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Abstract

 Th e modalities of communication are the sum of the expression dimension (linguistics) and the expressivity dimension (prosody), both being equally important 
in language communication. Th e expressivity dimension which comes fi rst in the act of speech, is the basis on which phonemes, syllables, words, grammar, and 
morphosyntax, i.e., the expression dimension of speech is superimposed. We will review evidence (1) revealing the importance of prosody in language acquisition and 
(2) showing that prosody triggers the involvement of specifi c brain areas dedicated to sentences and word-list processing. To support the fi rst point, we will not only 
rely on experimental psychology studies conducted in newborns and young children but also on neuroimaging studies that have helped to validate these behavioral 
experiments. Th en, neuroimaging data on adults will allow for the conclusion that the expressivity dimension of speech modulates both the right hemisphere prosodic 
areas and the left  hemisphere network in charge of the expression dimension.
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Introduction 

Linguistics covers many fi elds such as phonetics, 
phonology, morphology, semantics, and grammar... 
Numerous schools have thus emerged, each focusing on 
one or more aspects, which enables them to achieve great 
precision in their fi eld of investigation. The focus of these 
studies is generally on language, that is the verbal modalities 
of communication, and not on “speech”; while the modalities 
of communication can be represented by the sum of verbal 
and non-verbal modalities, these two components being 
equally important in language communication (Figure 1). 
Dealing with speech and language, one often thinks of the 
“expression” dimension, leaving aside the “expressivity” 
dimension, i.e. the prosodic dimension, which is even 
considered at times as supra-segmental. However, speech 
is perceived and produced in a global way: intellectual 
meaning (content of expression) and aff ective meaning 
(content of expressivity) are perceived and produced at the 
same time. 

The expressivity dimension is made up of both kinesic 
and prosodic aspects of speech, prosody, i.e., the music of 
speech, being the topic of our discussion. Prosody is mainly 
characterised by the variations of the fundamental frequency 
(F0), which is the number per second of the closures and 
openings of the vocal cords situated in the larynx. The 
intensity of the voice is essentially due to the amplitude of 
the vibrations of the vocal cords and the subglottic pressure 

Figure 1: Modality of communication [1,2].
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exerted by the air coming from the lungs. The duration, or 
rhythm of the utterance, concerns the temporal organization 
of the message and includes the speech rate (number of 
syllables spoken in a given unit of time) and tempo (the 
pauses and acceleration or deceleration of the rate within a 
prosodic group). 

The expressivity dimension, which can be compared 
to a musical stave, comes fi rst in the act of speech; in 
other words, it is the basis on which phonemes, syllables, 
words, grammar, and morphosyntax, i.e., the expression 
dimension of speech is superimposed. Evidence (1) 
revealing the importance of prosody in language acquisition 
and (2) showing that prosody triggers the involvement of 
specifi c brain areas dedicated to sentences and word-list 
processing will be reviewed. To support the fi rst point, 
experimental psychology studies conducted in newborns 
and young children but also on neuroimaging studies that 
have helped to validate these behavioural experiments will 
be addressed. The second point about adults will focus on 
the neuroimaging data. 

The genesis of language acquisition 

Prosody and speech perception: From a phonetic 
point of view, prosody describes the variations in the pitch, 
intensity, and duration of utterances [3] which correspond 
perceptually to the phenomena of intonation, accentuation, 
speech rate, or the perception of pauses. These phenomena 
have diff erent functions: pragmatic, modal, syntactic, and 
expressive, allowing babies to pre-segment the sound rate 
into units of sound and meaning, and to acquire the lexicon 
of their language [4-6]. From a perceptive point of view, 
prosody is the fi rst language structure perceived by children 
[7,8], and from a productive point of view, prosody is the fi rst 
early functional system [9,10]. The prosodic organization 
of human communication has been reported to be 
continuous and highly correlated with the phonological [11] 
semantic [12] syntactic [13] morphological, and segmental 
organization of speech [14]. Prior to birth, the hearing 
system is already functional during the last trimester of 
gestation. In utero, the rhythmic and prosodic information 
of the mother’s speech is transmitted to the inner ear of the 
foetus by bone conduction, allowing her/ him or her to learn 
the properties of the mother tongue. This prenatal speech 
input is fi ltered by maternal tissues and propagates through 
fl uid. Animal models and computational simulations reveal 
that this input is low-passed fi ltered at around 300–400 
Hz, which mainly preserves the fundamental frequency, and 
thus the rhythm and the intensity of the signal and voicing 
information contrary to the place and manner of articulation 
information which is not preserved [15-17]. Interestingly, a 
behavioural study using the nonnutritive sucking technique 
has revealed that newborns prefer a low-pass fi ltered 

version of the maternal voice to an unfi ltered version [18]. 
Using the same technique, other studies have shown that 
newborn babies give signs of a preference for their mother’s 
voice a few hours after birth [19,20]. Some studies have 
also revealed that newborn babies show a physiological 
response to the maternal voice since they exhibit heart rate 
decelerations [21] and fewer movements [22] while listening 
to a recording of their mother’s voice than when listening 
to a stranger female voice [22]. Taken together, it appears 
that speech heard in utero starts shaping infants’ perceptual 
abilities and brain specialization for speech before birth 
[23]. However, this remains really complex to investigate 
behaviourally. 

That is why some neuroimaging studies supporting 
behavioural fi ndings have been conducted on healthy 
preterm infants. After the 30th week of gestation, the 
foetal auditory system is mature enough to detect speech 
sounds as reported by an EventRelated Potentials (ERPs) 
study [24] and to diff erentiate phonemes [25]. A functional 
Magnetic Resonance Imagery (fMRI) study has revealed 
that foetuses between 33 and 34 weeks of gestation present 
more activation in the left temporal lobe when they listen 
to the maternal voice as compared to other female voices 
or to pure tones [26]. In addition, the foetal auditory 
system is able to diff erentiate a familiar language from an 
unfamiliar one, showing that even before birth, the foetus 
is listening to his/her linguistic environment as evidenced 
by a Near InfraRed Spectroscopy (NIRS) study [27]. Some 
studies have investigated newborn babies’ perceptual 
abilities, inferring that their performances at birth reveal 
that the mechanisms at stake were already active in utero. 
Hence, an ERP study at birth has revealed that neural 
memory traces are formed by auditory learning prior to 
birth [28]. Using optical topography in neonates, a study 
has revealed that the Left Hemisphere (LH) temporal 
areas show signifi cantly more activation when infants are 
exposed to normal speech than to backward speech or 
silence [29]. The theory of early sensitivity to prosodic cues 
is also supported by the observation of decreased neural 
activity in response to speech stimuli presenting distorted 
prosody [30,31]. These brain imaging functional studies 
are sustained by structural Magnetic Resonance Imagery 
(MRI) studies revealing leftward asymmetries in language 
areas at birth [32]. Saito, et al. [33] used near-infrared 
spectroscopy (NIRS) to demonstrate that newborns are 
able to discriminate between diff erent prosodic patterns 
[33]. The newborn’s perceptive abilities, based on prosodic 
cues, enable him/her to recognise the mother’s voice and 
then to discriminate the infl ections of the human voice that 
correspond to an interpretable semantic content. He is not 
only able to distinguish his mother tongue from a foreign 
language but also to diff erentiate between two foreign 
languages (provided they belong to diff erent rhythmic 
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classes), [30,34,35]. At 4 months of age, the baby is able to 
discriminate syllables diff ering by a single acoustic index 
(voicing in the case of /pa/ vs. /ba/) and to distinguish 
male from female vocal productions [36-42]. In addition, 
young children use prosodic information to distinguish the 
grammatical category of words [41] and to relate phonology 
and syntax [37,43-45]. Seeking to investigate the neural 
mechanisms underpinning speech perception in young 
babies, an fMRI study has revealed that the left-lateralized 
superior temporal and angular gyri are active in 3 months 
old babies’ brains listening to their mother tongue just as 
they are in adults [30]. Moreover, this study evidenced a 
rightward activation in the prefrontal cortex indicating the 
early engagement of active memory retrieval mechanisms, 
just as this region is recruited when adults retrieve verbal 
information from memory [46,47]. This suggests that 
3-month-old infants have already memorized the prosodic 
contours of their native language, these prosodic contours 
being the basis on which the lexis is superimposed since they 
may not remember single words until the age of 7 months. 

Prosody and speech production: Babies under 
one year of age already communicate with their bodies, 
their looks, gestures, intonations, babbling, chattering, and 
rhythms, which represent the stages preceding speech and 
which could be described as pre-speech manifestations. 
Altogether, the situation, the rhythm, and the intonation 
make the understanding between the adult and the baby 
under one year old possible. Some studies have looked at 
the evolution of the prosodic dimension in children’s oral 
productions. Newborns’ cries match the melody of their 
native language: French newborns’ cries present a melody 
that rises slowly and then quickly decreases, whereas the 
melody of German newborns’ cries rises quickly and slowly 
decreases [48]. At the age of 3 months, the children’s vocal 
programmes take on a diff erentiated character, even if they 
remain very rudimentary, few in number, and accompanied 
by shouting and growling [49,50]. Then, around the fourth 
month, the baby becomes more skilled at modulating and 
controlling the changes in pitch, duration, and intensity of 
his voice; he enters the “exploratory phase”, also called the 
“expansion phase” [50]. Vocalisation increases in quantity, 
variety, and complexity. This is the onset of the “vocal games” 
through which basic communication with the environment 
begins to take place [51]. At this point, prosody already 
carries communicative and refl exive functions, which are 
psychological processes indispensable to the emergence of 
language and its units. 

From the age of 6-7 months, pre-linguistic productions 
are composed of prosodic properties specifi c to the mother 
tongue. The baby’s vocal activity is therefore rapidly 
infl uenced by the mother tongue, particularly by its rhythmic 
properties [9,52-54]. Then, from the second half of the fi rst 

year of life, the child enters the actual babbling phase. This 
phase marks a break from the previous period. The child 
begins to make choices specifi c to the structures of his or 
her mother tongue, at the prosodic, phonetic, and syllabic 
levels [50,55,56]. Babbling consists of a sequence of ordered 
steps. From 4 to 8 months of age, there are abrupt changes 
in the fundamental frequency, bitonal voice production, 
and voice tremor. The phonetic repertoire expands with the 
appearance of long-held consonant sounds. Around the age 
of 6 months, the “marginal babble” consists of consonant-
vowel assemblages that are diffi  cult to segment because of 
fairly loose articulation and very slow transitions between 
the closing and opening movements of the vocal tract. 

Then, between 7 and 10 months of age, the “canonical 
babbling” appears, characterized by the production of single 
syllables (consonant-vowel: CV) very often reduced to 
“papapapa” or “mamamama” series. To express a request, a 
comment, etc., the child uses melodic patterns for linguistic 
purposes. The melody of the babbling then becomes 
intonation. The babbling will then become more diverse, 
with successive syllables diff ering from each other either by 
a consonant, vowel, or both (“patata”, “tokaba”, “badata”). 
In these series, the young child favours open syllables of the 
CV type over closed syllables: CVC [53, 57-60] as well as a 
more diverse production of vowels ihman and Velleman, 
2000; Vihman M., & Miller R., 1988) [60,61] that fi ll the 
intonational contours produced and constitute the proto-
words, the future holophrases of children. 

The strong implication of the prosodic dimension is 
already present in the fi rst statements. Indeed, isolated 
words can exist as statements in their own right and be 
interpreted as such thanks to the prosody that conveys the 
illocutionary force of the message [62-65]. In addition, the 
same studies show that on the one hand, when children begin 
to produce their fi rst words, they already display an extensive 
span of intonational contours and that the development of 
the intonational system is correlated with an increase in 
vocabulary span; while on the other hand, when children’s 
productions become identifi able as signifying units of the 
adult language, there occurs a kind of “reorganization” of 
the set of the intonational contours being produced; this can 
last until the end of the period of isolated words, or even a 
little longer. From that moment on, the descending contours, 
hitherto predominant, whatever the type of expression, begin 
to regress in favour of the ascending contours. Research has 
also highlighted the gradual introduction of the lengthening 
of the fi nal syllable, which in some languages is intended 
to emphasize accentuation [50,66]. In French, for example, 
this phenomenon appears between the ages of 13 and 16 
months, rapidly following the occurrence of the fi rst words. 
The absence or exaggerated lengthening of the fi nal syllable 
can therefore be considered as a potential marker of original 
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or delayed development. Early word associations are also 
based on the prosodic dimension [67,68]. 

These fi rst steps towards articulation are critical steps 
refl ecting the functional link between the processes of 
perception and production of vocal sounds which gives 
the child the opportunity to process proprio-perceptual 
feedback [69]. Such a hypothesis has been validated by a 
MagnetoEncephaloGraphy (MEG) study revealing that the 
onset of imitation and canonical babbling around 5 months 
of age relies on the development of the connection between 
the auditory brain areas responsive to hearing speech and 
the brain areas involved in speech articulation (left Inferior 
Frontal Gyrus), providing evidence of a perceptual-motor 
link for speech perception that depends on experience [70]. 
In other words, infants can relate auditory and articulatory 
instantiations of speech [71], and the brain mechanisms 
underlying speech perception and those controlling speech 
motor systems emerge over time as a function of experience 
[70,72]. Great deals of studies have reported that speech 
perception entails activation in speech production areas, 
more particularly in motor areas [73-80]. This can be 
related to the Motor Theory of Speech, which postulates that 
articulatory gestures support the development of speech 
production and perception, and activate a loop between the 
motor and perceptual areas [81] whose brain support has 
been investigated with functional imaging. 

In adults, a meta-analysis of brain imaging studies 
has revealed the existence of an elementary audio-motor 
loop involved in both comprehension and production of 
syllables, which includes the primary auditory areas and the 
motormouth area [78]. This loop is composed of Heschl’s 
gyrus and the planum temporale in the temporal lobe as 
its perceptive component and of the mouth motor area 
and inferior precentral cortex corresponding to the motor 
component [78]. This motor-sound–based representation 
of language sounds involves whether language is heard or 
enunciated, as proposed by Buschsbaum for auditory areas 
[82] and by Wilson for motor areas [80]. 

This audio-motor loop has been recently revealed to 
be at work very early, since 7 months old infants activate 
both the auditory (superior temporal areas) as well as the 
motor brain areas (frontal areas) during speech perception, 
whereas only the auditory areas are activated in newborns 
[83]; which supports the idea that exposure to native-
language speech over the fi rst 12 months of life produces 
neural changes not only in the auditory cortex but also in the 
brain regions that subserve articulation, and in those that 
allow a connection between the two systems. 

All this taken together, we can propose that the perception 
and production of the Expressivity dimension come fi rst in 

the course of language development and that the Expression 
dimension, fi rst characterized by phonology, is intrinsically 
linked with the Expressivity dimension (Figure 2). However, 
one unresolved question concerns the involvement of the 
prosodic dimension in the phonological audio-motor loop. 

The involvement of prosody in the recruitment of the 
phonological audiomotor loop in sentences and word list 
processing in adults 

At the sentence level: Understanding a language 
means being able to simultaneously master the linguistic, 
pragmatic, and aff ective structures of discourse, i.e. having 
a good command of the prosodic, phonological, semantic, 
and syntactic components that are intrinsically linked. So, 
language processing requires a widely distributed neural 
network involving unimodal, multimodal, and heteromodal 
areas, far beyond the traditional areas of Broca and 
Wernicke [84,85]. Even if most of the neuroimaging studies 
have explored the expression dimension, many studies 
seeking to determine the neural substrate underlying the 
perception and production of the prosodic dimension, i.e., 
the expressivity dimension, have demonstrated that the 
left perisylvian cortex is reported to play a major role in 
the treatment of linguistic prosody in most right-handed 
participants [86-90] and numerous studies have shown a 
strong right brain hemisphere involvement in the treatment 
of emotional prosody [91-96]. Some studies have shown 
that the right auditory cortex preferentially processes 
the fundamental frequency variations [97-99] which are 
one of the acoustic correlates of pitch variations and are 
considered very important cues for prosody processing [99-
103], while bilateral recruitment has been demonstrated for 
the treatment of pitch per se [104]. 

That is why we investigated the impact of the expressivity 
dimension on the expression dimension during listening, 
using 30 s connected speech stimuli of high degrees of 
prosodic information (pitch modulation ranging from 
75 to 300 Hz) and low degrees of prosodic information 
(pitch modulation ranging from 75 to 150 Hz) in an fMRI 
study of 12 right-handed adults. High degrees of prosodic 
information do not only trigger right activations (such 
as the right inferior prefrontal cortex, the right supra 
temporal gyrus, and the right inferior parietal gyrus) but 
also trigger the involvement of the left dorsal pathway 
(the audio-motor loop) more than low degrees of prosodic 

Figure 2: Th e Expressivity dimension is the dynamic support of the Expression dimension.
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information do [105]. As our two connected speech 
stimuli presented the same lexicosyntactic content, it can 
be concluded that the prosodic dimension infl uences the 
cooperation of both hemispheres. A really interesting result 
concerns the recruitment of this audio motor loop during 
the prosodic condition. More particularly, the activations 
of the SupraMarginal Gyrus (SMG) are consistent with the 
results of previous studies on speech perception. Indeed, 
the left SMG has been described as being involved in the 
processing of speech understanding and more specifi cally 
as being involved in both (1) the processing of auditory 
spatial information, [106-108]; and (2) the processing of 
phonological storage [109,110]. It could be hypothesized 
that during this prosodic condition, the participants tended 
to subvocalize the utterances they heard, and thus reproduce 
the articulatory gestures necessary for their production. 
This result can thus be related to the Motor Theory of 
Speech [81], which is similar to that of Hickok and Poeppel 
[111], who propose that the perception of syllables induces 
the stimulation of the motor activity required for their 
production. According to the latter authors, phonemes have 
an audio motor representation rather than a pure auditory 
representation. More recently, neurobiological theories 
of speech perception have proposed a more dynamic and 
integrative model in which language processing relies on 
action–perception circuits distributed across the auditory 
and motor systems [75,113]. 

Up to now, all the studies we have dealt with concerned 
the mother tongue (L1), which is why we set up an fMRI 
study aiming at assessing how the neural processing of 
second language (L2) comprehension is modulated by 
the degree of profi ciency, making it possible to determine 
the degree of mastery of the diff erent speech components 
(prosody, phonology, semantics, and syntax) which are 
intrinsically embedded within connected speech [113]. When 
comparing the neural basis of highly profi cient subjects in 
the second language (L2) with that of moderately profi cient 
subjects, it appears that L2 entails more activation in the 
bilateral temporal cortex and in the audio-motor loop as 
well as its right counterpart in highly profi cient subjects 
than in moderately-profi cient subjects. It is likely that this 
fi nding is due to the diffi  culties met by moderately profi cient 
subjects in using articulatory-based processes (rehearsal) 
to keep auditory-based representations (storage) active. 
Furthermore, all subjects were exposed to an aural dictation 
of the passage heard in the scanner. This task not only helped 
determine the global percentage of French students’ general 
perception of English but also made it possible to classify the 
percentage of mistakes according to syntactic, phonological, 
and lexical errors. Interestingly, the correlations between 
the success scores of the scanning aural dictation and 
brain activation in Regions of Interest (ROI) known to be 

involved in phonological, semantics, and complex sentence 
processes [78] revealed signifi cant diff erences between the 
2 groups for phonological and complex sentences processes, 
but no signifi cant diff erence was evidenced for semantics, 
suggesting that semantics is equally acquired for each group, 
which is in accordance with other studies [114]. However, 
activation in a temporal ROI common to phonological, 
semantics, and complex sentence processes, the left 
posterior Human Voice Area (pHVA), presented a signifi cant 
positive correlation with the score of syntax, phonetics, and 
lexicon. This area, as well as its right counterpart, has been 
defi ned as a bilateral region that responds more to human 
vocal sounds than to environmental sounds [11,116]. This 
left pHVA has been described as a “crossroads” region for 
phonological, semantics, and complex sentence processing 
[78]. 

Moreover, the right counterpart of the audio-motor loop, 
was revealed to be involved in prosodic processing such 
as durational processes or temporal analyses [117,118] or 
rhythm analysis tasks [108,121] was only recruited by highly-
profi cient subjects, suggesting that moderately-profi cient 
subjects do not process the specifi c prosodic dimension of 
the second language. This assumption is supported by the 
results of a subsequent functional connectivity analysis, 
which revealed that the left Inferior Frontal Gyrus and its 
right counterpart were signifi cantly correlated with the 
left Sylvian parietotemporal (Spt) area in highly profi cient 
subjects, whereas no correlation between these two regions 
was observed in moderately profi cient subjects. The latter 
result is in accordance with previous work suggesting a 
functional connection between the auditory cortex and 
the left prefrontal associative cortex involved both in the 
retrieval and rehearsal of auditory information and in the 
auditory working memory in L1 [90,122]. Moreover, the 
signifi cant correlation between the right Inferior Frontal 
Gyrus and the left Spt in highly profi cient subjects (and 
the lack of correlation in moderately profi cient subjects) is 
of considerable interest since it strengthens the idea that 
moderately profi cient subjects miss the prosodic dimension 
of L2. 

All this taken together, this could mean that highly 
profi cient L2 subjects present a mastery of the prosodic 
dimension which is the basis underlying the linguistic 
dimension, whereas moderately profi cient L2 subjects, 
missing this prosodic basis, subsequently miss the 
expression dimension. 

At the word level: A few studies have investigated 
the neural correlates of the production or perception of 
prosody at the word level. One fMRI study has investigated 
the existence of right dorsal and ventral processing streams 
underlying the prosodic dimension which parallel the well-
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established left ventral and dorsal streams underlying core 
linguistic abilities such as phonology, syntax, and semantics 
[123]. Moreover, the same authors have evidenced that 
the inhibition of the right premotor cortex decreases 
participants’ performance in the categorisation of prosody, 
arguing for motor involvement in the perception of prosody, 
though no activation was reported in the left premotor 
cortex or in the inferior frontal gyrus. However, another 
fMRI study that sought to demonstrate that the perception 
and production of prosody share common neural areas has 
revealed that the premotor cortex, including the left inferior 
frontal gyrus and the left dorsal premotor cortex, was active 
for both the perception and production of prosody [124]. 
This study reveals that some components of the perception 
of the prosodic dimension involve mapping the heard speech 
to areas that are important for producing that same speech. 
Nonetheless, the authors explain their results according to 
the hypothesis of the “as if body loop” mechanism which 
postulates that individuals use sensory-motor regions to 
implicitly simulate perceived or imagined experiences [125]. 

Based on our previous fi ndings concerning the 
involvement of the prosodic dimension in the recruitment 
of the phonological loop [105], we addressed the question 
of the hemispheric cooperation, using lists of over-learnt 
words, known to involve both specifi c prosodic information, 
i.e., the metrics of the lists of words, and phonemic 
information. More particularly, as the audio-motor loop 
has been revealed to be involved in listening, production, 
and reading tasks, we inquired both into the existence 
of core heteromodal areas common to these 3 language 
modalities and also into the role of the right hemisphere. 
In order to do so, we examined the Word-List processing 
areas common to production, listening, and reading tasks 
obtained with functional Magnetic Resonance Imaging 
(fMRI) together with a resting-state acquisition in 144 right-
handed subjects [84]. This allowed for the identifi cation 
of 21 multimodal homotopic regions of interest (hROI) 
signifi cantly asymmetrical and activated during the 3 task-
induced acquisitions. Within these 21 regions, the word-
list core network was revealed by a hierarchical cluster 
analysis based on the resting-state Blood Oxygenation Level 
Dependent (BOLD) temporal correlations across these 
21 hROIs. This supramodal network for word processing 
aggregates 14 motor, premotor, and phonemic areas in the 
left hemisphere and the right Superior Temporal Sulcus 
(STS), which corresponds to the posterior human voice area 
(pHVA) (Figure 3).

As already discussed, the bilateral pHVA is not only 
reported to be involved in human voice processing [115,126] 
but also in the processing of prosodic acoustic cues, with a 
rightward involvement concerning the speaker’s identity 
and gender as well as the aff ective prosody and a leftward 

involvement concerning the linguistic prosody [127]. This 
functional specialisation is in accordance with studies 
revealing that the right temporal cortex is involved in 
spectral processing, i.e. the modulations of the Fundamental 
Frequency (F0), whereas the left temporal cortex is involved 
in temporal processes, such as duration and intensity of the 
utterance [128-130]. We postulate that the right pHVA is the 
fi rst prosodic area to be functional, and thanks to the corpus 
callosum, specifi c prosodic information is transferred to the 
left pHVA where it is integrated into phonological-lexical-
syntactic processes. These right and left pHVA are probably 
key areas for communication and language development, 
supporting the Expression dimension. 

Interestingly, the regions belonging to this multimodal 
network were activated by the 3 modalities, even if they were 
modulated by the language function: production, reading, 
or listening. Hence, these 14 regions constitute an atlas of 
the regions involved in Word-List processing which makes 
it possible to propose a model of the neural organization of 
word processing. This model posits that: (1) the involvement 
of the right STS3 (pHVA), which is a prosodic integrative 
area, refl ects the intertwining between prosodic and 
phonemic information; (2) the involvement of phonological 
action-perception circuits, such as the phonological working 
memory loop, in which articulatory gestures are the central 
motor units on which word perception, production and 
reading develop, acts according to the motor theory of 
speech (Liberman and Whalen, 2000), as revealed by the 

Figure 4: Th e phonological action- perception loop for word processing in relation with 
Fuster’s model with Fuster’s model [84].

Figure 3: Th e functional network of word processing common to production, perception, 
and reading.
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recruitment of leftward frontal and precentral areas together 
with temporo-parietal areas. 

Considering Fuster’s model, which posits the 
existence of a perception-action cycle in which functional 
intracortical connections are bidirectional and link a series 
of hierarchically organized areas dedicated to cognitive 
processing in the form of widely distributed neuronal 
networks (Figure 4), we assume that the model of the word 
processing network entails reciprocal interactions between 
the premotor cortex and the unimodal association cortices 
[131,132].

Conclusion 

To summarize, observations and behavioural 
investigations concerning speech perception in foetuses 
and infants, as well as neuroimaging studies performed on 
infants and adults favour the theory that the Expressivity 
dimension, which can be compared to a musical stave, is 
the basis on which phonemes, syllables, words, grammar 
and morphosyntax, i.e., the Expression dimension, is 
superimposed (Figure 2). 

Moreover, even if the existence of the phonological 
action-perception loop, i.e., the reciprocal link between 
speech perception and production underpinned by the 
cerebral network made of left temporal and frontal areas 
(whatever the modality), has been widely established in the 
neuroimaging literature, we have shown, for the fi rst time, 
that this phonological loop is triggered by the mastering of the 
Expressivity dimension, as exemplifi ed by the recruitment 
of the right Superior Temporal Sulcus (STS3) belonging to 
the functional network of word processing. This new model, 
which places the expressivity dimension of speech within 
the language act itself, is of great interest both in the fi eld 
of second-language learning and in the rehabilitation of 
language disorders such as dyslexia or aphasia. 
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