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Abstract

Recent human behavioral studies have shown semantic and/or lexical processing for stimuli presented below the auditory percep-
tion threshold. Here, we investigated electroencephalographic responses to words, pseudo-words and complex sounds, in condi-
tions where phonological and lexical categorizations were behaviorally successful (categorized stimuli) or unsuccessful
(uncategorized stimuli). Data showed a greater decrease in low-beta power at left-hemisphere temporal electrodes for categorized
non-lexical sounds (complex sounds and pseudo-words) than for categorized lexical sounds (words), consistent with the signature
of a failure in lexical access. Similar differences between lexical and non-lexical sounds were observed for uncategorized stimuli,
although these stimuli did not yield evoked potentials or theta activity. The results of the present study suggest that behaviorally
uncategorized stimuli were processed at the lexical level, and provide evidence of the neural bases of the results observed in

previous behavioral studies investigating auditory perception in the absence of stimulus awareness.

Introduction

The extent to which linguistic processes could occur for stimuli pre-
sented below the perception threshold has been a topic of consider-
able debate. In the visual modality, linguistic processing of stimuli
presented below categorization threshold could occur at the phono-
logical and semantic levels (for reviews, see Kouider er al., 2007;
Van den Bussche ef al., 2009). In the auditory modality, recent
studies show evidence of lexical processing for stimuli presented
below categorization (Kouider & Dupoux, 2005), and below detec-
tion (Signoret et al., 2011) thresholds. Semantic processing of audi-
tory stimuli has also been observed below the auditory
categorization threshold (Daltrozzo et al., 2011).

The neural correlates of linguistic processing of stimuli presented
below the categorization threshold have rarely been investigated in
the auditory modality. In an functional magnetic resonance imaging
study by Kouider et al. (2010), participants performed a lexical
decision task on target items preceded by masked primes that could
not be categorized. The result showed that word repetition between
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the prime and the target reduced the activity in the insula and in the
left superior temporal gyrus, suggesting that this area is involved in
early processing stages of lexical access. However, this study did
not address whether lexical processing above and below the catego-
rization threshold shared similar mechanisms.

The aim of the present study was to investigate the electroenceph-
alographic (EEG) correlates of speech sound processing, above and
below the categorization threshold, by testing whether the process-
ing of stimuli presented in these two conditions shared common
neural signatures. Silences, words, pseudo-words and complex
sounds were used. Words, pseudo-words and complex sounds were
‘energetically matched’, that is they had the same long-term spectra
and the same envelope fluctuations (see Signoret et al., 2011 for
details). These auditory stimuli were presented at two intensity lev-
els of presentation: one at which participants could perform a cate-
gorization task at both the lexical (differentiating between word and
pseudo-word) and the phonological (differentiating between pseudo-
word and complex sound) levels; and the other at which they were
unsuccessful in the categorization task at the phonological and lexi-
cal levels, similarly to Daltrozzo er al. (2011). EEG methodology
was used, and particular attention was dedicated to the spectral
response for lexical access described by Pulvermiiller er al. (1996).
In Pulvermiiller et al.’s (1996) study, responses recorded in the left
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hemisphere revealed a depression of spectral power in the 14-33-Hz
frequency range after pseudo-words but not after words, confirming
results observed in the visual modality by Lutzenberger et al.
(1994). In studies comparing words and pseudo-words (Eulitz et al.,
2000; Krause et al., 2006; Shahin et al., 2009), this decrease in
power was interpreted as a breakdown of cognitive processing
induced by a stimulus for which no lexical representation is avail-
able, thus reflecting a failure in lexical access. We used this marker
to investigate the neural differences between the processing of stim-
uli differing in their phonological or lexical contents, or both. We
hypothesized that if lexical processing for stimuli presented above
and below the categorization threshold shared common neural signa-
ture, then a similar decrease would be observed after pseudo-words
and complex sounds, but not after words above as well as below the
categorization threshold.

Materials and methods
Participants

Fourteen participants (mean age 23.43 £ 3.93 years, median value
of 22.31 years, min = 20 years, max = 33 years, five women),
right-handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971), were included in the study. All participants were
native speakers of French, did not report any hearing problems or
any history of neurological disease, and presented low auditory
detection thresholds (American National Standard Institute, 2004).
All participants provided written informed consent, and the study
was conducted in accordance with the principles laid down in the
Declaration of Helsinki and approved by the local Ethics Committee
(CPP Sud Est II, n°2007-010-2).

Materials

Three types of stimuli were used: words; pseudo-words; and complex
sounds. Three-hundred and sixty words were selected from a French
database (Lexique 2; New et al., 2004, 2007). All words were com-
mon, singular and monosyllabic nouns, and had a frequency of occur-
rence higher than 1 per million. Three-hundred and sixty pseudo-
words were created differing only from the words by their absence of
lexical content but matched on all other properties. Like the words,
the pseudo-words were monosyllabic, phonotactically legal and pro-
nounceable, but meaningless' combinations of sounds in French.
Overall, the pseudo-words contained all the phonemes of the words,
as done in previous studies investigating speech perception (Daltrozzo
et al., 2011; Signoret et al., 2011). The average number of phonemes
of the pseudo-words was carefully matched to that of the words (2.3

for the words against 2.4 for the pseudo-words; 7,5 = —1.52,
P > 0.125). The words, pseudo-words and complex sounds had an
average duration of 51778 ms (£ 101.71 ms), 548.13 ms

(£ 86.06 ms) and 532.02 ms (£ 91.52 ms), respectively. Despite this
slight difference in duration between words and pseudo-words, the
phoneme rate was not different for the two types of stimuli: the aver-
age phoneme duration was 237.1 ms for the words and 240.2 ms for
the pseudo-words (t7;3 = 0.60, P > 0.33). Phoneme co-occurrence
frequencies were different on average (the pseudo-words having a

'In a pretest, five other participants (mean age 26 + 2.1 years, two women) evaluated
the phonological similarities of the pseudo-words to words. The participants had to
determine if the pronounced pseudo-words sounded like a word and, if so, they were
instructed to write down the corresponding word. All pseudo-words for which words
were reported from at least two participants were eliminated.

mean lower frequency), but identical in 89% of the instances. The
words (e.g. ‘sage’, ‘miel’) and pseudo-words (e.g./mis/./I€l/) were
uttered by the same female speaker and recorded separately (32 bits,
44,100 Hz). Three-hundred and sixty non-phonological complex
sounds were created from the words and pseudo-words using the algo-
rithm Fonds sonores (Perrin & Grimault, 2005; Hoen et al., 2007).
This method is similar, at least in its principles, to other methods used
in neuroimaging studies (e.g. Davis & Johnsrude, 2003; Giraud ez al.,
2004): the phase spectrums of words and pseudo-words were random-
ized, but their average spectral content and temporal envelope (up to
60 Hz) were preserved. All stimuli were equalized to the same dB-A-
weighting (dB-A) level. The A-weighting was chosen because it
roughly mimics the type of filtering caused by the ear canal and the
middle ear, and provides a reasonable approximation of the sound
level reaching the inner ear.

To select the intensity levels at which participants were or were
not able to behaviorally categorize the auditory stimuli (as done in
Kouider & Dupoux, 2005; and Daltrozzo et al., 2011), eight other
participants (mean age 23.72 £ 1.17 years, median value of
22.09 years, min = 21.20 years, max = 32.87 years, five women)
took part in two pretest experiments. To obtain a better view of the
processing involved at each intensity level, these participants first
performed a detection experiment (presence/absence), in which
silences were randomly presented in 3.25% of the trials between
words, pseudo-words and complex sounds. These stimuli were ran-
domly presented at five intensity levels in both the inaudible and
audible ranges (from O to 20 dB-A by 5-dB steps). The second
experiment consisted of a lexical decision task (words/pseudo-
words), in which words and pseudo-words were randomly but
equiprobably presented at five intensity levels (from O to 20 dB-A
by 5-dB steps). The results were analysed with the Signal Detection
Theory method (Macmillan & Creelman, 2005) as an objective
threshold measure. At 5 dB-A, the participants could detect the
stimuli 51.50% of the time (d’ = 1.94), but could not categorize the
stimuli as words or pseudo-words (d’ = 0.12, not significantly differ-
ent from zero, t; = 0.74, P = 0.48). At 20 dB-A, the participants
could detect the stimuli 97.86% of the time (d’ = 3.84), and were
able to categorize the stimuli as words or pseudo-words 64.50% of
the time (d’ = 0.81, significantly different from zero, t; = 3.57,
P =0.009). Based on these results, we retained two levels of pre-
sentation for the electrophysiological study: (i) 5 dB-A, at which the
stimuli were not successfully categorized (labeled ‘uncategorized’
stimuli condition); and (ii) 40 dB-A (i.e. 20 dB-A above the loudest
level of the pretest), at which the stimuli were expected to be suc-
cessfully categorized (labeled ‘categorized’ stimuli condition). To
ensure that the presentation levels effectively induced the same
behavioral performance of categorization as those observed in the
pretest, the participants had to provide a motor response in 10% of
the trials in the electrophysiological study (see below).

Design and procedure

Each participant sat in a sound-attenuated -electromagnetically
shielded booth while the EEG was recorded. A white fixation cross
was presented in the middle of the screen 100-500 ms (by 100-ms
steps) before the presentation of a silence or a stimulus and until its
end. Before the start of a new trial, the participants were shown a
black screen for 1200 ms to allow them to blink. Each participant
was presented with 180 stimuli from each type (word, pseudo-word,
complex sound) at each presentation level (categorized stimuli at
40 dB-A; uncategorized stimuli at 5 dB-A) and 180 silences
(14.29% of the trials), forming a total of 1260 trials that were ran-
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domly presented in four blocks. Each stimulus was presented only
once to a participant (i.e. the same stimuli could not be presented to
the same participant at the two presentation levels), but all stimuli
were presented at the two presentation levels across participants.
The participants were instructed to keep their eyes opened and to
focus on the white cross. They were not informed that some stimuli
were presented at a low intensity level. For each trial, participants
had to categorize the presented stimulus as word, pseudo-word,
complex sound or silence. In 10% of the trials, a question mark
replaced the fixation cross after the stimulus offset. In these cases,
the participants had to provide a motor response on the keyboard as
quickly and as accurately as possible by pressing Mot to answer
‘words’, PseudoMot to answer ‘pseudo-words’, Son to answer ‘com-
plex sounds’ and Silence to answer ‘silence’. The response buttons
were attributed to s, f, & or k buttons on the keyboard, and were
counterbalanced between participants. All other response buttons of
the keyboard were hidden with a paper mask. All conditions were
equally and randomly evaluated. The behavioral responses were
analysed in order to determine whether lexical categorization pro-
cessing was successful in each experimental condition (at 40 dB-A
and at 5 dB-A presentation levels). The trials with motor responses
were not included in the EEG analyses.

Apparatus

Words and pseudo-words were recorded (32 bits, 44.1 kHz) using a
Rgde NT1 microphone, a Behringer Ultragain preamplifier, and a
VxPocket V2 Digigram soundcard. The mean level of presentation
was calibrated (American National Standard Institute, 1995) to reach
80 dB-A in a standard artificial ear (Larson Davis AEC101 and
824). All stimuli were played through a soundcard (Creative Sound-
blaster Audigy 2) followed by an analog attenuator (TDT PA4, one
for each channel) that applied a fixed 40-dB attenuation. This atten-
uation was analog rather than digital to prevent acoustical distortion
at low levels of presentation. All stimuli were binaurally presented
to participants through comfortable headphones (Sennheiser HD 250
Linear II) connected to a headphone buffer (TDT HB6).

EEG signals from 60 Ag—AgCl electrodes (positioned according
to the International 10-20 system) referenced to the nose, were
amplified using the Brain Quick SD64 Micromed system and sam-
pled at 512 Hz (16 bits) using an analog bandpass filter of 0.05—
128 Hz. Horizontal electrooculograms (EOGs) were monitored via
bipolar electrodes positioned at the outer canthi of both eyes, and
vertical EOGs were monitored via bipolar electrodes positioned
below and above the left eye. A ground electrode was placed at FPz
site and the impedance at all electrodes was kept below 5 k€.

EEG analysis

Both event-related potentials (ERPs) and event-related spectral pertur-
bations (ERSPs) were analysed using custom scripts written in Matlab
R2008b (The MathWorks) and the Eeglab 6.01b toolbox (Delorme &
Makeig, 2004). Signals containing non-stereotypical artifacts, includ-
ing high-amplitude, high-frequency muscle noise and electrode cable
movements, were rejected. Stereotypical artifacts such as eye move-
ments and eye blinks were corrected with an extended Infomax inde-
pendent component analysis (Lee ef al., 1999) implemented in
Eeglab. In this analysis, the data were separated into 60 independent
components per participant. One independent component representing
non-brain artifacts was removed per participant based on a visual
inspection of their scalp topographies, time courses and frequency
spectra. EEG data were reconstructed from the remaining component
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activations (Delorme & Makeig, 2004). The data from one participant
were excluded from the analysis because of large artifacts in the sig-
nal. For each participant, an average of 37 trials has been removed for
each condition (leaving a mean of 125 trials for statistical analyses in
each condition). All statistical analyses were based on anovas. If
P < 0.05 after applying the Greenhouse—Geisser correction, the inter-
action was considered significant; post hoc tests (Fisher’s LSD) were
applied to significant interactions.

For the ERP analysis, the reconstructed signal was segmented from
—200 to +1000 ms around the stimulus onsets, and the baseline was
corrected from 200 ms before the stimulus onset. For each electrode,
grand average waveforms were computed based on the condition of
presentation (categorized, uncategorized, silence) and/or on the nature
of the stimulation (word, pseudo-word, complex sound). Four classical
auditory potentials were evoked by the categorized stimuli (Fig. 1):
N1 (50-200 ms); P2 (200450 ms); N2 (450-700 ms); and P3 (700—
1000 ms). As observed in previous studies presenting auditory com-
plex stimuli (e.g. Woods & Elmasian, 1986; Simanova et al., 2010),
classical auditory potentials were delayed compared with those
observed in studies where pure-tones are presented. To highlight pro-
cessing differences related to the categorization task, the mean ampli-
tudes of individual ERPs in each time window were analysed using
two-way ANovAs with repeated measures of the Condition of Presenta-
tion (categorized, uncategorized, silence) and Electrode Position (Fz,
Cz, Pz). Classical auditory components are expected to show maximal
amplitudes in the categorized condition for N1 and P2 at Cz, for N2 at
Fz, and for P3 at Pz (see Picton et al., 1974; Mazaheri & Picton,
2005). The results of the ANovas confirmed that the expected pattern
was indeed observed: amongst these three electrodes, mean amplitudes
in the categorized condition were maximal at Cz for N1 component
for nine participants and for P2 component for nine participants, at Fz
for N2 component for eight participants, and at Pz for P3 component
for seven participants. To obtain the topographic picture as a function
of the phonological and/or the lexical status of the categorized stimuli,
the mean amplitudes of individual ERPs were analysed using three-
way ANovAs with repeated measures of the Nature of Stimulation
(word, pseudo-word, complex sound), Lateral Position (left, right) and
Antero-Posterior Position (anterior, posterior). For this purpose, four
quadrants (of 11 electrodes each) were defined: a right anterior site; a
left anterior site; a right posterior site; and a left posterior site.”

For the ERSP analysis, the reconstructed signal was segmented
from —1000 to +2000 ms around the stimulus onsets. A trial-by-trial
time—frequency analysis was computed with complex Morlet wave-
lets using 5 cycles at 4 Hz (i.e. 1250 ms) expanding linearly to 12
cycles at 48 Hz (i.e. 250 ms), generating 200 spectra of 177 points
each (thus between 4 and 48 Hz) between —301.9 and 1293.9 ms.
For each electrode, the signals were averaged based on the condition
of presentation (categorized, uncategorized, silence) and/or on the
nature of the stimulation (word, pseudo-word, complex sound). The
ERSPs were observed in five spectro-temporal windows relative to
the baseline (Fig. 2): theta (0: 4-7 Hz) between 0 and 500 ms; alpha
(o: 812 Hz) between 0 and 500 ms; beta (B: 15-30 Hz) between
150 and 400 ms; early gamma (y,: 30-42 Hz) between O and
100 ms; and late gamma (yy: 3048 Hz) between 150 and 450 ms.
As in the ERP analysis, the average power of the five spectro-tempo-
ral windows was analysed using two-way aNovas with repeated mea-
sures of the Condition of Presentation (categorized, uncategorized,

>The quadrants contained the following electrodes: left anterior with FP1, AF3, AF7,
F7, F5, F3, F1, FT7, FC5, FC3, FC1; right anterior with FP2, AF8, AF4, F8, F6, F4,
F2, FT8, FC6, FC4, FC2; left posterior with O1, PO7, PO3, P7, P5, P3, P1, TP7, CP5,
CP3, CP1; right posterior with 02, POS8, PO4, P8, P6, P4, P2, TP8, CP6, CP4, CP2.
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FiG. 1. (A) ERPs (N1, P2, N2 and P3) are presented as a function of Condition of Presentation (categorized, uncategorized and silence) for each Electrode
(Fz, Cz, Pz). The blue curve represents the categorized condition, the magenta curve represents the uncategorized condition, and the gray curve represents the
silence condition. The standard error is shown for each curve. Only the categorized condition presented classical auditory ERPs. (B) ERPs in the categorized
condition are presented as a function of Nature of Stimulation (word, pseudo-word and complex sound) from one electrode in each quadrant (F5, F6, PS5, P6).
The red curve represents the categorized words, the blue dashed curve represents the categorized pseudo-words, and the green curve represents the categorized
complex sounds. The standard error is shown for each curve. (C) The ERP differences between conditions are presented, showing the 95% confidence interval
in transparency. On the left, the differences between each Condition of Presentation (categorized, uncategorized and silence) are shown in Cz. On the right, the
differences between each Nature of Stimulation (word, pseudo-word and complex sound) are shown in P6. The color used for each difference is the mix of the

two colors corresponding to the two operands of the difference in (A) or (B).

silence) and Electrode Position (Fz, Cz, Pz). The ERSPs were also
analysed as a function of the nature of the stimuli for the categorized
and uncategorized conditions. As previous studies have observed,
alpha (8-12 Hz), low-beta (15-20 Hz) and/or high-beta (20-30 Hz)
lateralized power differences over the frontal and/or temporal regions
for linguistic and non-linguistic stimuli (Lutzenberger et al., 1994;
Pulvermiiller ez al., 1996; Palva et al., 2002; Luo et al., 2005; Kra-
use et al., 2006; Shahin et al., 2009), four electrode groups were
selected: F4, F6 and FC6 (right frontal); F3, F5 and FC5 (left frontal);
T8, TP and FT8 (right temporal); and T7, TP7 and FT7 (left tempo-
ral). Alpha (8-12 Hz; 0-500 ms), low-beta (15-20 Hz; 200450 ms)
and high-beta (20-30 Hz; 150-400 ms) windows were analysed
using four-way anovas with repeated measures of the Condition (cat-
egorized, uncategorized), Nature of Stimulation (words, pseudo-
words, complex sounds), Lateral Position (left, right) and Fronto-tem-
poral Position (frontal, temporal).

Results
Behavioral data

The behavioral analyses (Table 1) showed that silences were cor-
rectly categorized as ‘silence’ in 89.06% of the cases. Stimuli were
correctly categorized in 85.74% of the cases when presented at

40 dB-A, and in 16.33% of the cases when presented at 5 dB-A.
The participants detected a stimulus when they did not categorize it
as a silence. In these cases, one out of three chances of finding the
correct response (word, pseudo-word or complex sound) was
expected as chance level. Therefore, the participants’ categorization
performance for the detected 5 dB-A stimuli was not different from
the chance level for words, pseudo-words and complex sounds (#-
tests individual chance level were t;3 = —1.27, P = 0.23; 1,5 = 0.67,
P =0.51; t;3 = 1.53, P = 0.15, respectively). The stimuli presented
at 5 dB-A were discriminated from silences (d’ = 1.30) but never
successfully categorized (as usually reported in studies investigating
unconscious processing; for a review, see Kouider & Dehaene,
2007). This result replicated the results of the pretest where the par-
ticipants were not able to perform the categorization task above the
objective discrimination threshold in the 5 dB-A condition.

EEG data

ERPs: as a function of the condition of presentation

The Condition of Presentation had a significant effect on the ampli-
tude of NI (Fap4 =6.69, P=0.005), P2 (Fyo4=12.12,
P <0.001), N2 (Fpn4 =29.27, P <0.001) and P3 (Fp,4 = 11.57,

P < 0.001). As shown in Fig. 1A, for any of the ERPs and elec-
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F1G. 2. ERSP activity as a function of Condition of Presentation. Left panel: activity maps (average of rectangles in the right panel) for each frequency band
(theta, alpha, beta, early gamma and late gamma). Right panel: ERSPs as a function of Condition of Presentation (categorized, uncategorized and silence) at Fz,

Cz and Pz sites.

TABLE 1. Behavioral results

Uncategorized (5 dB-A)

Categorized (40 dB-A)

Stimuli —

Responses | Word Pseudo-word Complex sound

Word Pseudo-word Complex sound Silences

Word
Pseudo-word
Complex sound
Silence

10.4% (14.3%)
19.1% (16.7%)
21.9% (16.5%)
487% (27.3%)

8.8% (9.4%)
17.0% (19.4%)
16.0% (14.1%)
58.2% (21.3%)

5.6% (9.4%)
7.5% (1.5%)
21.8% (22.4%)
65.0% (22.4%)

79.9% (21.0%)
18.3% (18.7%)
1.3% (3.5%)
0.4% (1.6%)

13.6% (1.5%)
85.0% (7.8%)
0.9% (2.2%)
0.4% (1.6%)

0.0% (0.0%)
0.4% (1.6%)
92.0% (25.6%)
7.6% (25.7%)

4.0% (7.1%)
3.1% (4.1%)
3.8% (3.8%)

89.1% (13.1%)

Average percentage of responses to each type of stimulus over the 14 participants. The numbers in bold correspond to the correct categorization. The numbers

in brackets are the standard deviation.

trodes, only the categorized condition evoked classical auditory
ERPs and therefore differed from the silence condition (P < 0.007)
and from the uncategorized condition (P < 0.003). The ERPs in the
uncategorized condition were not different from those obtained in
the silence condition (P > 0.126).

ERPs: as a function of the nature of the categorized stimuli

The ERPs for one electrode of each quadrant are shown in Fig. 1B.
N1 response differentiated between the Nature of Stimulation at
posterior  sites  (interaction with  Antero-Posterior  Position:
F>54 = 8.56, P = 0.002), where N1 response was greater for complex
sounds than for pseudo-words (P < 0.005) and words (P < 0.001),
and greater for pseudo-words than for words (P < 0.001). The Nature
of the Stimulation affected also P2 (F 54 = 4.13, P = 0.029) and N2
(Fp04 = 10.05, P < 0.001) responses across all quadrants; greater
responses were observed for speech sounds (i.e. words and pseudo-
words) than for non-speech sounds (i.e. complex sounds; P < 0.001).
P2 and N2 responses were also modulated by the electrode position
for some stimuli (Nature of Stimulation x Lateral Position:
Fs54 = 4.58, P =0.021 for P2; F,,4 = 6.23, P = 0.007 for N2): P2

and N2 responses were greater for complex sounds in the left than in
the right hemisphere (P < 0.001); and N2 response was greater for
pseudo-words in the left than in the right hemisphere (P < 0.012). P3
responses (Nature of Stimulation x Antero-Posterior Position:
F>,4 = 13.60, P < 0.001) were greater for words and pseudo-words
than for complex sounds at posterior sites (P < 0.001).

ERSPs: as a function of the condition of presentation

The ERSPs as a function of the condition of presentation are shown
in Fig. 2. The ERSPs observed in the lower frequency bands
revealed that the power for the categorized condition was different
from both the uncategorized and the silence conditions, while the
power for the uncategorized and the silence conditions did not dif-
fer. This pattern was observed at all recording sites in the theta fre-
quency band (F,,4 = 49.56, P < 0.001), with a greater increase in
power for the categorized condition than for the uncategorized or
the silence conditions (P < 0.001), while the latter two conditions
did not differ (P = 0.72). All participants demonstrated this pattern.
In the alpha frequency band, this pattern was observed at Fz and Cz
sites (Fy45 = 5.60, P < 0.001), with a smaller decrease in power for
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the categorized condition than for the uncategorized or the silence
conditions (P < 0.001), while the latter two conditions did not dif-
fer (P > 0.50). All participants demonstrated this pattern. Finally, in
the beta frequency band, this pattern was observed at Fz site
(Fy45 = 3.17, P = 0.022), with a greater decrease in power for the
categorized condition than for the uncategorized or the silence con-
ditions (P < 0.030), while the latter two conditions did not differ
(P > 0.232). Nine of 13 participants demonstrated this pattern.

The ERSPs observed in the higher frequency bands revealed a
different pattern: the power was different between the uncatego-
rized condition and the silence condition. In the beta frequency
band, this difference in power was observed at Pz site. The
decrease in power was smaller for the silence condition than for
the uncategorized or the categorized conditions (P < 0.005). This
decrease in power was also smaller for the uncategorized condition
than for the categorized condition (P = 0.017). Nine of 13 partici-
pants demonstrated this pattern. In the early gamma frequency
band at all recording sites (Fp,4 = 8.63, P =0.003), a greater
increase in power was observed for the silence condition than for
the uncategorized or the categorized conditions (P < 0.004), while
the categorized and the uncategorized conditions did not differ
(P = 0.568). Twelve of 13 participants demonstrated this pattern.
No power differences were observed in the late gamma
(150450 ms) at any site.

ERSPs: as a function of the nature of the stimuli

In the alpha frequency band, no effect of the Nature of Stimulation
was observed. The decrease in power depended on both the Condi-
tion and the Fronto-temporal Position (F ;, = 11.10, P = 0.006). A
greater decrease in power for the uncategorized condition than for
the categorized condition was observed at frontal sites (P < 0.001)
only. The effect of Condition also depended on the Lateral Position
(Fi,12 = 4.84, P = 0.048). The decrease in power for the categorized
and the uncategorized conditions was lateralized on the right hemi-
sphere (P < 0.001), where this decrease in power was greater for
the uncategorized condition than for the categorized condition
(P < 0.048).

In the low-beta (15-20 Hz) frequency band (Fig. 3), the decrease
in power was modulated by the Nature of Stimulation as a function
of the sites (Nature of Stimulation x Lateral Position x Fronto-tem-
poral Position: F;,4 = 6.31, P = 0.006). At temporal sites, a greater
decrease in power was observed on the left hemisphere for pseudo-
words and for complex sounds than for words (P < 0.048 and
P < 0.017, respectively), while there was no difference in power
between pseudo-words and complex sounds (P > 0.353). On the
right hemisphere, the low-beta power was equivalent for all stimuli
(P > 0.056). Importantly, this difference in low-beta power between
lexical (i.e. words) and non-lexical (i.e. pseudo-words and complex
sounds) stimuli did not depend on whether the stimuli were or were
not categorized, as none of the interactions involving the factor
Condition was significant (all P > 0.269).

In the high-beta (20-30 Hz) frequency band, the difference in
power between lexical and non-lexical stimuli was observed in the
left regions (Condition x Nature of Stimulation x Lateral Position:
F>54 = 6.34, P = 0.006). In the left regions, the decrease in power
was greater for categorized pseudo-words than for categorized words
(P = 0.026). In addition, a greater decrease in power was observed
for uncategorized complex sounds than for uncategorized words
(P = 0.003) and for uncategorized pseudo-words (P = 0.016). In the
right regions, the high-beta power was equivalent for all stimuli
(P > 0.096).

Discussion

The results of this study show different EEG responses to behavior-
ally categorized stimuli, uncategorized stimuli and silences. First,
the results suggest that uncategorized stimuli were not processed
because they evoked neither potentials nor theta activity. However,
uncategorized stimuli displayed neural high-frequency responses that
were more similar to the responses observed for behaviorally catego-
rized stimuli than to those observed for silences, notably reflected
by a decrease in power in the beta (20-30 Hz) frequency band at
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Fi1G. 3. Low-beta activity for categorized and uncategorized words, pseudo-
words and complex sounds. Top and bottom panels: low-beta power decrease
in percent of baseline as a function of Nature of Stimulation (words, pseudo-
words and complex sounds), Condition (categorized, uncategorized), Lateral
Position (right, left), averaged across temporal electrodes (T7, TP7, FT7/TS,
TP8, FT8) and participants. The box limits represent the upper and lower
quartiles, and the dotted line indicates the median. The thick solid line repre-
sents the mean. The boxplot whiskers extend to the most extreme data points
within £ 1.5 times the interquartile range. The outliers, i.e. data points out-
side this range, are plotted directly. Attached to the mean are shown the 95%
confidence intervals for the differences between type of stimulus. The color
indicates with which other type of stimulus the difference is made; the direc-
tion depends on the sign of the difference. Middle panel: maps of ERSPs as
a function of Condition (categorized, uncategorized) and Nature of Stimula-
tion (words, pseudo-words and complex sounds) of the low-beta frequency
band.

© 2013 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 1-9



posterior site. This suggests that uncategorized stimuli were partially
processed. This assumption was confirmed by the fact that the cate-
gorized and uncategorized stimuli yielded similar left hemispheric
differences between lexical (words) and non-lexical sounds (pseudo-
words and complex sounds) in the low-beta (15-20 Hz) frequency
band, demonstrating that behaviorally uncategorized stimuli were
processed, probably at the lexical level.

Cerebral differences associated to the presence/absence of
auditory stimuli

Classical auditory N1-P2-N2-P3 components were observed for cate-
gorized stimuli, but not for uncategorized stimuli or silences. This
result is not surprising as ERP amplitudes decrease when intensity is
reduced (Hillyard ez al., 1971; Polich et al., 1986) to the psychophys-
ical threshold or near it (Suzuki et al., 1976; Musiek et al., 2005).
The increase in theta power for categorized stimuli may be associated
with the evoked responses, as Klimesch ez al. (2007) have shown that
ERPs reflect the superposition of an increase in evoked theta fre-
quency band over a decrease in alpha frequency band.

The increasing theta power could be linked to the sensory coding
of the stimulus (see review in Buzsaki, 2006), but not the decreasing
alpha power. Indeed, a posterior decrease in alpha power was
recorded after all stimuli and silences, and a greater fronto-central
decrease in alpha power was observed for uncategorized stimuli and
silences. If alpha power was not directly linked to sensory coding, it
might rather be dependent of attentional or ‘alertness’ processes (see
review in Klimesch ef al., 2006). In our study, the posterior
decrease in alpha power likely indicates that participants had a con-
stant level of alertness during the task (Klimesch ez al., 1996), while
the frontal decrease in alpha power is probably linked to the expec-
tation of the stimulus (Yamagishi et al., 2003). Supporting this latter
interpretation, the combined probability of occurrence of barely
audible stimuli at 5 dB-A and silences was higher than the probabil-
ity of occurrence of clearly audible stimuli at 40 dB-A, the former
stimuli becoming more expected.

A greater decrease in beta (20-30 Hz) power was observed for
categorized and uncategorized stimuli than for silences in posterior
regions; the biggest decrease being observed for categorized stimuli.
This decrease could be linked to the perception of the stimulus, as
differences between perceived and unperceived stimuli have previ-
ously been observed in the beta frequency band (Gail et al., 2004;
Luo et al., 2005; Palva et al., 2005; Gaillard et al., 2009). However,
in the present study, it was not possible to distinguish the contribu-
tion of awareness from the processing of the stimulus energy in the
differential brain responses to categorized and uncategorized stimuli.
Based on these considerations, it cannot be excluded that variations
in beta power could also indicate that even if the stimuli presented
at 5 dB-A were not behaviorally categorized, they were nevertheless
partially detected.

An early, transient increase in gamma power was observed only for
silences, followed by a decrease in gamma power for all stimuli and
silences. This decrease in gamma power is classically observed after
attended stimuli (Fell ez al., 1997; see review in Herrmann & Knight,
2001), suggesting that participants had a constant level of alertness
during the task for all conditions (as previously suggested for the pos-
terior alpha power). However, the early increase in gamma power in
response to silences is more difficult to explain. Because this early
increase in gamma power is neither observed for categorized nor un-
categorized stimuli, this could reflect the early detection of the
absence of stimulus. Thus, the absence of early increase in gamma
power for categorized stimuli could indicate that the participants were
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awaiting the offset of the word recognition process (about 250 ms
after stimulus onset; see Pulvermiiller er al., 2005) in order to cor-
rectly perform the categorization task. When the participants detected
that a stimulus was actually presented, they required more information
about the stimulus to categorize it as word, pseudo-word or complex
sound. Interestingly, the absence of early increase in gamma power
for uncategorized stimuli could confirm that these stimuli were not
processed as silences, and that participants were probably waiting for
more information regarding the stimulus.

Lexical processing of categorized stimuli

Hemispheric differences were observed between the three types of
stimuli, when they were successfully categorized. Differences
observed for P2 and N2 are reminiscent of the speech specialization
of the left hemisphere (Démonet et al., 1992; Zatorre et al., 1992).
As the lexical stimuli used were all monosyllabic (as defined in Lex-
ique 2), and because the participants had to perform the task as
quickly as possible, the words might have been lexically categorized
as words before the end of word occurred (McClelland & Elman,
1986; Marslen-Wilson, 1987). This explanation could be supported
by the fact that an effect of lexicality was observed for ERP
responses as early as the N1 time window (50-200 ms). As reported
in the visual modality in previous studies (comparing words and
non-words in Martin et al., 2006; or comparing words and pseudo-
words in Coch & Mitra, 2010), ERP amplitudes observed in similar
early time window (before 240 ms) seem to be influenced by top-
down information regarding lexicality.

Most importantly, the results of the present study provide support
in the auditory modality for the results obtained in the visual modality
by Lutzenberger et al. (1994) regarding the link between the beta fre-
quency band and lexical processing. Indeed, we observed a greater
decrease in low-beta (15-20 Hz) power for non-lexical stimuli
(pseudo-words and complex sounds) than for lexical stimuli (words)
in the left hemisphere. Thus, our data support the assumption that a
reduction of high-frequency cortical responses after pseudo-words
and after complex sounds reflects a breakdown of cognitive process-
ing induced by an uncommon stimulus for which no lexical represen-
tation is available, like the failure of lexical access described in
previous studies (Lutzenberger ef al., 1994; Pulvermiiller et al.,
1996). As pseudo-words used less frequent phoneme pairs than words
(and although this only affected 11% of the pair instances), one may
suggest that the decrease in low-beta power could also reflect more
strenuous linguistic processing at a pre-lexical level. However, the
decrease in low-beta power for complex sounds (which do not have
any phonological content) was similar to that observed for pseudo-
words. This would tend to suggest that the differences observed in the
low-beta frequency band between lexical and non-lexical stimuli are
not due to pre-lexical differences. Moreover, significant differences
between words and pseudo-words, but also between words and com-
plex sounds, in the low-beta and/or high-beta frequency bands, are
also more compatible with an explanation in terms of lexicality effect
(Pulvermiiller ez al., 1999; Palva et al., 2002; Bastiaansen & Hagoort,
2006; Shahin ez al., 2009).

Lexical processing of uncategorized stimuli

The most important result obtained in the present study is that low-
beta (15-20 Hz) and high-beta (20-30 Hz) differences between lexi-
cal and non-lexical stimuli did not significantly depend on whether
the stimuli were successfully categorized or not. While the uncate-
gorized stimuli evoked neither classical auditory potentials nor theta
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activity, the results suggest that they induced low-beta power differ-
ences according to the lexical nature of the stimuli in the left tempo-
ral hemisphere. In the same way, the uncategorized stimuli induced
also high-beta power differences according to the phonological nature
of the stimuli in the left hemisphere. These findings would support
the hypothesis that behaviorally uncategorized stimuli elicited neural
responses similar to behaviorally categorized stimuli, i.e. that behav-
iorally uncategorized stimuli could be categorized without awareness.
Such a pattern of neural responses, specific to the linguistic content
of the stimuli, cannot be explained by differences in intensity or dura-
tion (as the observed effects appeared between 150 and 450 ms, and
that all stimuli have an average duration of more than 500 ms). These
findings indicate that the behaviorally uncategorized stimuli were
actually partially processed at the phonological level and, most likely,
at the lexical level. This result is in accordance with studies done in
the visual modality suggesting that the lexical or semantic processing
can occur without awareness (for a meta-analysis, see Van den Bus-
sche et al., 2009). This result is also in accordance with behavioral
studies done in the auditory modality showing lexical processing
without awareness (Daltrozzo et al., 2011; Signoret et al., 2011), and
suggests that lexical processing is concomitant with a variation of
low-beta (1520 Hz) power near the left temporal regions, indepen-
dently of any awareness of the category of the stimulus.

Finally, the results of the present study showed that lexical pro-
cessing could be observed for stimuli that are not behaviorally cate-
gorized, but partially detected. Although the choice of a lexical task
as a measure of awareness is largely accepted in studies investigat-
ing linguistic processing without awareness (for reviews, see Kouid-
er et al., 2007; Van den Bussche et al., 2009), further research
would be required to assess whether lexical processing could also
occur in experimental conditions involving a detection task, as
recently suggested in a behavioral study showing lexical processing
without subjective detection (Signoret et al., 2011).
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