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Les sciences cognitives

• Décrivent et expliquent 
• les mécanismes de la pensée

humaine, animale, ou artificielle, 
• et plus généralement de tout 

système complexe de traitement de 
l’information capable d’acquérir, 
conserver, utiliser et transmettre des 
connaissances.
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Le langage

• Du point de vue de la psychologie cognitive, le langage est l’une 
des grandes fonctions de l’esprit (ou fonctions psychologique).

• Il existe d’autres fonctions cognitives comme la perception, la 
mémoire, l’attention, le raisonnement, la prise de décision, 
mouvement, etc.

• Toutes ces fonctions contribue à former la cognition. 
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Les neurosciences cognitives
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• Étudient les mécanismes neurobiologiques qui sous-tendent la 
cognition (perception, motricité, langage, mémoire, 
raisonnement, émotions, etc.). 

• C'est une branche des sciences cognitives qui fait appel pour une 
large part aux neurosciences, à la neuropsychologie, à la 
psychologie cognitive, à l’imagerie cérébrale ainsi qu’à la 
modélisation.



Le langage, une fonction cognitive parmi d’autres

• Étudier les processus cognitifs de traitement du langage et leurs 
bases cérébrales.  

• Suivre la neurodynamique des processus de 1) reconnaissance 
des mots présentés en isolation ou en contexte de liaison, et 2) 
d’unification syntaxico-sémantique au niveau phrastique.

• Exploiter les méthodes de neuro-imagerie, en particulier 
l’électroencéphalographie (EEG), conjointement à l'utilisation de 
paradigmes expérimentaux issus de la psychologie cognitive.
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L’intérêt de l’étude des bases cérébrales de phénomènes 

psychologiques ou des traits de caractère est très ancien. 
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La phrénologie (18e siècle)
• Au 18e siècle, la phrénologie ou cranioscopie

cherchait à localiser des fonctions cérébrales 
comme des traits de caractère, des vices et des 
vertus.

• La phrénologie a été la première discipline à tenter 
d’associer des aptitudes à des zones cérébrales. 

• Cette discipline, développée par Franz Joseph Gall 
(1819), était peu scientifique et fortement influencée 
par les croyances de cette époque.

• Selon cette théorie pseudo-scientifique, les bosses 
du crâne (26, selon Gall) d'un être humain reflètent 
son caractère (en particulier, la prédiction de son 
intelligence ; sa nature meurtrière, etc.).
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Bases neurales du langage humain

• Deuxième moitié du 19e siècle :

üDécouverte que les fonctions
langagières sont directement
reliées au tissu cérébral (Broca,
1861 ; Lichtheim, 1884 ; Wernicke,
1874).

10

Source: Friederici (2011)
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Localisationnisme et études 
de patients (19e siècle) 

• L’intérêt pour les fonctions 
cognitives et le développement de 
modèles de fonctionnement cognitif  
s’est développé de manière plus 
rigoureuse au 19e siècle grâce à 
l’étude de patients présentant une
lésion cérébrale (Broca, 1861).

6

Lésion du lobe frontal 
de l’hémisphère gauche

Patient « Tan »



Gyrus 
supramarginal

• Traitement phonologique dans des tâches impliquant le 
langage (reconnaissance des mots) ou la mémoire de travail 
(Deschamps, Baum, & Gracco, 2014, Neuropsychologia).



Kuhl et Rivera-Gaxiola (2008) 
The Annual Review of Neuroscience

• Réponse électrique du cerveau en réponse
au traitement d’un contraste phonétique
natif (anglais) et non natif (mandarin) à 7,5 
mois. 

• La réponse de ce nourrisson suggère que 
l'apprentissage de la langue maternelle a 
commencé, car la négativité de la MMN en
réponse au contraste de la langue 
maternelle anglaise est considérablement
plus grande (courbe rouge) que celle du 
contraste de la langue non maternelle
(mandarin, courbe bleue).

• Réorganisation perceptive précoce. 

ANRV346-NE31-21 ARI 14 May 2008 12:46

Nonnative

Native

a

b

100 ms

+3 µV

Better600

400

200

0

Poorer

 E
st

im
at

ed
 n

u
m

b
er

 o
f 

w
o

rd
s 

p
ro

d
u

ce
d

Native predictor

Age (months)
14 18 22 26 30 18 22 26 30

Nonnative predictor

14

c

Figure 2
(a) A 7.5-month-old infant wearing an ERP electrocap. (b) Infant ERP waveforms at one sensor location (CZ) for one infant are shown
in response to a native (English) and nonnative (Mandarin) phonetic contrast at 7.5 months. The mismatch negativity (MMN) is
obtained by subtracting the standard waveform (black) from the deviant waveform (English = red; Mandarin = blue). This infant’s
response suggests that native-language learning has begun because the MMN negativity in response to the native English contrast is
considerably stronger than that to the nonnative contrast. (c) Hierarchical linear growth modeling of vocabulary growth between 14
and 30 months for MMN values of +1SD and −1SD on the native contrast at 7.5 months (c, left) and vocabulary growth for MMN
values of +1SD and −1SD on the nonnative contrast at 7.5 months (c, right). Analyses show that both contrasts predict vocabulary
growth but that the effects of better discrimination are reversed for the native and nonnative contrasts. (From Kuhl et al. 2008)

examined using hierarchical linear growth
curve modeling (Raudenbush et al. 2005).
Analyses show that both native and nonna-
tive discrimination at 7.5 months are signifi-
cant predictors of vocabulary growth, but also
that the effects of good phonetic discrimina-
tion are reversed for the native and nonna-
tive predictors. A study of Finnish 11-month-
old infants replicated this pattern using Finnish
and Russian contrasts (Silven et al. 2006).

Rivera-Gaxiola and colleagues (2005a)
demonstrated a similar pattern of prediction
using a different nonnative contrast. They
recorded auditory ERP complexes in 7- and
11-month-old American infants in response to
both Spanish and English voicing contrasts.
They found that infants’ responses to the non-
native contrast predicted the number of words
produced at 18, 22, 25, 27, and 30 months of
age (Rivera-Gaxiola et al. 2005a). Infants show-
ing better neural discrimination (larger nega-
tivities) to the nonnative contrast at 11 months
of age produced significantly fewer words at

all ages when compared with infants showing
poorer neural discrimination of the nonnative
contrast. Thus in both Kuhl et al. (2005b, 2008)
and Rivera-Gaxiola et al. (2005a), better dis-
crimination of a nonnative phonetic contrast
was associated with slower vocabulary devel-
opment. Predictive measures now demonstrate
continuity in development from a variety of
early measures of pre-language skills to mea-
sures of later language abilities. Infants’ early
phonetic perception abilities (Tsao et al. 2004;
Kuhl et al. 2005b, 2008; Rivera-Gaxiola et al.
2005a), their pattern-detection skills for speech
(Newman et al. 2006), and their processing ef-
ficiency for words (Fernald et al. 2006) have all
been linked to advanced later language abili-
ties. These studies form bridges between the
early precursors to language in infancy and
measures of language competencies in early
childhood that are important to theory build-
ing as well as to understanding clinical popula-
tions with developmental disabilities involving
language.
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Naissance des 

neurosciences 

cognitives du 

langage

• À partir de 1980

• Université de San Diego (CA, USA)

• Approche pluridisciplinaire : Linguistique, 
psycholinguistique, IA, neurosciences 
• Marta Kutas, Elizabeth Bates, Brian McWhinney, 

David McClelland, Jeffrey Elman, entre autres.

• Kutas Lab (http://kutaslab.ucsd.edu)

• Kutas et Hillyard (Science, 1980)

• Kutas et van Petten (1994) : Psycholinguistics
electrified : event-related brain potential investigations
• La psycholinguistique se tourne résolument vers la 

neurophysiologie  
à approche pluridisciplinarité
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Kutas et van Petten (1994)
Psycholinguistics electrified
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L’électroencéphalographie (EEG)
Une technique offrant une résolution temporelle très fine (ordre de la milliseconde)



DÉCOUVERTE DE L’EEG

• Hans Berger (1929) à neurologue/psychiatre

àActivité électrique du cerveau humain mesurée : 
üen plaçant une électrode sur le cuir chevelu (scalp)
üen amplifiant le signal
üen moyennant les changements de voltage au cours 

du temps 
à Cette activité électrique est appelée EEG
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Mesures EEG au laboratoire
• Potentiels post-synaptiques de 

differentes populations de neurones

(cellules pyramidales)

§ Enregistrements à la surface du crâne

à Méthode non-invasive

§ Oscillations neuronales filtrées entre 

0.1-30 Hz à Bandes de fréquences

Delta, Theta, Alpha, Beta

§ Réponses électriques du cerveau

coïncident temporellement avec le 

début du stimulus (time-locked) à
Potentiels sont évoqués par le stimulus

§ Le rapport entre signal et bruit est

faible à Mesures répétées

§ Résolution temporelle élévée (~ ms)

§ Résolution spatiale faible (~ cm)

71
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such overall predictability e!ects actually re"ect continuous pre-
diction, or might be driven by a subset of (highly predictable)
events in naturalistic stimuli.

Here, we address both issues, probing the ubiquity and nature
of linguistic prediction during natural language understanding.
Speci#cally, we analyzed brain recordings from two independent
experiments of participants listening to audiobooks, and used
a powerful deep neural network (GPT-2) to quantify linguistic
predictions in a #ne-grained, contextual fashion. First, we ob-
tained evidence for predictive processing, con#rming that brain
responses to words are modulated by linguistic predictions. Criti-
cally, the e!ects of predictability could not be reduced to nonpre-
dictive factors such as integration di$culty, were logarithmically
related to word probability, and were not con#ned to a subset of
constraining words, but were widespread—supporting the notion
of continuous, probabilistic prediction. Next, we investigated at
which level prediction occurs. To this end, we disentangled the
model-based predictions into distinct dimensions, revealing dis-
sociable neural signatures of predictions about syntactic category
(parts of speech), phonemes, and semantics. Finally, we found that
higher-level (word) predictions constrain lower-level (phoneme)
predictions, supporting hierarchical prediction. Together, these
results underscore the ubiquity of prediction in language process-
ing, and demonstrate that prediction is not con#ned to a single
level of abstraction but occurs throughout the language network,
forming a hierarchy of predictions across many levels of analysis,
from phonemes to meaning.

Results

We consider data from two independent experiments, in which
brain activity was recorded while participants listened to natural
speech from audiobooks. %e #rst experiment is part of a publicly
available dataset (36), and contains 1 h of electroencephalographic
(EEG) recordings in 19 participants. %e second experiment
collected 9 h of magnetoencephalographic (MEG) data in three
individuals, using individualized head casts that allowed us to
localize the neural activity with high precision. While both ex-
periments had a similar setup (Fig. 1), they yield complementary
insights, both at the group level and in three individuals.

Neural Responses to Speech Are Modulated by Continuous
Linguistic Predictions. We #rst tested for evidence for linguistic
prediction in general. We reasoned that, if the brain is con-
stantly predicting upcoming language, neural responses to words
should be sensitive to violations of contextual predictions, yielding
“prediction error” signals which are considered a hallmark of
predictive processing (5). To this end, we used a deconvolution

technique (regression ERP; see Materials and Methods) to estimate
the e!ects of prediction error on evoked responses within the
continuous recordings. We focus on the low-frequency evoked
response because it connects most directly to earlier work on
neural signatures of prediction in language (7, 32, 37, 38).

To quantify linguistic predictions, we analyzed the books par-
ticipants listened to with a deep neural language model: GPT-2
(39). GPT-2 is a large transformer-based model that predicts the
next word given the previous words, and is currently among the
best publicly available models of its kind. Note that we do not use
GPT-2 as a model of human language processing but purely as a
tool to quantify how expected each word is in context.

To test whether neural responses to words are modulated
by contextual predictions, we compared three regression models
(SI Appendix, Fig. S2). %e baseline model formalized the hy-
pothesis that natural, passive language comprehension does not
invoke prediction. %is model did not include regressors related
to contextual predictions, but did include potentially confound-
ing variables (such as frequency, semantic integration di$culty,
and acoustics). %e constrained guessing model formalized the
hypothesis that, during comprehension, 1) predictions are not
generated constantly but only for a subset of words, in con-
straining contexts; and 2) these predictions are all or none. %ese
assumptions capture how prediction was traditionally conceived
of by many in psycholinguistics (38). We implemented them as
a regression model using all regressors from the baseline model,
plus an unexpectedness regressor. %is unexpectedness regressor
was 1) only included for a subset of words in the most constraining
contexts; and 2) used a linear metric of word improbability, since
all-or-none prediction results (on average) in a linear relationship
between word probability and brain response. %is is because the
probability of an all-or-none prediction error scales linearly with
a word’s improbability. %erefore, while the regression model was
itself not categorical, it provides the best approximation to an all-
or-none prediction error, given that we do not know participants’
moment-by-moment all-or-none predictions (see Materials and
Methods).

Finally, we considered a continuous prediction model. %is
model included all regressors from the baseline model, plus a
logarithmic metric of word improbability (surprisal) for every
word in the audiobook. %is formalized the hypothesis that the
brain continuously generates probabilistic predictions, and that
the response to a stimulus is proportional to its negative log
probability, as postulated by predictive processing accounts of
language (1, 9, 37) and neural processing more broadly (5, 6).

When we compared the ability of these models to predict
brain activity using cross-validation, we found that the con-
tinuous prediction model performed better than both of the

A B

Fig. 1. Schematic of experimental and analytical framework. (A) (Top) In both experiments, participants listened to continuous recordings from audiobooks
while brain activity was recorded. (Bottom) The texts participants listened to were analyzed by a deep neural network (GPT-2) to quantify the contextual
probability of each word. A regression-based technique was used to estimate the effects of (different levels of) linguistic unexpectedness on the evoked
responses within the continuous recordings. (B) Datasets analyzed: one group-level EEG dataset, and one individual subject source-localized MEG dataset.

2 of 12 https://doi.org/10.1073/pnas.2201968119 pnas.org
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Apprentissage profond (réseaux de neurones)

Traitement par le cerveau humain



Analyses statistiques des données EEG
• Analyses guidées par des 

hypothèses a priori (hypothesis
driven)
• Potentiels évoqués (PE) + 

localisation de générateurs 
neuronaux

• Analyses temps-fréquence 
(oscillations neuronales)

• Analyses guidées par les données 
(data driven) : analyses en cluster.

21

Wang et al. Gamma oscillations in language comprehension

Statistical analysis
For a statistical evaluation of the ERP and TF responses, we used
a cluster-based random permutation test (Maris and Oostenveld,
2007). This statistical procedure optimally handles the multiple-
comparisons problem, while at the same time retaining reasonable
statistical power. It naturally takes care of interactions between
time points, electrodes and frequency bins by identifying clusters
of significant differences between conditions in the time, space,
and frequency dimensions. The procedure is briefly described
below.

First, for every data point (electrode for the ERP data, elec-
trode by time by frequency for the TF data) of two conditions, a
simple dependent-samples t test is performed (giving uncorrected
p-values). All adjacent data points exceeding a preset significance
level (5%) are grouped into clusters. For each cluster the sum
of the t statistics is used in the cluster-level test statistic. Next, a
null distribution which assumes no difference between conditions
is created. This distribution is obtained by 1000 times randomly
assigning the conditions in subjects and calculating the largest

cluster-level statistic for each randomization. Finally, the actually
observed cluster-level test statistics are compared against the null
distribution, and clusters falling in the highest or lowest 2.5th
percentile are considered significant.

RESULTS
ERP DATA
Figure 1A displays the grand average waveforms elicited by the
CW’s in three conditions (HC; LC; and SV) at a representative elec-
trode (Pz). Visual inspection showed that the SV condition elicited
the largest N400 amplitude, while the HC condition elicited the
smallest N400 amplitude. Figure 1B displays the N400 scalp
topographies for the three conditions. Statistical analyses con-
firmed that the N400 amplitude (in the time window of 0.3–0.5 s)
was parametrically modulated by condition, with SV yielding the
largest N400 (i.e., the most negative values), LC intermediate, and
HC the smallest N400 (SV < HC, p < 0.001; SV < LC, p = 0.01;
and LC < HC, p < 0.001). Figure 1C shows the difference topogra-
phies of the N400 effects between each two conditions. All of them
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FIGURE 1 | Results of the ERP analysis. (A) ERP time course for
each of the three conditions at electrode Pz. (B) Scalp topographies
of the N400 amplitude for the three conditions in the time window
of 0.3–0.5 s. (C) The difference topographies for all comparisons in

the time window of 0.3–0.5 s. The electrodes that showed
significant N400 effects were marked by *. HC, high cloze
sentences; LC, low cloze sentences; SV, sentences containing a
semantic violation.
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Analyses ERP : SV > LC > HC 

2

• BF thêta : augmentation de la
puissance en réponse au
traitement du mot critique
uniquement dans la condition
SV (condition
sémantiquement incongrue).

Analyses temps-fréquence des changements de puissance 
dans une large fenêtre de fréquences (de 2 à 80Hz). 

Wang et al. Gamma oscillations in language comprehension
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FIGURE 4 | Results of theTF analysis in the LC and SV conditions. (A)

The upper panel shows the TF representations of the LC and SV conditions
at electrode Pz, in both the high and low frequency ranges. The lower
panel shows the contrast between the LC and SV conditions, with the left
one showing the raw difference, and the right one showing the statistically

thresholded difference. (B) The difference topographies for LC–SV in the
theta band (2–5 Hz) in the time interval of 0.2–1.0 s. The electrodes that
showed significant effects over 80% of the selected time intervals were
marked by *. LC, low cloze critical words; SV, semantically incongruent
critical words.

0.005, respectively), at the lower edge of the theta frequency
range (2–5 Hz) in the time interval of 0.2–1.0 s, while no
significant cluster was observed in the contrast of HC–LC.
Figure 5 shows the time course of the evolution of both gamma

(40–50 Hz) and theta power (2–5 Hz) after CW onset at electrode
Pz. Figure 6 shows the scalp topographies for theta and
gamma power changes in the relevant time and frequency
intervals.
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- Latence (ms)

- Polarité (+/-)

- Topographie de surface

Source : Rugg et Coles, 1995

Comparés au temps de réaction (TR), les
potentiels évoqués présentent l‘avantage de
varier sur trois dimensions :

22
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Unification lexicale-
sémantique

• Kutas et Hillyard (Science, 1980) ont
montré que le traitement d’une unité
lexicale qui ne peut être intégrée d’un 
point de vue sémantique avec le 
contexte qui la précède donne lieu à une
réponse électroencéphaligraphique
appelée N400.

• La N400 est reconnue comme étant le 
marqueur du processus d’intégration
lexicale sémantique (pour le français : 
Isel et al., 2007).

82



Étude du mécanisme 
d’intégration des mots 
dans le contexte phrastique

• Paradigme de violation de la 
restriction de sélection du verbe.

• Violation sémantique du rôle 
thématique du sujet (un caillou 
(inanimé) ne peut pas être l’agent qui 
réalise l’action de dormir).

• L’enfant qui est dans la maison dort.
• *Le caillou qui est dans la piscine dort.
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around 750 ms. In the Semantic condition, we found an N400,
which was much more pronounced than in the one observed in
the Correct condition. The Syntactic condition showed an early
negative shift that was particularly persistent at anterior
electrode sites, and a late positivity distributed centro-
parietally, peaking around 800 ms after onset of the critical
word. Finally, inspection of the waveforms in the Combined
condition showed a pattern similar to that found in the Syntactic
condition. These observations were supported by the subse-
quent analyses.

2.2.2.1. Time window 150–300 ms

2.2.2.1.1. Lateral electrodes. The ANOVA revealed a
significant main effect of Syntax (F(1, 19) = 13.12,
p < 0.01, M.S.E. = 5.85). This effect reflects a larger negativity
for the syntactically incorrect condition than for the syntacti-
cally correct one. In contrast, no significant main effect of
Semantics was observed (F < 1). The Syntax ! Semantics
interaction was not significant (F < 1). In contrast, a significant
Syntax ! Region (F(1, 19) = 11.80, p < 0.01, M.S.E. = 1.54)
interaction in addition to a significant Syntax ! Hemisphere
(F(1, 19) = 7.59, p < 0.05, M.S.E. = 0.33) interaction was
revealed. Subsequent post-hoc analyses indicated that the early
negativity was larger (1) in the anterior region (F(1,
19) = 18.46, p < 0.001, M.S.E. = 4.59) than in the posterior
region (F(1, 19) = 3.60, p < 0.10, M.S.E. = 2.80), and (2) in the
left hemisphere (F(1, 19) = 18.05, p < 0.001, M.S.E. = 0.74)
than in the right hemisphere (F(1, 19) = 8.03, p < 0.05,
M.S.E. = 0.80).

2.2.2.1.2. Midline electrodes. The ANOVA showed a
significant main effect of Syntax (F(1, 19) = 10.15, p < 0.01,
M.S.E. = 10.33). In contrast, no significant main effect of
Semantics was observed (F < 1). The Syntax ! Semantics
interaction was not significant (F(1, 19) = 1.31, p > 0.10). A
significant Syntax ! Electrode interaction (F(2, 38) = 4.58,
p < 0.05, M.S.E. = 0.70) was found. This interaction was due to
a larger negativity at the anterior electrode FZ (F(1, 19) = 14.17,
p < 0.01, M.S.E. = 2.20) than at both the central CZ (F(1,
19) = 7.65, p < 0.05, M.S.E. = 1.93) and the posterior PZ (F(1,
19) = 5.59, p < 0.05, M.S.E. = 1.74) electrodes.

2.2.2.2. Time window 300–600 ms

2.2.2.2.1. Lateral electrodes. The ANOVA revealed a
significant main effect of Syntax (F(1, 19) = 15.61,
p < 0.001, M.S.E. = 8.94) as well as a significant main effect
of Semantics (F(1, 19) = 21.44, p < 0.001, M.S.E. = 4.11).
Significant Syntax ! Semantics (F(1, 19) = 10.48, p < 0.01,
M.S.E. = 4.92), Syntax ! Region (F(1, 19) = 33.08, p < 0.001,
M.S.E. = 3.36), and Syntax ! Hemisphere (F(1, 19) = 4.40,
p < 0.05, M.S.E. = 0.94) interactions were found. Subsequent
post-hoc tests indicated a larger effect of the factor Semantics in
the syntactically correct sentences (F(1, 19) = 36.95,
p < 0.001, M.S.E. = 0.93) than in the syntactically incorrect
ones (F < 1). Similarly, a larger effect of the factor Syntax was
revealed for the processing of semantically correct sentences
(F(1, 19) = 29.03, p < 0.001, M.S.E. = 1.55) than for the
processing of semantically incorrect ones (F(1, 19) = 1.40,
p > 0.10). Furthermore, the syntactic negativity was most
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Fig. 1. Grand average ERPs for the critical verb for the Correct, the Syntactic, the Semantic, and the Combined conditions of Experiment 1. Negative voltage is
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Isel et Shen (2011)

• Violation de la restriction de 
sélection. *Le caillou qui est dans la 
piscine dort.

• Modulation du processus 
d’intégration des mots dans la 
phrase en fonction de 
l’orientation de l’attention sur le 
niveau d’analyse structurale de la 
phrase (consigne expérimentale).

• P600 àrévision syntaxico-
sémantique ?

• Négativité frontale à orientation 
de l’attention

syntactic level. The manipulation consisted of monitoring
ERPs during the processing of sentences containing a
critical word that was either semantically congruent or
incongruent with respect to previous context. Partici-
pants were instructed to make an acceptability judgment
at the syntactic level, that is, to detect word category
violations that never occurred. Our results provide a clear
picture. The processing of semantically incorrect sen-
tences gave rise to a P600 but not to an N400. Moreover,
a long-lasting frontal negativity was also found. The
absence of an N400 component suggests that a linguistic
task that leads to an attentional focus on phrase-structure
(i.e. detecting a phrase-structure violation in sentences
that in fact presented no syntactic anomalies) was able to

block the integration of semantic information. In
contrast, the observation of a P600 component indicates
that processes of syntactic revision of the sentences were
involved. A revision of the syntactic structure of the
sentence took place as the instruction required partici-
pants to evaluate the sentence at the syntactic level.
Finally, we suggest that the long-lasting negativity (300–
1000 ms), which was distributed over the anterior region
of the brain, might be an attention-related negative shift
known as a ‘processing negativity’ [22]. The observation
of such an attention-related ERP component might be
explained by the fact that attentional processes were
strongly solicited as participants had to detect syntactic
anomalies that never occurred.

Fig. 1

Grand average event-related brain potentials for the critical verb for the semantically congruent and semantically incongruent conditions. Negative
voltage is plotted upwards.
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*Le caillou qui est dans la piscine dort.
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La crème fouettée a un goût sucré.
Whipped cream tastes sweet. 

La crème fouettée a un goût anxieux.
Whipped cream tastes anxious. 



La crème fouettée a un goût sucré.
Whipped cream tastes sweet. 

La crème fouettée a un goût anxieux.
Whipped cream tastes anxious. 

L’adjectif « anxieux » est incompatible avec le script sémantique 
de la crème fouettée.
=> Absence de plausibilité et prédictibilité nulle.



• Les potentiels évoqués établissent

une relation temporelle exacte (time-
locked, coïncidence temporelle) entre
le début d‘un stimulus et le

changement de la réponse électrique
corticale qui en résulte dans
différentes régions du cerveau.

Enregistrement de potentiels liés 
à un évènement 

(Potentiels Evoqués, PEs)

Début du stimulus CRITIQUE (onset)

Adapté de : Kos et al., 2010, Frontiers in Language Sciences.

Whipped cream tastes SWEET

Ligne de base 
(baseline)



• Les potentiels évoqués établissent

une relation temporelle exacte (time-
locked, coïncidence temporelle) entre
le début d‘un stimulus et le

changement de la réponse électrique
corticale qui en résulte dans
différentes régions du cerveau.

Enregistrement de potentiels liés 
à un évènement 

(Potentiels Evoqués, PEs)

Début du stimulus (onset)

Adapté de : Kos et al., 2010, Frontiers in Language Sciences.

Effet N400

Ligne de base 
(baseline)

Whipped cream tastes ANXIOUS
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Traitement du 
langage oral

• Tâche cognitive complexe 

ü Contraintes phonétique : 
débit de parole

ü Contraintes de traitement 
de l’information : 
intégration en temps réel
de multiples sources 
d’informations 
linguistiques, délivrées 
(souvent) en parallèle 
dans des fenêtres 
temporelles très courtes 
(ordre de la milliseconde).

5
Débit de parole d’un locuteur : 125 et 175 mots par minute



La psycholinguistique

• Son objet d’étude : le langage humain

• Son objectif : formaliser l’architecture fonctionnelle et structurale

du système de traitement du langage humain à différents niveaux

de fonctionnement linguistique (d’analyse linguistique) pour des 

unités de la langue de différentes tailles (mot, phrase, 

texte/discours).
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Modélisation {neuro}-cognitive

Large spectre d’étude : 

• Niveaux d’analyse linguistique : de la phonologie à la pragmatique

• Unités linguistiques considérées : du phonème au discours

32



Problème majeur 

• Les informations linguistiques plurielles sont délivrées dans des
fenêtres temporelles très petites de l’ordre de la milliseconde.
• drame / trame (différence de VOT d’environ 80ms entre le /d/ et le /t/)

• Les processus en charge de ces informations peuvent travailler :
• En parallèle, en cascade

• De façon séquentielle ou interactive

• L’étude du décours temporel des processus cognitifs nécessite
l’utilisation de techniques d’enregistrement offrant une résolution
temporelle élevée et des marqueurs langagiers spécifiques (cf EEG).
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La compréhension du langage 

• La compréhension du langage parlé nécessite la transformation du flux 
acoustique, parfois porteurs d’ambiguïtés, en une hiérarchie de 
représentations de plus en plus abstraites allant des sons de la parole au 
sens.
• Il a été suggéré qu'au cours de ce processus, le cerveau s'appuie sur la 

prédiction pour guider l'interprétation des informations entrantes 
(Kuperberg & Jaeger, 2016 ; Kutas, DeLong, & Smith, 2011).
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Traitement prédictif  du langage : preuves 
expérimentales

• Il a été montré en laboratoire que les réponses comportementales et 

cérébrales sont très sensibles aux violations des régularités linguistiques 

(Kutas & Hillyard, 1984), et, plus largement, aux écarts par rapport aux 

attentes linguistiques (Smith, R. Levy, 2013).
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Étude du langage en laboratoire

• On étudie le langage en utilisant la méthode expérimentale (Claude 
Bernard, 1865).

• Traditionnellement, on s’appuie sur la chronométrie mentale (Donders, 
1968) pour étudier les processus cognitifs, en particulier leur décours 
temporel.

• On peut aussi utiliser l’imagerie cérébrale (Kutas & Hillyard, 1980) pour 
étudier les bases cérébrales des fonctions cognitives.
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Principaux rôles fonctionnels de la N400

Accès au lexique Intégration lexicale-sémantique

the temporal cortex. A consistent finding in studies
that compare brain activation during simple and
complex sentences (for details see Box 2) is that
complex sentences are accompanied by increased
activation of the left inferior frontal cortex (BA 44/45)
[19–23]. These studies, however, use sentence
materials in which the factor ‘syntactic complexity’ is
confounded with the factor ‘working memory’. A more
recent study in which these two factors were varied
independently demonstrates that activation of BA 44
is due to aspects of working memory rather than
syntactic complexity [24].

Anterior and posterior temporal activation has
been reported during sentence processing [16,18,22].
In particular, the anterior STG (planum polare) is
active in a number of studies. This is accompanied
by either substantial activation of the inferior
frontal gyrus [16,18] or minimal or no activation in
Broca’s area, although activation in the left frontal
operculum is sometimes observed [25–27].
Interestingly, the latter studies used auditory
stimuli, which suggests that there is a partial
difference in sentence comprehension between
auditory and reading tests. It is probable that the
involvement of the IFG during sentence reading
occurs because of the process of phonological
recoding during reading, a process that is attributed
to the IFG on the basis of studies at the phoneme-
and word level [9,28–30].

Thus, the combined neuroimaging data indicates
that both semantic and syntactic processes involve
parts of the temporal and the inferior frontal cortex.
The left MTG and BA 45/47 are the relevant areas in
the semantic domain, although activation of BA 45/47
appears to depend on the amount of strategic and/or
memory processes required. In the syntactic domain,
the relevant temporal region is the anterior left STG

and the relevant frontal regions are left BA 44 and
the adjacent frontal operculum. Although a larger
portion of BA 44 seems to support aspects of syntactic
working memory, the inferior tip of BA 44 and the
frontal operculum are required specifically for local
phrase-structure building.

Time course
Although many studies have investigated the time
course of syntactic and semantic processes, only a
few have investigated their direct interplay. The
electrophysiological outcome of semantic processes is
a negative wave, the so-called N400, that peaks
about 400 ms after the word onset [31] and occurs in
response to words that cannot be integrated
semantically into the preceding context [32].
Syntactic processes are correlated with two ERP
components, a left-anterior negativity (LAN), which
occurs during an early time window (between
100–500 ms) and a late centro-parietal positivity,
termed P600, which occurs between 600–1000 ms.
Within the early time window, a very Early LAN
(ELAN) correlates with rapidly detectable word-
category errors [33–36] whereas the LAN correlates
with morphosyntactic errors [37–40]. The P600
correlates with outright syntactic violations
(following the ELAN), with ‘garden-path’ sentences
that require syntactic revision, and with processing
of syntactically complex sentences [41–44]. The three
different ERP components and example sentences
are displayed in Fig. 3.

The electrophysiological data clearly support the
three-phase neurocognitive model presented at the
start of this review. However, additional evidence is
needed before the claims about modular syntactic
processes during the early-time window (phase 1)
and interactivity between semantic and syntactic
processes during the late-time window (phase 3)
can be justified. This evidence is provided by
experiments in which the critical word in the
sentence violates both the syntactic and semantic
constraints set by the prior context, thus leading to
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Das Gewitter wurde gebügelt.
The thunderstorm was ironed.

Das Hemd wurde bebügelt.
The shirt was 'ironed'.

Die Bluse wurde am gebügelt
The blouse was on ironed.

Das Hemd wurde bebügelt.
The shirt was 'ironed'.

Cz
F7

Pz

Pz

(a) (b) (c)

Fig. 3 . The three language related components in the ERP: (a) N400,
(b) very early left-anterior negativity (ELAN), and (c) P600. Shown are
average ERPs for the semantic- and syntactic-violation condition at
selected electrode sites. Solid lines represent the correct condition,
and dotted lines the incorrect condition.
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Figure 2. Mean voltage during the peak latency range of the N400
(350-500msec poststimullL'l onset) relative to a 10CHnsec prestimulus
baseUne, collapsed across recording site in Experiment 1. Word fre-
quency bas been broken down into six categories for each of three
sentence positions: the first open-elass words, other intermediate
open-elass words, and sentence-final open-elass words. The error
bars represent the standard error across subjects.

2.0

tingent on the lexical class of the preceding word thus allowed us
to determine whether the N400 was refractory at the SOAs used
in the current experiment.

ERP averages were formed for each of the stimulus categories
described, beginning 100 msec before word onset, and ending
700 msec after word onset. Trials containing excessive eye move-
ments, amplifier blocking, or other artifacts were rejected prior to
averaging (approximately 17% of the trials were lost; there was little
variability in rejection rate across the experimental conditions).

Results and Discussion
The ERPs elicited by the first open-class words, inter-

mediate open-class words, and sentence-terminal words
at a central midline site are shown in Figure 1. Visual
inspection of the waveforms indicates the presence of a
broad negative-going wave peaking around 400 msec in
response to words in the first and middle open-class
categories, but not to those in the final OCcategory. The
first open-class word of each sentence elicited a larger
N400 than did the later intermediate words. The absence
of an N400 for sentence-terminal words replicates past
results showing that the terminal words of high cloze-
probability sentences elicit a late positivity rather than an
N400 (Kutas & Hillyard, 1984; Kutas, Lindamood, &
Hillyard, 1984).

Sentence position and word frequency: Amplitude
effects. The amplitude of the N400 was quantified by
measuring the mean voltage in the peak latency range
(350-500 msec poststimulus) relative to the lOO-msec
baseline preceding stimulus onset. The amplitude mea-
sures were taken at central, parietal, temporal, and oc-

cipital electrode sites for each subject and word category .
These were analyzed by a three-way repeated measures
analysis of variance (ANOVA), using word position (first
or middle), frequency (6 levels), and electrode site (10
levels) as factors. There were significant main effects of
word position [ F (I, 4 2) = 115.6, P < .001] and fre-
quency [F(5,21O) = 6.9, p < .001], as well as an inter-
action between position and frequency [F(5,21O) = 6.4,
p < .001]. The interaction suggests that word frequency
influenced N400 amplitude for first OC words, but not
for middle OC words (see Figure 2).

Trend analyses were used to determine if N400 ampli-
tude, collapsed over electrode site, was influenced by fre-
quency in a linear fashion. The mean log frequencies of
the six word-frequency subdivisions were used in this
analysis, since several experiments have shown that
reaction times vary with log, rather than raw, word
frequency (Gordon, 1985; Hudson & Bergman, 1985;
Whaley, 1978). For first OC words, the linear compo-
nent was significant [ F (I,42) = 20.9, P < .001]. How-
ever, the data presented in Figure 2 suggest that the in-
fluence of frequency on N400 amplitude may not be truly
linear over the entire frequency range; rather, there appears
to be a difference between the two lowest frequency di-
visions (less than 30 occurrences per million) and the four
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are from a grand average of 15 subjects. All recordings were taken
from a central midline scalp site (Cz) in Experiment l.
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bars represent the standard error across subjects.
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tingent on the lexical class of the preceding word thus allowed us
to determine whether the N400 was refractory at the SOAs used
in the current experiment.

ERP averages were formed for each of the stimulus categories
described, beginning 100 msec before word onset, and ending
700 msec after word onset. Trials containing excessive eye move-
ments, amplifier blocking, or other artifacts were rejected prior to
averaging (approximately 17% of the trials were lost; there was little
variability in rejection rate across the experimental conditions).

Results and Discussion
The ERPs elicited by the first open-class words, inter-

mediate open-class words, and sentence-terminal words
at a central midline site are shown in Figure 1. Visual
inspection of the waveforms indicates the presence of a
broad negative-going wave peaking around 400 msec in
response to words in the first and middle open-class
categories, but not to those in the final OCcategory. The
first open-class word of each sentence elicited a larger
N400 than did the later intermediate words. The absence
of an N400 for sentence-terminal words replicates past
results showing that the terminal words of high cloze-
probability sentences elicit a late positivity rather than an
N400 (Kutas & Hillyard, 1984; Kutas, Lindamood, &
Hillyard, 1984).

Sentence position and word frequency: Amplitude
effects. The amplitude of the N400 was quantified by
measuring the mean voltage in the peak latency range
(350-500 msec poststimulus) relative to the lOO-msec
baseline preceding stimulus onset. The amplitude mea-
sures were taken at central, parietal, temporal, and oc-

cipital electrode sites for each subject and word category .
These were analyzed by a three-way repeated measures
analysis of variance (ANOVA), using word position (first
or middle), frequency (6 levels), and electrode site (10
levels) as factors. There were significant main effects of
word position [ F (I, 4 2) = 115.6, P < .001] and fre-
quency [F(5,21O) = 6.9, p < .001], as well as an inter-
action between position and frequency [F(5,21O) = 6.4,
p < .001]. The interaction suggests that word frequency
influenced N400 amplitude for first OC words, but not
for middle OC words (see Figure 2).

Trend analyses were used to determine if N400 ampli-
tude, collapsed over electrode site, was influenced by fre-
quency in a linear fashion. The mean log frequencies of
the six word-frequency subdivisions were used in this
analysis, since several experiments have shown that
reaction times vary with log, rather than raw, word
frequency (Gordon, 1985; Hudson & Bergman, 1985;
Whaley, 1978). For first OC words, the linear compo-
nent was significant [ F (I,42) = 20.9, P < .001]. How-
ever, the data presented in Figure 2 suggest that the in-
fluence of frequency on N400 amplitude may not be truly
linear over the entire frequency range; rather, there appears
to be a difference between the two lowest frequency di-
visions (less than 30 occurrences per million) and the four
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First

the temporal cortex. A consistent finding in studies
that compare brain activation during simple and
complex sentences (for details see Box 2) is that
complex sentences are accompanied by increased
activation of the left inferior frontal cortex (BA 44/45)
[19–23]. These studies, however, use sentence
materials in which the factor ‘syntactic complexity’ is
confounded with the factor ‘working memory’. A more
recent study in which these two factors were varied
independently demonstrates that activation of BA 44
is due to aspects of working memory rather than
syntactic complexity [24].

Anterior and posterior temporal activation has
been reported during sentence processing [16,18,22].
In particular, the anterior STG (planum polare) is
active in a number of studies. This is accompanied
by either substantial activation of the inferior
frontal gyrus [16,18] or minimal or no activation in
Broca’s area, although activation in the left frontal
operculum is sometimes observed [25–27].
Interestingly, the latter studies used auditory
stimuli, which suggests that there is a partial
difference in sentence comprehension between
auditory and reading tests. It is probable that the
involvement of the IFG during sentence reading
occurs because of the process of phonological
recoding during reading, a process that is attributed
to the IFG on the basis of studies at the phoneme-
and word level [9,28–30].

Thus, the combined neuroimaging data indicates
that both semantic and syntactic processes involve
parts of the temporal and the inferior frontal cortex.
The left MTG and BA 45/47 are the relevant areas in
the semantic domain, although activation of BA 45/47
appears to depend on the amount of strategic and/or
memory processes required. In the syntactic domain,
the relevant temporal region is the anterior left STG

and the relevant frontal regions are left BA 44 and
the adjacent frontal operculum. Although a larger
portion of BA 44 seems to support aspects of syntactic
working memory, the inferior tip of BA 44 and the
frontal operculum are required specifically for local
phrase-structure building.

Time course
Although many studies have investigated the time
course of syntactic and semantic processes, only a
few have investigated their direct interplay. The
electrophysiological outcome of semantic processes is
a negative wave, the so-called N400, that peaks
about 400 ms after the word onset [31] and occurs in
response to words that cannot be integrated
semantically into the preceding context [32].
Syntactic processes are correlated with two ERP
components, a left-anterior negativity (LAN), which
occurs during an early time window (between
100–500 ms) and a late centro-parietal positivity,
termed P600, which occurs between 600–1000 ms.
Within the early time window, a very Early LAN
(ELAN) correlates with rapidly detectable word-
category errors [33–36] whereas the LAN correlates
with morphosyntactic errors [37–40]. The P600
correlates with outright syntactic violations
(following the ELAN), with ‘garden-path’ sentences
that require syntactic revision, and with processing
of syntactically complex sentences [41–44]. The three
different ERP components and example sentences
are displayed in Fig. 3.

The electrophysiological data clearly support the
three-phase neurocognitive model presented at the
start of this review. However, additional evidence is
needed before the claims about modular syntactic
processes during the early-time window (phase 1)
and interactivity between semantic and syntactic
processes during the late-time window (phase 3)
can be justified. This evidence is provided by
experiments in which the critical word in the
sentence violates both the syntactic and semantic
constraints set by the prior context, thus leading to

TRENDS in Cognitive Sciences  Vol.6 No.2  February 2002

http://tics.trends.com

81ReviewReview

TRENDS in Cognitive Sciences 

N400

0

µV–5

5
0 0.5 1

Cz ELANµV F7 µV

P600
1.5s

0

–5

5
0 0.5 1 1.5s

0

–5

5
0 0.5 1 1.5s

Das Gewitter wurde gebügelt.
The thunderstorm was ironed.

Das Hemd wurde bebügelt.
The shirt was 'ironed'.

Die Bluse wurde am gebügelt
The blouse was on ironed.
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Fig. 3 . The three language related components in the ERP: (a) N400,
(b) very early left-anterior negativity (ELAN), and (c) P600. Shown are
average ERPs for the semantic- and syntactic-violation condition at
selected electrode sites. Solid lines represent the correct condition,
and dotted lines the incorrect condition.

Principaux rôles fonctionnels de la N400
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lexico-sémantiques

2. Intégration des unités 
lexicales dans le contexte 
phrastique 

the temporal cortex. A consistent finding in studies
that compare brain activation during simple and
complex sentences (for details see Box 2) is that
complex sentences are accompanied by increased
activation of the left inferior frontal cortex (BA 44/45)
[19–23]. These studies, however, use sentence
materials in which the factor ‘syntactic complexity’ is
confounded with the factor ‘working memory’. A more
recent study in which these two factors were varied
independently demonstrates that activation of BA 44
is due to aspects of working memory rather than
syntactic complexity [24].

Anterior and posterior temporal activation has
been reported during sentence processing [16,18,22].
In particular, the anterior STG (planum polare) is
active in a number of studies. This is accompanied
by either substantial activation of the inferior
frontal gyrus [16,18] or minimal or no activation in
Broca’s area, although activation in the left frontal
operculum is sometimes observed [25–27].
Interestingly, the latter studies used auditory
stimuli, which suggests that there is a partial
difference in sentence comprehension between
auditory and reading tests. It is probable that the
involvement of the IFG during sentence reading
occurs because of the process of phonological
recoding during reading, a process that is attributed
to the IFG on the basis of studies at the phoneme-
and word level [9,28–30].

Thus, the combined neuroimaging data indicates
that both semantic and syntactic processes involve
parts of the temporal and the inferior frontal cortex.
The left MTG and BA 45/47 are the relevant areas in
the semantic domain, although activation of BA 45/47
appears to depend on the amount of strategic and/or
memory processes required. In the syntactic domain,
the relevant temporal region is the anterior left STG

and the relevant frontal regions are left BA 44 and
the adjacent frontal operculum. Although a larger
portion of BA 44 seems to support aspects of syntactic
working memory, the inferior tip of BA 44 and the
frontal operculum are required specifically for local
phrase-structure building.

Time course
Although many studies have investigated the time
course of syntactic and semantic processes, only a
few have investigated their direct interplay. The
electrophysiological outcome of semantic processes is
a negative wave, the so-called N400, that peaks
about 400 ms after the word onset [31] and occurs in
response to words that cannot be integrated
semantically into the preceding context [32].
Syntactic processes are correlated with two ERP
components, a left-anterior negativity (LAN), which
occurs during an early time window (between
100–500 ms) and a late centro-parietal positivity,
termed P600, which occurs between 600–1000 ms.
Within the early time window, a very Early LAN
(ELAN) correlates with rapidly detectable word-
category errors [33–36] whereas the LAN correlates
with morphosyntactic errors [37–40]. The P600
correlates with outright syntactic violations
(following the ELAN), with ‘garden-path’ sentences
that require syntactic revision, and with processing
of syntactically complex sentences [41–44]. The three
different ERP components and example sentences
are displayed in Fig. 3.

The electrophysiological data clearly support the
three-phase neurocognitive model presented at the
start of this review. However, additional evidence is
needed before the claims about modular syntactic
processes during the early-time window (phase 1)
and interactivity between semantic and syntactic
processes during the late-time window (phase 3)
can be justified. This evidence is provided by
experiments in which the critical word in the
sentence violates both the syntactic and semantic
constraints set by the prior context, thus leading to
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average ERPs for the semantic- and syntactic-violation condition at
selected electrode sites. Solid lines represent the correct condition,
and dotted lines the incorrect condition.

the temporal cortex. A consistent finding in studies
that compare brain activation during simple and
complex sentences (for details see Box 2) is that
complex sentences are accompanied by increased
activation of the left inferior frontal cortex (BA 44/45)
[19–23]. These studies, however, use sentence
materials in which the factor ‘syntactic complexity’ is
confounded with the factor ‘working memory’. A more
recent study in which these two factors were varied
independently demonstrates that activation of BA 44
is due to aspects of working memory rather than
syntactic complexity [24].

Anterior and posterior temporal activation has
been reported during sentence processing [16,18,22].
In particular, the anterior STG (planum polare) is
active in a number of studies. This is accompanied
by either substantial activation of the inferior
frontal gyrus [16,18] or minimal or no activation in
Broca’s area, although activation in the left frontal
operculum is sometimes observed [25–27].
Interestingly, the latter studies used auditory
stimuli, which suggests that there is a partial
difference in sentence comprehension between
auditory and reading tests. It is probable that the
involvement of the IFG during sentence reading
occurs because of the process of phonological
recoding during reading, a process that is attributed
to the IFG on the basis of studies at the phoneme-
and word level [9,28–30].

Thus, the combined neuroimaging data indicates
that both semantic and syntactic processes involve
parts of the temporal and the inferior frontal cortex.
The left MTG and BA 45/47 are the relevant areas in
the semantic domain, although activation of BA 45/47
appears to depend on the amount of strategic and/or
memory processes required. In the syntactic domain,
the relevant temporal region is the anterior left STG

and the relevant frontal regions are left BA 44 and
the adjacent frontal operculum. Although a larger
portion of BA 44 seems to support aspects of syntactic
working memory, the inferior tip of BA 44 and the
frontal operculum are required specifically for local
phrase-structure building.

Time course
Although many studies have investigated the time
course of syntactic and semantic processes, only a
few have investigated their direct interplay. The
electrophysiological outcome of semantic processes is
a negative wave, the so-called N400, that peaks
about 400 ms after the word onset [31] and occurs in
response to words that cannot be integrated
semantically into the preceding context [32].
Syntactic processes are correlated with two ERP
components, a left-anterior negativity (LAN), which
occurs during an early time window (between
100–500 ms) and a late centro-parietal positivity,
termed P600, which occurs between 600–1000 ms.
Within the early time window, a very Early LAN
(ELAN) correlates with rapidly detectable word-
category errors [33–36] whereas the LAN correlates
with morphosyntactic errors [37–40]. The P600
correlates with outright syntactic violations
(following the ELAN), with ‘garden-path’ sentences
that require syntactic revision, and with processing
of syntactically complex sentences [41–44]. The three
different ERP components and example sentences
are displayed in Fig. 3.

The electrophysiological data clearly support the
three-phase neurocognitive model presented at the
start of this review. However, additional evidence is
needed before the claims about modular syntactic
processes during the early-time window (phase 1)
and interactivity between semantic and syntactic
processes during the late-time window (phase 3)
can be justified. This evidence is provided by
experiments in which the critical word in the
sentence violates both the syntactic and semantic
constraints set by the prior context, thus leading to
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tingent on the lexical class of the preceding word thus allowed us
to determine whether the N400 was refractory at the SOAs used
in the current experiment.

ERP averages were formed for each of the stimulus categories
described, beginning 100 msec before word onset, and ending
700 msec after word onset. Trials containing excessive eye move-
ments, amplifier blocking, or other artifacts were rejected prior to
averaging (approximately 17% of the trials were lost; there was little
variability in rejection rate across the experimental conditions).

Results and Discussion
The ERPs elicited by the first open-class words, inter-

mediate open-class words, and sentence-terminal words
at a central midline site are shown in Figure 1. Visual
inspection of the waveforms indicates the presence of a
broad negative-going wave peaking around 400 msec in
response to words in the first and middle open-class
categories, but not to those in the final OCcategory. The
first open-class word of each sentence elicited a larger
N400 than did the later intermediate words. The absence
of an N400 for sentence-terminal words replicates past
results showing that the terminal words of high cloze-
probability sentences elicit a late positivity rather than an
N400 (Kutas & Hillyard, 1984; Kutas, Lindamood, &
Hillyard, 1984).

Sentence position and word frequency: Amplitude
effects. The amplitude of the N400 was quantified by
measuring the mean voltage in the peak latency range
(350-500 msec poststimulus) relative to the lOO-msec
baseline preceding stimulus onset. The amplitude mea-
sures were taken at central, parietal, temporal, and oc-

cipital electrode sites for each subject and word category .
These were analyzed by a three-way repeated measures
analysis of variance (ANOVA), using word position (first
or middle), frequency (6 levels), and electrode site (10
levels) as factors. There were significant main effects of
word position [ F (I, 4 2) = 115.6, P < .001] and fre-
quency [F(5,21O) = 6.9, p < .001], as well as an inter-
action between position and frequency [F(5,21O) = 6.4,
p < .001]. The interaction suggests that word frequency
influenced N400 amplitude for first OC words, but not
for middle OC words (see Figure 2).

Trend analyses were used to determine if N400 ampli-
tude, collapsed over electrode site, was influenced by fre-
quency in a linear fashion. The mean log frequencies of
the six word-frequency subdivisions were used in this
analysis, since several experiments have shown that
reaction times vary with log, rather than raw, word
frequency (Gordon, 1985; Hudson & Bergman, 1985;
Whaley, 1978). For first OC words, the linear compo-
nent was significant [ F (I,42) = 20.9, P < .001]. How-
ever, the data presented in Figure 2 suggest that the in-
fluence of frequency on N400 amplitude may not be truly
linear over the entire frequency range; rather, there appears
to be a difference between the two lowest frequency di-
visions (less than 30 occurrences per million) and the four
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inspection of the waveforms indicates the presence of a
broad negative-going wave peaking around 400 msec in
response to words in the first and middle open-class
categories, but not to those in the final OCcategory. The
first open-class word of each sentence elicited a larger
N400 than did the later intermediate words. The absence
of an N400 for sentence-terminal words replicates past
results showing that the terminal words of high cloze-
probability sentences elicit a late positivity rather than an
N400 (Kutas & Hillyard, 1984; Kutas, Lindamood, &
Hillyard, 1984).

Sentence position and word frequency: Amplitude
effects. The amplitude of the N400 was quantified by
measuring the mean voltage in the peak latency range
(350-500 msec poststimulus) relative to the lOO-msec
baseline preceding stimulus onset. The amplitude mea-
sures were taken at central, parietal, temporal, and oc-
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levels) as factors. There were significant main effects of
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quency [F(5,21O) = 6.9, p < .001], as well as an inter-
action between position and frequency [F(5,21O) = 6.4,
p < .001]. The interaction suggests that word frequency
influenced N400 amplitude for first OC words, but not
for middle OC words (see Figure 2).

Trend analyses were used to determine if N400 ampli-
tude, collapsed over electrode site, was influenced by fre-
quency in a linear fashion. The mean log frequencies of
the six word-frequency subdivisions were used in this
analysis, since several experiments have shown that
reaction times vary with log, rather than raw, word
frequency (Gordon, 1985; Hudson & Bergman, 1985;
Whaley, 1978). For first OC words, the linear compo-
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En résumé

the temporal cortex. A consistent finding in studies
that compare brain activation during simple and
complex sentences (for details see Box 2) is that
complex sentences are accompanied by increased
activation of the left inferior frontal cortex (BA 44/45)
[19–23]. These studies, however, use sentence
materials in which the factor ‘syntactic complexity’ is
confounded with the factor ‘working memory’. A more
recent study in which these two factors were varied
independently demonstrates that activation of BA 44
is due to aspects of working memory rather than
syntactic complexity [24].

Anterior and posterior temporal activation has
been reported during sentence processing [16,18,22].
In particular, the anterior STG (planum polare) is
active in a number of studies. This is accompanied
by either substantial activation of the inferior
frontal gyrus [16,18] or minimal or no activation in
Broca’s area, although activation in the left frontal
operculum is sometimes observed [25–27].
Interestingly, the latter studies used auditory
stimuli, which suggests that there is a partial
difference in sentence comprehension between
auditory and reading tests. It is probable that the
involvement of the IFG during sentence reading
occurs because of the process of phonological
recoding during reading, a process that is attributed
to the IFG on the basis of studies at the phoneme-
and word level [9,28–30].

Thus, the combined neuroimaging data indicates
that both semantic and syntactic processes involve
parts of the temporal and the inferior frontal cortex.
The left MTG and BA 45/47 are the relevant areas in
the semantic domain, although activation of BA 45/47
appears to depend on the amount of strategic and/or
memory processes required. In the syntactic domain,
the relevant temporal region is the anterior left STG

and the relevant frontal regions are left BA 44 and
the adjacent frontal operculum. Although a larger
portion of BA 44 seems to support aspects of syntactic
working memory, the inferior tip of BA 44 and the
frontal operculum are required specifically for local
phrase-structure building.

Time course
Although many studies have investigated the time
course of syntactic and semantic processes, only a
few have investigated their direct interplay. The
electrophysiological outcome of semantic processes is
a negative wave, the so-called N400, that peaks
about 400 ms after the word onset [31] and occurs in
response to words that cannot be integrated
semantically into the preceding context [32].
Syntactic processes are correlated with two ERP
components, a left-anterior negativity (LAN), which
occurs during an early time window (between
100–500 ms) and a late centro-parietal positivity,
termed P600, which occurs between 600–1000 ms.
Within the early time window, a very Early LAN
(ELAN) correlates with rapidly detectable word-
category errors [33–36] whereas the LAN correlates
with morphosyntactic errors [37–40]. The P600
correlates with outright syntactic violations
(following the ELAN), with ‘garden-path’ sentences
that require syntactic revision, and with processing
of syntactically complex sentences [41–44]. The three
different ERP components and example sentences
are displayed in Fig. 3.

The electrophysiological data clearly support the
three-phase neurocognitive model presented at the
start of this review. However, additional evidence is
needed before the claims about modular syntactic
processes during the early-time window (phase 1)
and interactivity between semantic and syntactic
processes during the late-time window (phase 3)
can be justified. This evidence is provided by
experiments in which the critical word in the
sentence violates both the syntactic and semantic
constraints set by the prior context, thus leading to
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Fig. 3 . The three language related components in the ERP: (a) N400,
(b) very early left-anterior negativity (ELAN), and (c) P600. Shown are
average ERPs for the semantic- and syntactic-violation condition at
selected electrode sites. Solid lines represent the correct condition,
and dotted lines the incorrect condition.

Source : Friederici, 2002, TRENDS in Cognitive Sciences
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Modèle neurocognitif de 

la compréhension des 

phrases (Friederici, 2011)
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Prédiction lexicale, morphosyntaxique et phonémique à partir du 

contexte phrastique
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Wang et al. Gamma oscillations in language comprehension

Statistical analysis
For a statistical evaluation of the ERP and TF responses, we used
a cluster-based random permutation test (Maris and Oostenveld,
2007). This statistical procedure optimally handles the multiple-
comparisons problem, while at the same time retaining reasonable
statistical power. It naturally takes care of interactions between
time points, electrodes and frequency bins by identifying clusters
of significant differences between conditions in the time, space,
and frequency dimensions. The procedure is briefly described
below.

First, for every data point (electrode for the ERP data, elec-
trode by time by frequency for the TF data) of two conditions, a
simple dependent-samples t test is performed (giving uncorrected
p-values). All adjacent data points exceeding a preset significance
level (5%) are grouped into clusters. For each cluster the sum
of the t statistics is used in the cluster-level test statistic. Next, a
null distribution which assumes no difference between conditions
is created. This distribution is obtained by 1000 times randomly
assigning the conditions in subjects and calculating the largest

cluster-level statistic for each randomization. Finally, the actually
observed cluster-level test statistics are compared against the null
distribution, and clusters falling in the highest or lowest 2.5th
percentile are considered significant.

RESULTS
ERP DATA
Figure 1A displays the grand average waveforms elicited by the
CW’s in three conditions (HC; LC; and SV) at a representative elec-
trode (Pz). Visual inspection showed that the SV condition elicited
the largest N400 amplitude, while the HC condition elicited the
smallest N400 amplitude. Figure 1B displays the N400 scalp
topographies for the three conditions. Statistical analyses con-
firmed that the N400 amplitude (in the time window of 0.3–0.5 s)
was parametrically modulated by condition, with SV yielding the
largest N400 (i.e., the most negative values), LC intermediate, and
HC the smallest N400 (SV < HC, p < 0.001; SV < LC, p = 0.01;
and LC < HC, p < 0.001). Figure 1C shows the difference topogra-
phies of the N400 effects between each two conditions. All of them
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FIGURE 1 | Results of the ERP analysis. (A) ERP time course for
each of the three conditions at electrode Pz. (B) Scalp topographies
of the N400 amplitude for the three conditions in the time window
of 0.3–0.5 s. (C) The difference topographies for all comparisons in

the time window of 0.3–0.5 s. The electrodes that showed
significant N400 effects were marked by *. HC, high cloze
sentences; LC, low cloze sentences; SV, sentences containing a
semantic violation.
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semantic violation
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high cloze

L’amplitude de la N400 varie 
en fonction du degré de 

difficulté à intégrer les mots
dans la phrase.
SV > LC > HC



Isel et Kail (2018)

• Réplication d’un effet LAN en

réponse au traitement

d’incongruités morphosyntaxiques

intra- et inter-syntagmatiques en

français.

• L’observation d’une variation de

la latence de la LAN en fonction de 

la position précoce vs tardive de 

l’incongruité dans la phrase 

suggère que le système de 

traitement du langage s’appuie

aussi sur des predictions 

morphosyntaxiques.

63

LAN

- Paradigme de violation 
- Tâche de jugement de grammaticalité
- Présentation auditive
- Langue étudiée : Français

Early --- *Chaque semaine, [le voisine] [remplira] le frigo après avoir fait les courses au marché.

Late *Chaque semaine, [après avoir fait les courses au marché, le voisine] [remplira] le frigo.
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Plan de la présentation

1. Comment étudier le langage avec l’imagerie cérébrale ?
2. Principaux marqueurs électroencéphalographiques de la phonologie
3. Le cas de liaison en français : apport de la « psycholinguistique électrifiée » ?
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Connolly et Phillips, 
1994

• Manipulation de la congruence 
sémantique et phonologique de 
mots en position finale dans 
des phrases de l’anglais.

• L'amplitude de la négativité 
précoce varie en fonction de la 
congruence du phonème initial 
du mot avec le mot le plus 
attendu d’un point de vue du 
contexte.

• Connolly et Phillips (1994) ont 
appelé cette onde la négativité 
phonologique de discordance.
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Van den 
Brink, Brown, 
et Hagoort
(2001)

between an early negative shift and the N400 effect
during spoken-word recognition.

RESULTS

The data of five subjects were not analyzed: The data of
one subject were lost because of a computer malfunc-
tion and the data of four others showed excessive
alpha activity (a pronounced 10-Hz rhythm throughout
the waveforms). As this study was designed to inves-
tigate the possible existence of a relatively small and
short-lived early negativity, we were concerned that
excessive alpha would distort the signals in this early
latency window to such an extent that it would influ-
ence the results. For the remaining 21 subjects, data
from critical trials were analyzed according to the
following procedure. Prior to off-line averaging, all
single-trial waveforms were screened for eye move-
ments, electrode drifting, amplifier blocking, and EMG
artifacts in a critical window that ranged from 150 msec
before onset of the sentence-final word to 1900 msec
after onset of the sentence-final word. Trials containing
artifacts were rejected (12.8% in FC, 13.4% in IC, and
11.8% in FI). For each subject, average waveforms were
computed across all remaining trials per condition after
normalizing the waveforms of the individual trials on
the basis of the averaged activity of 150 msec before
onset of the sentence-final word. This is a standard
baselining procedure whereby the average of the 150-
msec epoch is subtracted from each subsequent time
point in the waveform.

Figure 1 displays the grand average waveforms by
electrode site time-locked to the onset of the sentence-
final word. There are several things to note. First, in all
three conditions, the sentence-final words elicited an
N100 component. This component appears to be larger
(but is in fact not) in the IC condition than in the FC
and FI conditions. This is most visible in the frontal to
central electrodes.2 It is not common to find a clear
N100 component in a study using natural connected
speech, given the continuous nature of the speech
signal (Connolly et al., 1990, 1992, 1994). However, in
our study, all sentence-final words began with a plosive,
which is a relatively clear onset marker in connected
speech. In addition, the homogeneity of the sentence-
final word onsets presumably added to the clear pres-
ence of the N100 component in the averaged wave-
forms. Second, a negativity at approximately 200 msec
is visible in the waveforms. This negativity is apparent in
all three conditions, but is largest in the FI condition and
is most visible over the frontal sites (see also Figure 2).
Third, the semantically anomalous sentence-final words
in the IC and FI conditions elicit a broad negativity
peaking at approximately 400 msec, which is more
negative than the ERP elicited in the FC condition. In
turn, this broad negativity is larger in the FI condition
than in the IC condition. Its latency characteristics and

morphology are similar to previously reported N400
effects. Finally, Figure 1 shows a late positivity between
600 and 1000 msec, which is largest in the IC condition.
This late positivity reaches maximal amplitude at around
800 msec and is maximal over parietal sites. In the
literature, there are indications that late positivities
reflect wrap-up processes at the end of sentences (cf.
Juottonen, Revonsuo, & Lang, 1996).

Statistical analyses of the congruity effects consisted
of a number of repeated measures analyses of variance
(ANOVAs) with mean amplitude values computed for
each subject and each electrode in different latency
windows: (a) 150–250 msec after critical-word onset for
the early negativity (N200), (b) 300–500 msec after
final-word onset for the N400, and (c) 600–1000 msec
after final-word onset for the late positivity. The latency
windows were determined after careful visual inspec-
tion of the grand average waveforms. The latency
window for the early negativity corresponds to the
onset of the ascending flank and the offset of the
descending flank. The N400 latency window corre-
sponds to the onset of the ascending flank and 100
msec after its maximal amplitude. This 300- to 500-
msec interval is a standard time window for measuring
N400 effects. The latency window for the late positivity
corresponds to the onset of the ascending flank and
200 msec after its maximal amplitude. For each latency
window, the results were first analyzed in an omnibus
ANOVA that crossed all three levels of the congruity
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Figure 2. Connected speech. Grand average ERPs from the Fz
electrode, to sentence-final words that were congruent (solid line),
semantically anomalous but shared initial phonemes with semantically
congruent completions (dotted line), and semantically anomalous
and did not share initial phonemes with congruent completions
(alternating dash/dot line), after normalization in the 150-msec
prestimulus interval. Time 0 is the onset of sentence-final words. The
time axis is in milliseconds.
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Etude de la discrimination passive :
MisMatch Negativity (MMN)
(Négativité de discordance)

• Paradigme oddball (stimulus discordant)

Exemple : /da/ /da/ /da/ /da/ /da/ /da/ /da/   /ta/

ü Tâche expérimentale : lire un livre ou regarder un film muet
ü Instruction : ignorer les sons 

stimuli standards  stimulus déviant (~15%)

Näätänen, 1978

Bonnet EEG, 
64 électrodes

La MMN est basée sur une trace en mémoire sensorielle à court-terme

§Latence : 150-200 ms 
§Topographie de surface : Centro-frontale
§Générateurs : Espace temporal supérieur du cortex auditif primaire bilatéral (Giard et al., 1990) et 
cortex frontal (Giard et al., 1990 ; Jemel et al., 2002)

La MMN est basée sur une trace en mémoire sensorielle à court-terme.

(CPS). A large number of experiments have focussed
on these different ERP components in adults. A detailed
description of all them would go beyond the scope of this
article. The MMN is described in Box 1, and the CPS will
be discussed in some detail below. For the N400, LAN and
P600 the reader is referred to recent reviews [5–7].

Recent neurophysiological work with infants and
young children indicates that brain mechanisms under-
lying phonological, semantic and syntactic processing are
quite similar to that of adults, even in early development,
suggesting a quantitative rather than a qualitative change
of the language processes that these ERP components
reflect. This appears to be in general support of the con-
tinuity view of language development. Most ERP com-
ponents show a delayed onset and sometimes also longer
overall duration when they are first observed, but their
onset and duration gradually decrease over the time of

development. In the following we will review the available
ERP findings on language processing during the first
3 years of life focusing on processes beyond those of single
phonemes discrimination. An overview of the develop-
mental stages of language perception and the relevant
ERP components to this article is given in Figure 1. The
developmental stages can be viewed as interrelated steps
during which novel information is extracted and processed
on the basis of previously acquired knowledge. Thus, the
ability to process intonational phrase boundaries provides
the basis for the identification of syntactic phrase boun-
daries, and the identification of content words, function
words and inflectional morphology provides the ground for
the extraction of syntactic rules, which in turn allows the
building of local syntactic structures and eventually the
building of interphrasal relationships.

Phonological processes
The infant’s initial steps into language are bound to
phonological processes. One of the infant’s first tasks is
to acquire the phonological details of his/her target
language. These aspects concern the relevant speech
sounds, the rules according to which of these sounds are
combined, as well as the word’s stress pattern and the
sentence’s intonational contour.

Prosodic processes
Behavioral studies indicate that sensitivity to the general
intonational pattern, that is, the prosody of the target
language, is present right after birth [8] whereas sensi-
tivity to intonational phrase boundaries develops during
the first year of life [9–11]. The intonational phrase
boundary is acoustically marked by three parameters:
a pause, a change in pitch and the lengthening of the
prefinal syllable upon which it can be identified.

A recent electrophysiological study suggests that
infants are able to process intonational phrase boundaries
at around 8–9 months (Friederici, unpublished). In the
adult listener a particular ERP component (CPS) has been
found at the offset of an intonational phrase boundary
(see Figure 2). In this study, 8–9-month-olds infants were
presented with sentences that contained either one or two
sentence-internal intonational phrase boundaries, similar
to sentence structures used with adults. As in adults, a
CPS was found in infants at the offset of each intonational
phrase boundary, suggesting that the neural mechanisms
of processing prosodic information are established early
during infancy.

Discrimination of phonemes
Each language uses a circumscribed set of speech sounds
out of which syllables words are constructed. About 30–40
distinct elements make up a language’s inventory known
as the phonemes – elements that when substituted,
change a word’s meaning (e.g. cat versus hat). Phonemes
are categories of speech sounds perceived as the same
sound even though they might differ acoustically and
phonetically from speaker to speaker or as a function of
neighboring phonemes in words (e.g. the c in cat versus
the c in cut). Kuhl [12] has provided a comprehensive
review of the literature concerning the relevant

Box 1. The mismatch negativity: a component of the

auditory event-related brain potential

The mismatch negativity (MMN) is a component of the auditory ERP
that is elicited by any discriminable change (deviant stimulus) in
some repetitive aspect (standard stimulus) in the ongoing auditory
stimulation [42,43]. The MMN in adults is observed at around
100–250 ms after the onset of the stimulus change, and is known as
the subtraction wave (see Figure I). In infants, negativities [14,16] as
well as positivities [13,15,17] have been reported in the mismatch
discrimination responses. These have been related to the different
filtering procedures used by the different laboratories [20] and to the
different states of alertness of the infant [19] between 300 and
500 ms. Infant mismatch responses are generally more variable than
those of adults. One laboratory tried to reduce the variance in a two-
step procedure. First, ERP data were only accepted for analysis when
clear auditory positivity–negativity (P–N) complexes were seen
within the first 600 ms. Second, individual ERPs were scanned for
each subject and, according to the prominence of the positivity
(P150–250) or negativity (N250–550), subjects were classified into
P-responders and N-responders [44]. P-responders at 7 months for
native and non-native phonemic contrast continued to show a
P-discrimination response when retested at 11 months for the non-
native contrast, but demonstrated an N-response to the native
contrast. N-responders at 7 months for both contrasts exhibited
‘stronger and a more consistent’ N-response at 11 months for the
native contrast and a smaller N-response for the non-native contrast.
These results were interpreted to show phonetic learning and a
‘tuning-in’ to the target language. However, as this grouping is
based neither on statistics nor any outside criterion, differences
reported for the two groups should be taken with caution. In a follow
up-study, it was found that responding with a P150–250 to non-
native contrast at 11months correlated with higher word-production
scores later in development [45].

Responses

2

400 ms

–2

Standard
Deviant

MMN

 

Subtraction wave

MMN

400 ms

–2

2

 µV µV

Figure I. The MMN is seen clearly in the subtraction wave shown on the right. It
is a negativity related to the discrimination of the mismatch, and results from
the subtraction of the brain’s response to the standard stimuli (thin line in left
graph) from that to the deviant stimuli (thick line). The shaded area represents
the difference in the two responses. Adapted with permission from [46].
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Le complexe biphasique MMN / P3a

• Dans certains cas, la MMN est suivie par une positivité précoce 
appelée la P3a (Schroeger & Wolf, 1998 ; Escera, Alho, Winkler & Näätänen, 2005)

dont la latence du pic est généralement observée entre 250 et 300 ms 
post-stimulus.

• Topographie fronto-centrale.

• La P3a a été initialement observée par Sutton en 1965 avec des 
paradigmes de détection active de cibles.

• Toutefois, la P3a a aussi été observée avec des paradigmes d’écoute
passive où la cible à détecter est rare comme c’est le cas du paradigme
du stimulus discordant (oddball ; pour une revue voir Polich, 2007).
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La P3a
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• Cette composante est supposée
refléter un engagement de
l’attention, et plus précisément
une orientation involontaire de
l’attention à des changements
survenant dans l’environnement
et au traitement d’informations
nouvelles (Squires, Squires & Hillyard,
1975 ; Friedman Cycowicz & Gaeta, 2001 ;
Polich, 2007 ; Parmentier, 2013).

Standard
Déviants

ms
Adaptée de Gumenyuk et al., 2011 EEG cap, 64 electrodes



Cheour et al. 
(1998)
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• Étude du développement des 
représentations phonémiques 
spécifiques à une langue dans le 
cerveau des enfants.
• Mise en relation du phénomène de 

réorganisation perceptive avec des 
changements de réponses électriques 
du cerveau (MMN) 
• Les auteurs démontrent le changement 

dans le cerveau des « traces en 
mémoire » spécifiques au langage chez 
des nourrissons examinés 
longitudinalement entre l’âge de 6 mois 
et un an.
• Langues estonienne et finnoise
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Pourquoi l’estonien et le finlandais ?
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is /õ/ than when it is /ö/. Nevertheless, the MMN amplitude
in  Finnish adults6 was smaller  for  /õ/  than  /ö/ , possibly
because /õ/ is not a vowel in Finnish. Consistent with this, the
MMN attenuation for /õ/  relative to /ö/  did not occur in
Estonian adults, in whose language /õ/
is a vowel. Perhaps as /õ/ does not exist
in Finnish, Finns usually have very lit-
tle experience with it, and therefore a
memor y trace for  it  has not  been
developed in their brain.

We recorded the brain responses of
n ine Finn ish (seven  male and two
female) and nine Estonian (six male
and three female) healthy infants with-
out hearing deficits, all from mono-
lingual families, while the infants sat
on a safety seat. To distract the chil-
dren from the stimuli and to minimize
eye and body movements, an assistant
entertained them with silent toys dur-
ing the exper iment . The Finn ish
infants were studied at six months of
age (average, six months one day;
range, six months ± ten  days)  and
again at one year of age (average, one

year three days; range, one year ± fourteen days). The Eston-
ian infants were studied when they were one year old (aver-
age, one year eight days; range, one year ± fourteen days).
Parents gave informed consent for their child’s participation.
The /e/ phoneme was the standard stimulus, and it was ran-
domly replaced by deviant /õ/ or /ö/5 (Fig. 1), with a proba-
bility of occurrence of 0.1 for each.

Electroencephalograms (EEGs), amplified by SynAmps at
DC-100 Hz and digitized at 250 Hz, were recorded at frontal
(Fz) and central (Cz) electrodes. Eye movements were moni-
tored with electro-oculogram (EOG) electrodes attached
below and at the lateral corner of the left eye. All electrodes
were referred to a left-mastoid electrode. EEG epochs with
EEG or EOG artifacts exceeding 250 µV at any electrode were
discarded, as were epochs for the first two stimuli of each
block. For each infant, there were at least 90 acceptable EEG
epochs for each deviant stimulus. Frequencies higher than 15
Hz or lower than 0.1 Hz were digitally filtered out off-line. A
baseline of 0 µV was set at the mean amplitude over the 50-
millisecond pre-stimulus period. The MMN amplitude was
measured from the difference waves (obtained by subtracting
the average standard-stimulus response from the average
deviant-stimulus response) separately for each subject and
electrode, as the mean amplitude, relative to the baseline, of
the 80-ms per iod cen tered on  the largest  peak between
250–450 ms. The differences in  the MMN amplitude in
response to the deviant /ö/ and /õ/ stimuli were tested with
three-way ANOVA analysis: group (Estonian, Finnish one-
year-old, Finnish six-month-old) × stimulus type (/õ/, /ö/) ×
electrode (Fz, Cz).

Considerable MMN responses were elicited by both deviant
stimuli in all groups (Figs 2 and 3). In six-month-old Finnish
infants, the MMN amplitude was larger, although not signif-
icantly, for /õ/ than for /ö/, that is, larger for the acoustically
more different stimulus. Thus, these six-month-old infants
perceived the differences between these stimuli mainly or only
acoustically. In contrast, at one year of age, the same Finnish
infants had a much smaller MMN amplitude for the Estonian
vowel /õ/ than for the Finnish vowel /ö/, although the acousti-
cal difference from /e/ was larger to /õ/ than to /ö/. A three-
way ANOVA showed a highly significant group (six- versus
twelve-month-old Finns) × stimulus type (/õ/ versus /ö/)

a

2nd formant (Hz)

1st form
ant (H

z)

Fig. 1. Stimuli used in the experiment. Vowels of 75 dB SPL, last-
ing 400 ms (with 10 ms rise and fall times), were presented
through two loudspeakers about 50 cm from the infants’ ears.
The (onset-to-onset) interstimulus interval was 1100 ms. The
upward arrows show the locations of the vowel stimuli in F1–F2
space. The standard stimulus was the Finnish and Estonian vowel
/e/. The deviant stimulus /ö/ was a vowel shared by both lan-
guages; the deviant stimulus /õ/ is a vowel only in Estonian. The
F2 frequency chosen for the frequent stimulus produced the best
model of the /e/ prototype of the Finnish and Estonian languages
as judged by adult listeners6. For /e/ it was 1940 Hz; for /ö/, 1533
Hz; and for /õ/, 1311 Hz. The first (F1), third (F3), and fourth
(F4) formants for each vowel were constant at 450, 2540, and
3500 Hz, respectively. The average fundamental frequency (F0)
was 105 Hz. The vowels were generated by the production of
synthetic stimuli from natural glotted excitation in conjunction
with a vocal-tract model6.

Fig. 2. The MMN amplitude at the central Cz electrode (grand-average, deviant-standard
difference waveform, averaged across nine infants) reflects the development of language-
specific memory traces in Finnish infants. At six months of age, their MMN amplitude
reflects only the acoustical difference between the deviant and standard stimuli. In con-
trast, at one year of age, the MMN amplitude in the same children was considerably
enhanced for the Finnish vowel /ö/ and considerably attenuated for the Estonian vowel /õ/.
In Estonian one-year-old infants, the MMN amplitude reflected only the acoustic difference
between deviant and standard stimuli, as both deviant stimuli are vowels in Estonian. ——
standard /e/ - deviant /ö/, a vowel shared by Finnish and Estonian languages, - - - standard
/e/ - deviant /õ/, an Estonian vowel.

Finns 6 mo Finns 12 mo Estonians 12 mo
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• Ces deux langues, qui sont étroitement liées l'une 
à l'autre, ont des structures de voyelles très 
similaires. 

• Par exemple, les voyelles / e / et / ö /, qui ne 
diffèrent que par la fréquence du deuxième 
formant (F2), existent dans les deux langues. 

• Cependant, seul l'estonien a la voyelle / õ /, qui 
est approximativement entre / ö / et / o / (Fig. 1). 

• Les auteurs utilisent ces phonèmes pour étudier le 
développement de traces en mémoire 
spécifiques au langage chez les nourrissons.
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Résultats •Cheour et al. (1998)

tude for the Estonian vowel /õ/ was significantly larger in the
Estonian than in the Finnish one-year-old infants (p < 0.004).

Our data indicate that language-dependent memory traces
in the human brain emerge before the age of 12 months. To
our knowledge, this is the first definite neurophysiological evi-
dence for the development of brain memory traces for speech
sounds in infants. Our results show that by the age of one year,
the MMN amplitude increases for  native phonemes and
decreases for non-native phonemes. Thus, during their cog-
nitive development, the ability of infants to discriminate native
speech sounds improves, while at the same time they seem to
lose some of their ability to discriminate non-native speech
sounds1–4,13–15.
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interaction (F(1,16) = 16.23; p < 0.001). The least significant
difference post-hoc test showed that the MMN amplitude for
the Finnish vowel /ö/ was increased (p < 0.01) and for the
Estonian vowel /õ/ was decreased (p < 0.02) for Finnish infants
between six and twelve months of age. Therefore, it seems that
the memory trace for the native vowel /ö/ was formed before
the age of one year in these Finnish children.

According to these results, the MMN amplitude for /õ/
should not be smaller than that for /ö/ in Estonian one-year-
old infants, as both are vowels in Estonian. Indeed, there was
no distinct difference in the MMN amplitude between these
two vowels; if anything, the MMN amplitude for /õ/ was larg-
er than that for /ö/, apparently because of the greater acousti-
cal difference from /õ/ to /e/ than from /ö/ to /e/. Moreover,
a comparison of one-year-old Finnish and Estonian infants
yielded a highly significant group × stimulus type interaction
(F (1,16) = 14.88; p < 0.002). The least significant difference
post-hoc test showed that this resulted from the MMN ampli-
tude for /ö/ being larger than that for /õ/ in the one-year-old
Finnish infants (p < 0.002). Furthermore, the MMN ampli-

Fig. 3. The MMN peak
amplitude (at Cz) as a func-
tion of the deviant stimulus.
Results are shown for three
groups: six-month-old
(squares, thick solid line) and
one-year-old (circles, thin
solid line) Finnish infants and
one-year-old Estonian (trian-
gles, dotted line) infants.
These are arranged in the
order of increasing F2 differ-
ence from the standard stim-
ulus.  –!, 6-month-old Finns;
–", one-year-old Finns; --#, one-year-old Estonians.

MMN amplitude
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is /õ/ than when it is /ö/. Nevertheless, the MMN amplitude
in  Finnish adults6 was smaller  for  /õ/  than  /ö/ , possibly
because /õ/ is not a vowel in Finnish. Consistent with this, the
MMN attenuation for /õ/  relative to /ö/  did not occur in
Estonian adults, in whose language /õ/
is a vowel. Perhaps as /õ/ does not exist
in Finnish, Finns usually have very lit-
tle experience with it, and therefore a
memor y trace for  it  has not  been
developed in their brain.

We recorded the brain responses of
n ine Finn ish (seven  male and two
female) and nine Estonian (six male
and three female) healthy infants with-
out hearing deficits, all from mono-
lingual families, while the infants sat
on a safety seat. To distract the chil-
dren from the stimuli and to minimize
eye and body movements, an assistant
entertained them with silent toys dur-
ing the exper iment . The Finn ish
infants were studied at six months of
age (average, six months one day;
range, six months ± ten  days)  and
again at one year of age (average, one

year three days; range, one year ± fourteen days). The Eston-
ian infants were studied when they were one year old (aver-
age, one year eight days; range, one year ± fourteen days).
Parents gave informed consent for their child’s participation.
The /e/ phoneme was the standard stimulus, and it was ran-
domly replaced by deviant /õ/ or /ö/5 (Fig. 1), with a proba-
bility of occurrence of 0.1 for each.

Electroencephalograms (EEGs), amplified by SynAmps at
DC-100 Hz and digitized at 250 Hz, were recorded at frontal
(Fz) and central (Cz) electrodes. Eye movements were moni-
tored with electro-oculogram (EOG) electrodes attached
below and at the lateral corner of the left eye. All electrodes
were referred to a left-mastoid electrode. EEG epochs with
EEG or EOG artifacts exceeding 250 µV at any electrode were
discarded, as were epochs for the first two stimuli of each
block. For each infant, there were at least 90 acceptable EEG
epochs for each deviant stimulus. Frequencies higher than 15
Hz or lower than 0.1 Hz were digitally filtered out off-line. A
baseline of 0 µV was set at the mean amplitude over the 50-
millisecond pre-stimulus period. The MMN amplitude was
measured from the difference waves (obtained by subtracting
the average standard-stimulus response from the average
deviant-stimulus response) separately for each subject and
electrode, as the mean amplitude, relative to the baseline, of
the 80-ms per iod cen tered on  the largest  peak between
250–450 ms. The differences in  the MMN amplitude in
response to the deviant /ö/ and /õ/ stimuli were tested with
three-way ANOVA analysis: group (Estonian, Finnish one-
year-old, Finnish six-month-old) × stimulus type (/õ/, /ö/) ×
electrode (Fz, Cz).

Considerable MMN responses were elicited by both deviant
stimuli in all groups (Figs 2 and 3). In six-month-old Finnish
infants, the MMN amplitude was larger, although not signif-
icantly, for /õ/ than for /ö/, that is, larger for the acoustically
more different stimulus. Thus, these six-month-old infants
perceived the differences between these stimuli mainly or only
acoustically. In contrast, at one year of age, the same Finnish
infants had a much smaller MMN amplitude for the Estonian
vowel /õ/ than for the Finnish vowel /ö/, although the acousti-
cal difference from /e/ was larger to /õ/ than to /ö/. A three-
way ANOVA showed a highly significant group (six- versus
twelve-month-old Finns) × stimulus type (/õ/ versus /ö/)

a

2nd formant (Hz)

1st form
ant (H

z)

Fig. 1. Stimuli used in the experiment. Vowels of 75 dB SPL, last-
ing 400 ms (with 10 ms rise and fall times), were presented
through two loudspeakers about 50 cm from the infants’ ears.
The (onset-to-onset) interstimulus interval was 1100 ms. The
upward arrows show the locations of the vowel stimuli in F1–F2
space. The standard stimulus was the Finnish and Estonian vowel
/e/. The deviant stimulus /ö/ was a vowel shared by both lan-
guages; the deviant stimulus /õ/ is a vowel only in Estonian. The
F2 frequency chosen for the frequent stimulus produced the best
model of the /e/ prototype of the Finnish and Estonian languages
as judged by adult listeners6. For /e/ it was 1940 Hz; for /ö/, 1533
Hz; and for /õ/, 1311 Hz. The first (F1), third (F3), and fourth
(F4) formants for each vowel were constant at 450, 2540, and
3500 Hz, respectively. The average fundamental frequency (F0)
was 105 Hz. The vowels were generated by the production of
synthetic stimuli from natural glotted excitation in conjunction
with a vocal-tract model6.

Fig. 2. The MMN amplitude at the central Cz electrode (grand-average, deviant-standard
difference waveform, averaged across nine infants) reflects the development of language-
specific memory traces in Finnish infants. At six months of age, their MMN amplitude
reflects only the acoustical difference between the deviant and standard stimuli. In con-
trast, at one year of age, the MMN amplitude in the same children was considerably
enhanced for the Finnish vowel /ö/ and considerably attenuated for the Estonian vowel /õ/.
In Estonian one-year-old infants, the MMN amplitude reflected only the acoustic difference
between deviant and standard stimuli, as both deviant stimuli are vowels in Estonian. ——
standard /e/ - deviant /ö/, a vowel shared by Finnish and Estonian languages, - - - standard
/e/ - deviant /õ/, an Estonian vowel.

Finns 6 mo Finns 12 mo Estonians 12 mo
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Discussion

• Les données des auteurs montrent que les enfants Finnois sont sensibles à la 
voyelle /õ/ de l’estonien qu’ils différencient de la voyelle / e/ à 6 mois mais plus à 
12 mois. 

• En revanche, les enfants Estoniens continuent à 12 mois à percevoir la voyelle /õ/ 
qui fait partie de leur système phonologique.

• Dans cette étude longitudinale testant la même cohorte de nourrissons à 6 mois 
puis à 12 mois, les auteurs apportent la preuve du changement des réponses 
neurophysiologiques du cerveau en fonction de l’expérience linguistique 
(changement des « traces en mémoire » spécifiques au langage).

• Ces résultats supportent la notion d’engagement neuronal proposé par Patricia 
Kuhl et son équipe. 
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La N400 auditive est la
plus petite pour le 
Recouvrement syllabique.

Amorçage phonologique
intra-modal (audio). 

*lurage – tirage (syllabique)
*lubage – tirage (rime)
*lusoge – tirage (coda)
*lusole – tirage 



Plan de la présentation

1. Comment étudier le langage avec l’imagerie cérébrale ?
2. Principaux marqueurs électroencéphalographiques de la phonologie
3. Le cas de liaison en français : apport de la « psycholinguistique électrifiée » ?
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Neurophysiologie de la liaison en français : Rôle des 
contraintes grammaticales et de la fréquence lexicale

C. Celata, G. De Flaviis, O. Floquet, B. Laks, et F. Isel
(en préparation)

• Università degli studi di Urbino ‘Carlo Bo’
• Sapienza Università di Roma
• Université Paris Nanterre
• CNRS, Institut des Sciences Humaines et Sociales
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Financement accordé à F. Isel : CNRS, International Emerging Action, Action (IEA) 2021 et 2022
Neuro-educational challenges in language learning: French liaison in comprehension processes (NEED)



XVIII CONGRESSO AISV Napoli 4 maggio 2022

Grammatical constraints and lexical frequency in the  
comprehension of French liaison

C. Celata et al. G. De Flaviis, O. Floquet and F. Isel
Università degli studi di Urbino ‘Carlo Bo’

Sapienza Università di Roma
UMR7114 Université Paris Ouest Nanterre 



Question de recherche

• Cette étude psycholinguistique pose la question de la réalité 

neurocognitive de la distinction faite en linguistique entre

• liaisons catégoriques (le[z]opposants), 

• liaisons interdites (temps#est)

• liaisons facultatives (jeux#olympiques vs jeu[z]olympiques).
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Objectif

• Déterminer la nature des processus langagiers engagés pour 

traiter la liaison.

• Chaîne de traitement de l’analyse phonologique à l’intégration lexicale 

sémantique en passant par l’accès au lexique ?

• Étudier les processus neurocognitifs du langage sous-jacents à 

l’analyse de la liaison en fonction de sa typologie linguistique.
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Opérationnalisation expérimentale

• Utilisation des potentiels évoqués comme marqueurs spécifiques 
de différents niveaux d’analyse linguistique (Friederici, 2011 ; Isel
2017; Isel & Kail, 2018 pour des revues), afin de déterminer si les 
processus langagiers engagés pour traiter la liaison sont de nature :
• Phonologique (PMN)
• Lexicale (N400, P600)
• Syntaxique (ELAN / P600)
• Morphosyntaxique (LAN/P600 ou uniquement P600)
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Participants

• Dix locuteurs natifs du français parisien (5 femmes), étudiants de 23 
ans en moyenne (20-25 ans), tous droitiers, sans troubles 
neurologiques ou psychiatriques avérés, ayant une audition normale.
• Objectif : tester un échantillon de 40 participants

• Dossier en cours d’évaluation par le Comité d’Éthique de la Recherche 
de l’Université Paris Nanterre (CER-UPN).
• Respect des principes de la Déclaration d’Helsinki (dernier amendement, 

octobre 2013).
• Protection des données personnelles (Aude Da Cruz Lima).
• Application des principes FAIR de gestion des données expérimentales 

(Wilkinson et al., 2016).
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Matériel linguistique
• Un texte d’environ 10 minutes de long contenant les trois types de liaisons 

dispersés dans un ordre pseudo-aléatoire.

• Chaque liaison est présentée dans sa version correcte ou incorrecte (liaisons 
catégoriques et interdites) ou préférée (liaisons facultatives).

• Au total, 48 items critiques :
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Catégorique Interdite Facultative

Correcte N = 8
le[z]opposants

N = 6
temps#est

Fréquence N = 10
jeux#olympiques

Incorrecte N = 8
*les#opposants

N = 6
*temp[z]est

Rare N = 10
jeu[z]olympiques

Source des fréquence d’occurrence : PFC
(Durand, Laks & Lyche, 2006) 



Matériel linguistique complet
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Bonjour et bienvenue à notre rendez-vous quotidien avec les faits divers de France. Aujourd'hui,
c’est le petit village de Beaulieu avec ses batailles politiques récentes qui a réveillé notre curiosité.
Dans la section d’éducation météorologique, on va découvrir les secrets des arcs-en-ciel et de la
formation des orages.

Le village de Beaulieu est en grand émoi. Le Premier Ministre a en effet décidé de faire étape dans
cette commune au cours de sa tournée de la région en fin d’année. Jusqu’ici les seuls titres de
gloire de Beaulieu étaient son vin blanc sec, un champion local de course à pied (Louis Garret),
quatrième aux jeux olympiques de Berlin en 1936, et plus récemment, son usine de pâtes
italiennes. Qu’est-ce qui a donc valu à Beaulieu ce grand honneur? Pas le chantier de voies
routières qui liera Beaulieu à Nice et Monaco pour les prochains jeux olympiques des disciplines
maritimes. Le hasard, plutôt, car le Premier Ministre, lassé des circuits habituels qui tournaient
toujours autour des mêmes villes, veut découvrir ce qu’il appelle « la campagne profonde ».

Le maire de Beaulieu – Marc Blanc – est en revanche très inquiet. La cote du Premier Ministre ne
cesse de baisser depuis les élections. Mais bien d’autres raisons le rendent très inquiet. Comment,
en plus, éviter les manifestations qui ont eu tendance à se multiplier lors des visites officielles ?
Comment, en peu de temps, s’assurer que tout se déroule de manière pacifique ? La côte escarpée
du Mont Saint-Pierre qui mène au village connaît des barrages à chaque fois que les opposants de
tous les bords manifestent leur colère. D’un autre côté, à chaque voyage du Premier Ministre, le
gouvernement prend contact avec la préfecture la plus proche et s’assure que tout est fait pour le
protéger, les opposants étant neutralisés bien avant son arrivée sur place. Or, un gros détachement
de police, comme on en a vu à la Jonquière, et des vérifications d’identité risquent de provoquer
une explosion.
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Extrait du texte



Synchronisation temporelle entre signal acoustique et signal EEG :
Position des triggers

Quatrième aux Jeu[z]Olympiques de Berlin en ’36 […] pour les prochains Jeux#Olympiques des disciplines maritimes

normative: [ʒœzo] deviant: [ʒœo]



Consigne expérimentale

• Vous allez écouter un enregistrement sonore qui dure entre 8 et 9 minutes: il s’agit d’un 
homme, francophone, qui parle et qui lit des actualités politiques et météorologiques.

• Vous ne verrez rien sur l’écran du PC, qui va rester noir tout le temps, à l’exception d’une 
petite croix blanche au centre de l’écran vers laquelle vous devrez essayer de diriger votre 
regard.

• Merci d’essayer de ne pas trop bouger pendant l’écoute, en particulier la tête et le corps.

• Votre tâche ne consiste qu’à écouter attentivement le texte diffusé par les haut-parleurs.

• Tenter de bien comprendre son contenu puisqu’ensuite je vous poserai quelques questions 
sur ce qui a été dit.

• Il s’agit de questions très simples avec seulement deux possibilités de réponse dont une sera 
la bonne.
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Huit questions post-expérience

Exemples :

1) Pourquoi le Maire de Beaulieu est inquiet?

- Parce que le Premier Ministre n’appartient pas à son parti politique

- Parce qu’il faut éviter que les manifestations soient violentes

2) Les activistes des communes voisines préparent:

- une grève prolongée
- un jeûne prolongé
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Procédure expérimentale

• Écoute passive.

• Questions pour s’assurer que les participants ont bien compris et ont été attentifs 
lors de l’écoute du texte.

• Enregistrement EEG (64 électrodes ; BioSemi Active-two system, BioSemi, 
Amsterdam, Netherlands). 

• Les 64 électrodes étaient placées selon le système international 10–20.

• Taux d’écahntionnage : 512 Hz avec un filtre continu passe-bande 0.5-100 Hz

• Les données EEG data étaient analysées avec la toolbox EEGLAB (Delorme & Makeig, 

2004). 
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Hypothèses opérationnelles (prédictions)

• Elles portent sur la nature du traitement cognitif réalisé en fonction de la typologie de la liaison :
• Si prédiction des informations phonologiques à partir du contexte phrastique, alors le 

traitement local d’un phonème non attendu (liaison obligatoire non réalisée ou liaison 
interdite réalisée), alors on devrait observer une PMN (Connolly & Phillips, 1994 ; van den Brink, 

Brown, & Hagoort, 2001) ;
• Si la violation des liaisons obligatoires ou interdites perturbe l’accès au lexique du mot cible, 

alors la N400, indicateur d’accès au lexique, devrait être modulée (van Petten & Kutas, 1994). 
Une révision lexicale-sémantique pourrait ensuite avoir lieu qui devrait être alors attestée par 
une P600 postérieure (DeLong & Kutas, 2014) ;

• Si la violation implique plutôt un traitement syntaxique (ELAN / P600) (Friederici, 2011) ;
• Si la violation met en jeu une analyse plutôt morphosyntaxique (LAN/P600 ou uniquement 

P600 (voir Kail & Isel, 2018, pour une revue).
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Pré-traitement des données

Un pré-traitement basique des données EEG a été effectué :
1 Filtrage passe-bande entre 0.05 Hz et 45 Hz (comme pour l’article de Katerina)
2 Référence sur la moyenne des électrodes
3 Utilisation de la décomposition ICA pour retirer les signaux parasites engendrés par les mouvements

oculaires

Nous nous sommes concentrés sur la N400 :
Electrodes Cz, Pz et CPz (signal moyenné)
Fenêtre temporelle centrée aux alentours de 400 ms après stimulus

Le sujet 14 demande quelques traitements additionnels (signaux parasites très marqués) et ne sera pas
présenté ici.

P. Vigneron (Modyco) Projet Need, analyse préliminaire 30 novembre 2022 9 / 21
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Présentations des triggers

Les triggers sont de la forme XYZW
X représente le type de liaison : obligatoire (1), facultative (2) ou interdite (3)
Y représente l’occurrence : première présentation (1) ou seconde présentation (2)
Z représente la méthode de datation de la liaison : 4 hypothèses ont été faites (voir présentation de
Celata/Isel, slide 10)
W représente la prononciation de la liaison : réalisée (1) ou pas (2)

Ainsi 1231 représente une liaison obligatoire (1---), se présentant pour la deuxième fois (-2--), selon
la 3eme méthode de datation (--3-) et étant réalisée dans le fichier audio (---1).

P. Vigneron (Modyco) Projet Need, analyse préliminaire 30 novembre 2022 10 / 21
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Sujet 8, hypothèse de datation 2

P. Vigneron (Modyco) Projet Need, analyse préliminaire 30 novembre 2022 13 / 2177

temp[z]est

temps#est
N400 ?



Prochaines étapes du projet

• Poursuivre les tests de la synchronisation entre le signal de parole et le 
signal EEG. 

• Vérifier la pertinence de la position des triggers dans le signal (actuellement 
4 positions qui encadre la zone critique).

• Recruter de nouveaux participants (au moins 40 car faible nombre d’items 
critiques par condition de liaison).

• Optimiser nos analyses statistiques des données (PE, location de générateurs 
neuronaux pour bien comprendre le rôle fonctionnel des PE mesurés à la 
surface du cuir chevelu, en particulier pour la N400 qui peut refléter une 
analyse des propriétés phonologiques, des difficultés d’accès au lexique, ou 
encore des difficulté d’intégration des mots dans le contexte phrastique 
précédent).
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Merci pour votre
attention !
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