peaks at 260 ms), similar to the second
component observed in response to local novelty. Indeed, only
temporal electrodes showing this local effect presented such an
early global effect. This component could be explained by a
contextual modulation of the MMN amplitude. Indeed, local
deviant stimuli are used in our paradigm both as global stan-
dards and as global deviants (Fig. 1). Thus, the probability of
local deviant stimuli is not the same in each block, and this
could affect the amplitude of the MMN (Sato et al. 2000; Wa-
congne et al. 2011; King et al. 2013). Second, a sustained differ-
ence starting on average at 366 ms (SD = 131 ms—see Fig. 2¢ for
an exemplar electrode in which this component starts at 462
ms) was observed in response to global novelty in 20 electrodes
from 7 patients. It has been associated with the P3b response
observed in scalp EEG (Bekinschtein et al. 2009) and has been
reported in previous intracranial studies (Smith et al. 1990;
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Figure 2. Event-related potentials in response to local and global novelty. (a) Localization of significant differences between standard and deviant stimuli. Each black dot represents
an electrode. Red, yellow, and blue dots represent electrodes showing a significant local, global, and both local and global effect, respectively, in the time window indicated at the
extremities of the black arrows. (b) Example of a temporal electrode showing significant differences between local deviant (in red) and local standard (in blue) stimuli. Four
components, peaking at 63, 105, 165, and 330 ms, can be identified. Red and blue shadings represent SEM. Gray shading represents significant differences between conditions
(Peorr < 0.05). The precise localization of this electrode is shown on the right. (c) Example of a temporal electrode showing differences between global deviant (in red) and global
standard (in blue) stimuli. Two components can be identified: the first one shows a peak at 260 ms, and the second one starts at 462 ms. Red and blue shadings represent SEM.
Gray shading represents significant differences between conditions (P, < 0.05). The precise localization of this electrode is shown on the right.

Baudena et al. 1995; Halgren et al. 1998). Note that the polarity
of this component depends on the localization relative to the dif-
ferent generators (Smith et al. 1990). Finally, 2 electrodes from 1
patient implanted in the anterior cingulate cortex showed a tran-
sient response, with a peak on average at 265 ms but did not
show any significant local effect. Note that we did not observe
significant local or global effect in the occipital lobe. This may
partly be explained by the low number of electrodes implanted
in this region (only 27 electrodes, among which 25 belong to
the same patient).

Note that the choice of the baseline time window could po-
tentially influence the results, especially for the global effect as
expectation-related components can build up (Faugeras et al.
2012). However, the number of electrodes showing significant
local and global effects was not different when choosing a
baseline expanding across the whole trial (for local effect:
7>=0.12, P=0.73; for global effect: y*=0.69, P=0.41). We
thus identified different ERP responses to local and global
novelty. Local novelty was mainly associated with an early re-
sponse restricted to the temporal local. In contrast, global
novelty was associated with late responses in different brain
regions.

Time-Frequency Analysis

Task-induced activity was then analyzed in the time-frequency
domain, using Morlet’s wavelets. Violation of local regularity
induced an increase in power in the gamma band (60-120 Hz)
peaking on average 135 ms (SD = 45 ms) after the onset of the
fifth sound, as revealed by the analysis of the proportion of

electrodes showing a significant effect (P...,<0.05) at each
time-frequency bin (Fig. 3a for exemplar electrode and
Fig. 3b). This effect was observed in 22 electrodes (8% of all
the electrodes), mostly implanted in the temporal lobe, in 6 out
the 9 patients. Among these electrodes, 9 were located in the
superior temporal lobe (35% of superior temporal electrodes—
Fig. 3¢). One frontal electrode showed a similar effect (2% of
frontal electrodes).

Violation of global regularity gave rise to an early increase in
the gamma band peaking at 182 ms (SD =50 ms). This modu-
lation in the gamma band was similar to the one observed in
the local effect, but more sustained in time. The increase in
gamma power was observed in 6 of 9 patients, in 23 electrodes
(8% of all the electrodes), mostly implanted in the temporal
lobe as in the local effect, but it was also present in 5 frontal
electrodes (8% of frontal electrodes), which, as reported previ-
ously, did not show a significant local effect (Fig. 3¢). This first
effect was followed by a decrease in the beta band (13-25 Hz),
which started on average 258 ms (SD =115 ms) after the fifth
sound onset and was maintained until the end of the trial
(Fig. 3a for exemplar electrodes and Fig. 3b). This decrease in
beta-band power was observed in 26 electrodes (9% of all the
electrodes) from 6 out 9 patients and was widespread, affecting
temporal but also 4 frontal electrodes (6% of frontal electrodes
—see Fig. 3¢). Similar to the ERP results, this beta-band re-
sponse, which was sustained over time, was only observed in
response to global novelty.

Interestingly, 16 of the 22 electrodes showing an increase in
gamma band power in response to local novelty are also
among the 44 electrodes showing a significant local ERP effect.

Cerebral Cortex 5
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Figure 3. Time-frequency analysis. (a) Example of electrodes showing significant local and global effect. Top row, time-frequency responses of a temporal electrode to local deviant
(left), local standard (middle), and local effect (difference between local deviant and local standard—right). Bottom row, time-frequency response of a temporal electrode to global
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Note that the latency of the gamma band response is very
similar to that of the early response to local novelty observed
in ERP. Moreover, 15 of the 23 electrodes showing an increase
in gamma band power in response to global novelty are also
among the 32 electrodes showing a significant ERP response
to global novelty. Finally, only 7 electrodes belonged both to
the set of 32 electrodes showing a significant ERP response to
global novelty and to the set of 26 electrodes showing a
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decrease in the beta band in response to global novelty. These
results highlight the fact that ERP and time-frequency analyses
extract different facets of the responses to local and global
novelty, as significant effects identified with both methods are
not necessarily present in the same electrodes.

Local and global novelties were associated with different
time-frequency responses. Violations of local regularity were
related to an early increase in high gamma power. In contrast,
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Figure 4. Functional connectivity. (a) Time-frequency representations of pairwise phase consistency (PPC—top row) and induced PPC (middle row) modulations in 2 pairs of
electrodes. On the left, differences in PPC and induced PPC between local deviant and local standard stimuli in a pair of temporal electrodes are represented. On the right,
differences in PPC and induced PPC between global deviant and global standard stimuli in a pair of frontal electrodes are represented. The bottom row shows the localization of
these pairs. Black contours circle significant time-frequency samples (Peo < 0.05). (b) On the left, average differences in PPC (top) and induced PPC (bottom) between local
standard and local deviant stimuli in pairs of temporal electrodes (n = 2507) are presented. On the right, average differences in PPC (top) and induced PPC (bottom) between global
standard and global deviant stimuli in pairs of frontal electrodes (n = 687) are presented.

violations of global regularity were associated with a sustained
decrease in beta power. Interestingly, these time-frequency re-
sponses highlight different aspects of brain responses to local
and global novelty than ERP responses.

Functional Connectivity Analysis

Changes in connectivity related to the task were analyzed
using PPC, a measure of synchronization that is not biased by
the number of trials in each condition (Vinck et al. 2010). We
report results for all pairs of electrodes (n=4714) to identify
modulation of connectivity in response to local and global
novelty, with a special focus on the temporal and frontal lobes,
as most of the electrodes were implanted in these regions and
no significant response was observed in the other lobes in ERP
and time-frequency analyses. There were 2507 pairs between
temporal electrodes, 687 pairs between frontal electrodes, 539
pairs between temporal and frontal electrodes, 301 pairs
between occipital electrodes, and 680 pairs between occipital
and temporal electrodes.

Local novelty was associated with a transient increase in
functional connectivity, as measured by PPC, in the beta band
(13-25 Hz), centered at 80 ms after the onset of the fifth sound
(see Fig. 4a for exemplar pair). This increase was significant
(Peorr <0.05) in 38 pairs of electrodes (1% of all the electrode
pairs), in 7 of 9 patients. All of these pairs, but 5, were between
temporal electrodes (see Fig. 4b for the average across all pairs
of temporal electrodes). Interestingly, only 9 of them showed a
similar increase in the PPC-induced analysis. This suggests that
the effect is related to activity evoked by the stimuli and can be
partly explained by a parallel and simultaneous processing of
the sounds rather than by a genuine inter-area exchange of in-
formation. Local novelty was also associated with a decrease in
PPC in the beta band in 20 other pairs of temporal electrodes.

Among them, 18 pairs showed a similar decrease in induced
PPC.

On the other hand, global novelty was associated with a sus-
tained increase in PPC in the alpha band (8-13 Hz), starting at
160 ms after the onset of the fifth sound and lasting until 600
ms after the onset of the fifth sound (see Fig. 4a for exemplar
pair and Fig. 4b). This effect was observed in 7 of 9 patients in
49 pairs of electrodes (1% of all electrode pairs): 27 between
temporal electrodes (1% of temporal pairs), 7 between frontal
electrodes (1% of frontal pairs), 5 between frontal and tem-
poral electrodes (1% of temporo-frontal pairs), and 10 between
occipital and temporal electrodes (1% of occipito-temporal
pairs). Interestingly, among these electrode pairs, 42 showed
this late increase in connectivity in the PPCj,gycea analysis,
which suggests that it is related to a genuine synchronization,
and not simply to a simultaneous processing of the stimuli.
Global novelty was also associated with a sustained decrease
in PPC in 100 pairs of electrodes, in the same time window as
the increase described earlier. This decrease was also observed
in these pairs in the PPCi,guceq analysis. Among these pairs, 66
were between temporal electrodes, 28 between occipital and
temporal electrodes, 1 between temporal and frontal electro-
des, 5 between occipital electrodes, and 1 between frontal elec-
trodes. Note, however, that this decrease in connectivity was
mainly observed in Patient 9, for whom 78 significant pairs
were observed. This patient was the only one with occipital
and posterior temporal electrodes.

Interestingly, the increase in PPC in response to local
novelty implicated 45 electrodes, among which 16 also
showed en ERP effect and 11 showed a time-frequency re-
sponse to local novelty. The increase in PPC;,gyced in response
to local novelty implicated 19 of these 45 electrodes, among
which 7 showed an ERP effect and 5 showed an increase in
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gamma power in response to local novelty. In response to
global novelty, the increase in PPC implicated 67 electrodes,
among which 9 showed an ERP effect and 16 showed a time-
frequency response to global novelty. Only 6 of these 67 elec-
trodes were not in pairs of electrodes showing an increase in
PPCipguced in response to global novelty. Among these 6 elec-
trodes, 3 showed a significant ERP response and 2 showed a
time-frequency response to global novelty.

Local novelty was thus associated with an early increase in
functional connectivity in the beta band, mostly in pairs of tem-
poral electrodes. This increase was not present in most of these
pairs in the PPC;,qucea analysis, so it may probably partly ex-
plained by the simultaneous processing of the stimuli by differ-
ent brain regions. In contrast, global novelty was associated
with a late increase in alpha-band functional connectivity. This
increase was observed even when using PPC;, quceq, SUggESting
that this increase is related to genuine synchronization between
brain areas.

Discussion

We studied the responses to 2 embedded levels of auditory
novelty, defined at local (within trials) and global (between
trials) scales, in 9 epileptic patients implanted with 282 depth
electrodes. We report for the first time a systematic description
of processes underlying local and global novelty detection
combining ERPs, time-frequency, and functional connectivity
measures. These 3 facets converged to delineate several differ-
ences between these 2 neural events, supporting the hypoth-
eses that the local novelty detection is associated with an early
process confined to the temporal lobe, whereas in contrast,
global novelty detection is processed later and implies the co-
ordinated activity of distributed brain regions interacting to-
gether in the slow frequency range.

Two Distinct Neural Events
Detection of local novelty was reflected in 2 successive ERP
components (peaking on average at 133 and 231 ms). This
intracranial ERP response has previously been associated with
the MMN observed in scalp EEG in response to local novelty,
as it is observed in brain regions identified by source recon-
struction of the MMN, and it has a similar time course (Be-
kinschtein et al. 2009). It also has been reported in previous
intracranial studies (Halgren et al. 1995; Liasis et al. 2001;
Edwards et al. 2005; Rosburg et al. 2005). Detection of local
novelty was also reflected in a transient increase in high
gamma (60-120 Hz) activity, peaking on average at 135 ms
after the onset of the critical sound, and an increase in local
connectivity, as measured by PPC, in the beta band (13-25
Hz). This increase was centered on average around 80 ms after
the onset of the critical sound and was observed only in pairs
of temporal electrodes. Interestingly, this change in connectiv-
ity could not be measured by the induced PPC in most of these
pairs of electrodes, which suggests that it can be partially ex-
plained by a simultaneous and parallel processing of the
stimuli in different recording sites (e.g. in the auditory cortex
of both hemispheres). Importantly, those 3 responses were ex-
clusively observed within the temporal lobe, and more precise-
ly in the superior temporal plane.

On the contrary, responses to global novelty were distribu-
ted in multiple cortical areas, and in particular in temporal and
frontal regions. They comprised a sustained ERP difference
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starting on average 366 ms after the onset of the fifth sound.
This ERP response has been associated with the P3b response
observed in scalp EEG in response to global novelty, as it is ob-
served in regions identified as sources of the P3b (Bekinsch-
tein et al. 2009). It has also been reported in previous
intracranial studies (Smith et al. 1990; Baudena et al. 1995;
Halgren et al. 1998). Moreover, responses to global novelty
also included a sustained decrease in beta (13-25 Hz) power
starting on average 258 ms after the onset of the critical sound
and a prolonged increase in PPC in the alpha band (8-12 Hz)
beginning from 160 ms after the onset of the fifth sound, par-
ticularly in pairs of frontal electrodes. A similar effect was ob-
served with the induced PPC, which suggests genuine changes
in functional connectivity in this time window, over and above
the mere propagation of stimulus-induced activation. These
results need to be confirmed in future studies, as the high de-
pendency between pairs of electrodes did not allow us to
correct for multiple comparison across pairs of electrodes, but
only across time and frequency samples. Moreover, as for all
intracranial EEG studies, estimation of network connectivity
was limited by the localization of recording sites in each
patient. Notably, it would have been interesting to refine our
understanding of the interactions between temporal and
frontal electrodes, but only 3 patients presented recording sites
in both of these regions.

Local Processing versus Long-Range Interactions

Our time-frequency results revealed opposite patterns of spec-
tral power for local and global novelties. Local novelty elicited
an early and transient increase in high gamma (60-120 Hz)
power within the auditory cortex, in agreement with a previous
intracranial study using a classical oddball paradigm (Edwards
et al. 2005). Conversely, a distributed, late, and sustained de-
crease in power in the beta (13-25 Hz) band was observed in re-
sponse to global novelty. Interestingly, high gamma activity has
been proposed as a signature of local spiking activity (Pesaran
et al. 2002; Nir et al. 2007; Ray and Maunsell 2010), whereas
modulations of power in the beta band are thought to reflect
long-range interactions (Kopell et al. 2000). Moreover, a recent
framework (Donner and Siegel 2011) associates high gamma ac-
tivity with encoding functions and lower frequency (including
beta band) oscillations with integrative functions. Our results
are in agreement with this framework, as the global effect in-
volves the integration of sounds over several trials to identify the
relevant rule, whereas the local effect reflects the encoding of
changes in basic features of the sound. Note, however, that the
PPC analysis did not allow us to identify long-range interactions
in response to global novelty. This may be related to the few
long-range pairs of electrodes present in this dataset, as for
example only 3 patients were implanted both in the temporal
and the frontal lobes.

Partition of the MMN into 2 Successive Events

Our observation of 2 successive events in our ERP analysis of
responses to local novelty supports the partition of the MMN in
2 main components: 1) an early automatic, non-conscious, and
short-lived echoic memory system located within the auditory
cortex, termed “early MMN” (Pegado et al. 2010) and 2) a later
response extending beyond early auditory areas, and showing
a stronger resistance to increases in the temporal spacing of
sounds, corresponding to the N2b component or “late MMN”
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(Pegado et al. 2010). These results are in agreement with previ-
ous intracranial studies using a classical oddball paradigm
(Halgren et al. 1995). Interestingly, the N2b has been asso-
ciated with attention (N4itinen and Gaillard 1983), contrary to
the “early MMN,” which is thought to reflect automatic process-
ing of novelty. In Pegado et al.’s (2010), the authors show that
when increasing the SOA between 2 successive sounds beyond
1000 ms in a traditional oddball paradigm, the disappearance
of the “early MMN” actually corresponds to the occurrence of a
similar novelty response present both for deviant and standard
trials. In contrast, the “late MMN” latency was delayed, but this
component did not disappear. Pegado et al. proposed a model
accounting for these results: the early MMN would reflect accu-
mulation of evidence based on echoic memory representa-
tions, whereas the late MMN would be related to accumulation
of evidence on longer time scales. In our study, the early MMN
would thus be absent in the global novelty condition because
the relevant time scales are longer than in the local novelty
condition. Conversely, given the resistance of the “late MMN”
to SOA, it would not be surprising to observe its presence in re-
sponse to global novelty.

In the present study, no MMN was recorded in frontal elec-
trodes, in agreement with some previous intracranial studies
(Baudena et al. 1995; Edwards et al. 2005). Nevertheless,
because of the non-uniform sampling of our recording sites
over the frontal lobe, it cannot be excluded that a frontal gener-
ator of the MMN exists but was missed, as suggested by some
scalp EEG studies (Giard et al. 1990; Rinne et al. 2000; Opitz
et al. 2002). Note that in a study including only 2 implanted pa-
tients (Bekinschtein et al. 2009), using less conservative statis-
tical thresholds, we previously reported 3 frontal electrodes
with a local effect, in agreement with other intracranial studies
(Liasis et al. 2001; Rosburg et al. 2005).

Global Effect and Conscious Access

The paradigm used in this study was designed to dissociate 2
different processes, underlying local and global novelty detec-
tion. In a previous experiment using this paradigm, we
showed that while the response to local novelty was still ob-
served under conditions of inattention (engagement in a con-
current difficult RSVP task), the response to global novelty
disappeared and subjects could not report the existence of vio-
lations of the global regularity in EEG and MEG studies (Be-
kinschtein et al. 2009). Moreover, this paradigm was used in
patients suffering from disorders of consciousness, and the re-
sponse to global novelty was only observed in patients
showing signs of consciousness (Bekinschtein et al. 2009; Fau-
geras et al. 2011, 2012; King et al. 2013). The P3b component
has also been proposed as a marker of conscious access in
other paradigms (Sergent et al. 2005). Note, however, that in
the present study, patients were instructed to count global
deviant trials. The responses to global novelty could thus
reflect downstream processes relative to conscious access per
se (Aru et al. 2012; Sergent and Naccache 2012).

To distinguish between these “downstream” processes and
signatures of conscious access, it is interesting to compare our
results with studies using a different task. First, Wacongne
et al. (2011) used a passive version of the Local/Global para-
digm and found similar ERP signatures of local and global
novelty. Moreover, in a completely different study contrasting
masked and unmasked words, Gaillard et al. (2009) explored
ERPs, time-frequency changes, and connectivity patterns in

intracranial EEG—similarly to the approach taken in the
present study —and reported closely related findings. Con-
scious processing of unmasked words was associated with sus-
tained event-related components, notably in the frontal cortex,
a decrease in power in the beta band and a late increase in con-
nectivity in the alpha and beta band. The single discrepancy
with our findings is the small proportion of electrodes in
which we observed the 3 signatures of the late global effect.
This could be explained by the fact that the global effect corre-
sponds to a more subtle contrast than the masked/unmasked
contrast. Indeed, whereas the masked/unmasked contrast com-
pared a “no stimulus” condition with a “stimulus present” condi-
tion, we contrasted here 2 conditions associated with conscious
perception: global deviant stimuli being perceived as violations
of the global regularity, and global standard stimuli as regular
trials.

Nevertheless, we conclude by highlighting the striking simi-
larity between our results and the 3 signatures of conscious
perception identified by Gaillard et al, despite the profound
difference in sensory modalities (audition versus vision), in
stimuli (words versus tones) and tasks. This may point to a
general common mechanism of conscious access (Sergent and
Naccache 2012).
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