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1. ABSTRACT 

This research provides a detailed map of early human auditory development, tracking the brain's 

journey from the third trimester of pregnancy through the first two years of postnatal life. We now 

know that the brain is already wired to tell the difference between speech sounds as early as the 

30th week of pregnancy, long before a baby ever hears their first words in the outside world. By the 

time they are born, infants possess an amazing built-in ability to recognize and process speech, even 

while they are fast asleep. 

This rapid progress is powered by a biological engine where the brain’s physical structure matures 

in perfect harmony with its ability to process sound. As the brain’s protective white matter (myelin) 

grows and nerve signals travel faster, a change we can actually see in the speed of specific brain-

wave components like the P2 or iP1. This complex system relies on a delicate balance: while the 

left side of the brain handles quick and detailed sound changes, the right side tunes into the slower, 

rhythmic patterns of speech. While babies are born with a natural sensitivity to sound, it is their 

active engagement with the world that really shapes their internal acoustic maps, not just passive 

listening. 

These early neural signatures serve as biomarkers that can predict the development of a child. By 

looking at how a newborn responds to speech or checking for specific patterns like gamma power, 

researchers can identify early signs of dyslexia, language delays or autism traits right at the 

beginning of life. Even though we still face technical limitations like limited image clarity or the 

difficulty of following families over many years, these findings suggest a future where early brain 

scans become routine screening tools. This would allow us to provide support during the most 

plastic window of a child's brain development, giving every infant the best possible start. 
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2. INTRODUCTION 

2.1 Early language development and speech perception 

Infants learn their native language with a speed that is truly remarkable. In a very short time 

children go from hearing simple sounds to understanding complex speech. Despite years of study, 

science has yet to fully understand how the infant brain can process language so effectively.  

Most languages use a set of about 30-100 speech sounds, called phonemes, e.g. the vowel /a/ or the 

consonant /t/. One important feature of language that infants need to learn is the phoneme repertoire 

of the native language, as words are made up of these basic units. [1] 

The seminal study of Werker and Tees (1984), offers strong evidence that young infants are capable 

of distinguishing many phonetic contrasts early in life, even without prior exposure. This means that 

infants initially are universal listeners, i.e. they are able to discriminate most phonemes of most 

languages of the world, even those that are not found in their native language. As babies start to 

gain experience with their native language, this broad perceptual ability gradually decreases. This is 

known as perceptual narrowing or attunement. The findings of these experiments also indicate that 

this reduction in sensitivity to non-native contrasts can already be observed by the end of the first 

year of life (around 10 to 12 months of age). This brings to light that, as infants grow up, sensitivity 

to native phonetic contrasts increases, while discrimination of non-native contrasts decreases. Since 

these early findings, perceptual narrowing has been confirmed for a large number of different 

vowels and consonants, as well for other perceptual areas such as music or face perception (REFS). 

[2] 

2.2 Neural plasticity of phoneme learning 

Perceptual learning or attunement is closely linked to changes in neural plasticity. Neuroplasticity is 

the brain’s ability to change and reorganize in response to experience. During infancy, the brain is 

highly plastic and rapidly adjusts to the linguistic input present in the environment. As they get 

exposed to speech, the neural systems of infants begin to specialize in processing the sounds that 

are relevant to their native language. Over time neural responses to speech sounds gradually change. 

In particular, perceptual narrowing shows the closure of a (first) critical period, i.e. the reduction of 

neuroplasticity, for learning speech sounds [3,4,5]. This reflects the increasing influence of 
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language experience. Examining brain activity provides an important way to observe how learning 

occurs. Studies in this field allow researchers to identify the neural processes that support the 

development of phoneme perception [1], [3], [4], [5]. This is the topic of the current thesis.  

2.3 EEG and ERP as tools for studying infant speech processing 

Studying brain activity in infants presents several challenges since young participants struggle to 

follow instructions, remain still for long periods or communicate their experiences directly. That is 

why researchers rely on neurophysiological methods that can measure brain responses without 

requiring active participation from the infant. One of the most commonly used techniques in this 

field is electroencephalography (EEG). 

EEG measure the electric potentials generated by groups of neurons in a non-invasive way on the 

scalp using electrodes. It is particularly suitable for studying infant speech processing because it is 

non-invasive and safe. EEG is able to provide very high temporal resolution and allows researchers 

to track brain activity on the scale of milliseconds. This makes this technique especially useful for 

examining how the brain processes rapidly changing stimuli such as speech sounds. 

A key measure derived from EEG recordings is the event-related potential (ERP). ERPs are patterns 

of brain activity that are time-locked to specific sensory, cognitive or motor events. By averaging 

the brain’s electrical responses across many presentations of the same stimulus, it is possible to 

isolate neural responses that are specifically related to that event. ERPs are often used to investigate 

how infants process speech sounds in studies of language development. EEG and ERP methods 

provide valuable insight into the neural mechanisms underlying early speech perception and 

language learning. [6] 

2.4 The current study 

This research adopts a systematic review methodology with the aim to examine the neural markers 

that underlie early phoneme learning in infants. The present study focuses on electrophysiological 

evidence obtained through electroencephalography (EEG). The final objective is to explore and 

summarize previous findings on event-related potentials (ERPs), such as mismatch negativity 

(MMN) and P600, along with neural oscillatory activity related to phoneme discrimination and 

learning. 
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The review is also supported by observations from an internship  at a developmental neuroscience 

laboratory (Babylab), providing a practical context for understanding EEG methods and 

experimental approaches in infant studies. The experimental paradigm observed during the 

internship involves EEG recordings of ERP (MMN, P600) and gamma-band oscillations. A 

training-based design was performed and it included pre-test, training and post-test phases. The 

subjects had to complete tasks targeting non-native phoneme learning (eg. Hindi phoneme, Turkish 

word order).  

Although the internship data are not directly analysed in this thesis, the cooperation to real-time 

data collection procedures, participant management and EEG methodologies provides a practical 

framework for interpreting findings from the literature. 

  



     
 

6 
 

3. MATERIALS AND METHODS  

3.1 Research design and literature databases 

A literature search was carried out in two academic databases PubMed and Scopus. 

The keywords included were (“infant*” OR “newborn*” OR “early life” OR “infancy”) AND 

(“phoneme*” OR "speech perception" OR "speech sound*" OR "phonetic discrimination" OR 

“language acquisition” OR “language”) AND (“EEG” OR “electroencephalography*” OR “critical 

period*” OR “CP”) AND (“ERP” OR "event-related potential*" OR "mismatch negativity" OR 

“MMN” OR “P600” OR “gamma oscillation*” OR “GABA” OR “parvalbumin”) AND ("brain 

development" OR "neurodevelopment" OR "cortical maturation" OR "auditory cortex" OR "neural 

plasticity" OR "sensory processing" OR "perceptual narrowing" OR “brain plasticity” OR 

“plasticity”).  

To ensure a relevant search, only peer-reviewed articles written in English published up to May 

2026 were considered. The reference list of the selected articles was checked by hand to find any 

additional study that might have been missed in the database search.  

3.3 Inclusion and exclusion criteria  

3.3.1 Inclusion criteria  

Studies were included in this review if they met the following criteria: the sample population 

consisted of infants aged between 0 and 23 months; the methodology involved 

electroencephalography (EEG) as a primary measure of neural activity; the research focus was on 

phoneme learning and/or speech perception; and the study reported original empirical findings. 

These criteria were selected to ensure that the review specifically captured early neural mechanisms 

underlying language acquisition measured through EEG. 

3.3.2 Exclusion criteria  

Studies were excluded if they met any of the following conditions: the sample consisted exclusively 

of older children or adult participants; studies involving animal models; the methodology relied 
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only on neuroimaging techniques other than EEG, such as functional magnetic resonance imaging 

(fMRI) or functional near-infrared spectroscopy (fNIRS); or the study did not address language-

related processes. These exclusions were applied to maintain methodological consistency and 

ensure relevance to early speech and phoneme processing in infancy. 

3.4 Literature screening process  

Following a screening based on titles and abstracts, including the removal of duplicates, a total of 

13 studies on infant phoneme learning were retained.  

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram 

displays the summary of the selection process (Figure 1).  

  



     
 

8 
 

Figure 1.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PRISMA flow diagram reasons for exclusion. Reason 1: reviews without original results. Reason 2: 

protocol. Reason 3: wrong intervention. Reason 4: Fragmentary documents or editorial. Reason 5: 

Methodological studies or studies on specific populations. Reason 6: Clinical specificity / low 

sample size.  
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4. RESULTS 

4.1 Ages/ periods 

The research documented in these sources covers the complete timeline of early human 

development, beginning with the prenatal and neonatal stages [7][8]. Investigations on preterm 

infants born between 28 and 32 weeks gestational age prove that the human brain is already capable 

of phonetic discrimination in the third trimester [8]. Scientists often compare moderate preterm 

infants to full-term babies once both groups reach their 40-week maturational age, to understand 

how early exposure to the outside world affects their development [9]. Babies born at term are 

tested within the first 1 to 5 days of life to establish a baseline for the brain's ability to discriminate 

vowels and speech sounds [10]. 

The most researched window is early infancy, specifically between 3 and 7 months, which is 

considered a vital period for the physical maturation of auditory pathways and the construction of 

phonemic maps [11][12]. Researchers are able to identify specific cortical markers by 6 months that 

reflect the brain's efficiency in processing rapid acoustic changes [13][14]. Moving into late 

infancy, from 9 to 22 months, the focus shifts toward "perceptual narrowing" that is a phase where 

the brain specializes in native language sounds and begins to process word meanings [15]. 

Longitudinal studies follow these trajectories through the first two years of life. They document 

how the brain's responses to sound evolve up to 24 months [7]. These early neural signatures, 

captured at birth [16] or during the first months of life, serve as predictors for a child’s vocabulary 

and language outcomes at 20 months of age [12] [13] [14]. 

4.2 Paradigm 

The primary experimental framework utilized in these studies is the passive auditory oddball 

paradigm, which allows for the observation of automatic cortical discrimination without requiring 

the active attention of the infant [17] [10] [8] [14]. Researchers often employ a multi-feature design 

to simultaneously test for various types of deviants, such as changes in pitch, duration, or vowel 

quality [9] [13] [16] [7]. To test some higher-order cognitive processing, some studies utilize the 

abstract MMN paradigm, which uses multiple tokens of a "standard" sound to induce a category 

[15]. The organization of the auditory network also involves specialized stimulus delivery, such as 

monaural and binaural stimulation, which is crucial for investigating inter-hemispheric transfer and 
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early lateralization patterns [11] [7]. Some protocols go beyond passive exposure by incorporating 

active auditory experience or interactive training tasks, being able to demonstrate how behavioural 

feedback and engagement can significantly shape early acoustic mapping [12] [18]. Finally, specific 

variations like the AAAX paradigm or habituation trains allow researchers to distinguish between 

the neural responses to stimulus repetition and the detection of novelty [8] [19]. 

4.3 Main findings  

The primary research findings in these thirteen sources demonstrate that early auditory development 

is characterized by a precise maturation of the brain's language network. The latency of the P2 or 

iP1 component serves as a vital functional marker for the structural myelination of white matter 

tracts [11] [7]. At birth the infant brain is already capable of automatic phonetic discrimination, 

even during sleep. This initial sensitivity is often shown in a positive-polarity Mismatch Response 

[10] [7]. As infants gain linguistic experience and undergo perceptual narrowing, this response 

typically transitions into a more specialized negative-polarity Mismatch Negativity [15] [7]. 

The neurobiological processing of sound is controlled by a cross-frequency hierarchy in which 

Theta oscillations coordinate the slow temporal envelopes of syllables and Gamma oscillations 

coordinate the rapid auditory processing of phonemic features [17] [18]. Active auditory 

engagement is very important during this window because it promotes the functional left-

hemisphere lateralization of these oscillatory networks [18] [12]. Some studies on preterm infants 

show that even if they may experience attenuated responses to vowel changes caused by early extra-

uterine exposure, their overall neural maturation follows the corrected age rather than chronological 

age [9] [7] [8]. 

These early neural signatures serve as biomarkers for future development. Infants at familial risk for 

dyslexia or language-learning impairments show atypical or absent discrimination responses and 

reduced left-lateralized activity from birth [16] [14]. In infants with Neurofibromatosis Type 1, 

early differences in habituation and change detection are significantly related to later Autism 

Spectrum Disorder traits [19]. Finally, advanced signal processing such as Independent Component 

Analysis, show that specific cortical markers at 6 months can accurately predict expressive 

vocabulary size and verbal IQ at 20 months and after [13] [12] [14]. 
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Comparative Summary of Auditory EEG/ERP Research in Infancy 

Study Age/ 

Period 

Paradigm Key ERP & 

Oscillatory Findings 

Main Conclusions 

Adibpour (2020) 1–6 months Monaural/binaural 

syllables 

P2 (iP1) latency 

decreased with age; 

contralateral responses 

were faster. 

Functional ERP 

maturation (latency) is 

tied to structural white 

matter myelination. 

François (2021) Term age 

(40 weeks 

GA) 

Multi-feature MMN Attenuated Mismatch 

Response (MMR) to 

vowel changes in 

preterm infants. 

Early extra-uterine 

exposure primarily 

impacts steady-state 

vowel processing. 

Benasich (2014) 4–7 months Tone pairs (Active 

vs. Passive) 

Active experience 

(AEx) produced faster 

P2 and N2 peaks and 

more complex 

morphology. 

Active engagement 

significantly optimizes 

acoustic mapping 

compared to passive 

exposure. 

Begum-Ali 

(2021) 

5–10 

months 

Vowel trains 

(Habituation) 

NF1 group showed 

atypical auditory 

habituation and slower 

change detection. 

Early atypical neural 

responses to sounds in 

NF1 relate to later 

Autism Spectrum 

Disorder traits. 

Piazza (2016) 6 months Multi-feature MMN 

(ICA) 

N2 latency and P3 

amplitude in the mid-

cingulate predicted 

vocabulary at 20 

months. 

Source-resolved ERPs 

are more robust 

biomarkers for 

language than scalp 

data. 

Pelc (2025) Term to 24 

months 

Syllable oddball 

[da]/[ba] 

iP1 latency decreased 

with age; iN1 emerged 

at 6 months and 

focalized in the 

temporal lobe. 

Maturation follows 

corrected age rather 

than chronological age. 
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Cheour (1995) 1–5 days Vowel oddball (/y/ 

vs. /i/) 

MMN-like negativity at 

200–250 ms for deviant 

vowels during sleep. 

Newborns possess 

innate automatic speech 

discrimination 

capabilities. 

Musacchia 

(2017) 

4–7 months Tone pairs (AEx vs. 

NC) 

AEx infants showed 

robust Theta in RAC 

and Gamma in LAC. 

Active auditory 

experience promotes 

mature asymmetric 

lateralization of 

sampling hierarchies. 

Gilley (2017) 3–5 months Sleep contrasts 

(MMRTF) 

Cascade: Gamma onset 

→ Beta/Theta coupling 

→ second Theta 

modulation. 

Auditory discrimination 

is encoded by an 

oscillatory hierarchy 

reflecting "surprise". 

Thiede (2019) 0–9 days Pseudoword oddball 

/tata/ 

Dyslexia-risk group 

lacked early negative 

MMRs (250–350 ms) 

found in controls. 

Familial dyslexia risk is 

associated with atypical 

neural speech 

discrimination at birth. 

Liu (2023) 5–12 

months 

Abstract MMN 

(Native vs. Non-

native) 

Transition from 

immature MMR to 

automated MMN only 

for native sounds at 11–

12 months. 

Perceptual narrowing 

reflects the automation 

of natively tuned 

perception. 

Mahmoudzadeh 

(2017) 

28–32 

weeks GA 

(Preterm) 

Syllables/Voice 

(AAAX) 

4 distinct peaks (84–

576 ms). Phonetic 

discrimination present 

by 30w GA. 

A functional 

architecture for speech 

processing exists 10 

weeks before term 

birth. 

Cantiani (2019) 6 months Double oddball 

(Freq/Dur) 

FH+ infants showed 

reduced early left 

gamma power and 

right-lateralized 

patterns. 

Reduced left gamma 

power is an early 

biomarker for language-

learning impairment 

(LLI). 
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5. DISCUSSION 

5.1 Neurobiological mechanisms  

The biological maturation of the infant auditory system is fundamentally supported by the 

progressive myelination of white matter fibers, which leads to a decrease in transverse diffusivity as 

infants age [11] [7]. This structural refinement accelerates neural conduction speeds, as a 

developmental decrease in the latency of the P2 (or iP1) component, which work as a functional 

index of this myelination [7] [11]. Simultaneously the cortical grey matter undergoes a period of 

change characterized by synaptogenesis-pruning cycles, that is the expansion of dendritic 

arborization and increased intracellular organelle density [11] [7]. It has been demonstrated by 

research on very early preterm neonates that a functional architecture for phonetic discrimination is 

already present in the perisylvian region by the 30th week of gestation. This happen because the 

thalamic afferents begin to invade the cortical plate [8]. This biological system is organized into 

asymmetric sampling streams where gamma oscillations, primarily in the left auditory cortex, 

apport rapid phonemic analysis. Theta oscillations instead are  dominant in the right hemisphere and 

are synchronize to the slower temporal envelopes of syllables [18] [14]. By the second year these 

pathways focalize into a left-dominant auditory dorsal stream and an auditory mirror neuron system 

involving the posterior parietal and prefrontal cortices. This system is able to integrate sound 

perception with motor planning and social imitation [7]. These neurobiological mechanisms support 

a predictive coding framework, where the brain memorize to automatically detect deviations [17] 

[9] [8]. 

5.2 Disadvantages and limitations of existing EEG/ERP research  

Existing EEG and ERP research in infancy faces several significant methodological challenges that 

complicate how we interpret the developing brain's auditory processing. The limited spatial 

resolution of scalp EEG is a primary limitation of this technique. Signals from multiple cortical 

areas sum together due to volume conduction, making it difficult to pinpoint specific generators of 

activity [13] [18]. This issue is evident when we are trying to distinguish between direct ipsilateral 

responses and those transferred through the corpus callosum, as the signals often merge on the scalp 

[11]. Researchers use source localization to try to overcome this problem, but these models are 

often built on general infant templates rather than subject-specific MRIs, which can lead to errors in 

locating neural sources [13] [7]. Estimates of skull conductivity and the presence of uncalcified 
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fontanelles in young infants are major sources of noise that are difficult to account for precisely [13] 

[8]. 

Working with such young populations can also introduce constraints, such as small sample sizes 

and high attrition rates in longitudinal studies, that can limit the statistical power and 

generalizability of the findings [11] [12] [7]. There is also an ongoing debate regarding the state of 

the infant during testing: while recording during sleep helps minimize movement artifacts, it may 

also decrease the sensitivity of response components like the Mismatch Negativity compared to the 

awake state [10] [17]. Another concern is using highly controlled synthetic stimuli for acoustic 

precision instead of natural speech stimuli for ecological validity, since natural speech is harder to 

standardize but more representative of real-world language exposure [9]. Finally, the timing of 

outcome measures remains a concern, since assessing language skills at 14 or 20 months might be 

too early to capture a child's developmental trajectory or accurate neonatal neural markers [19] [14]. 

5.3 Direction/expectations for upcoming research 

Future research in this field should involve the replication of existing findings in larger and more 

diverse infant populations. This ensures that results can be generalized across broader communities 

[11] [12] [7]. Another priority is the implementation of longitudinal study designs that follow 

children through their first years, which will allow scientists to confirm if early neural responses 

truly predict later language success [9] [19] [18] [16] [14]. Future studies will likely adopt more 

sensitive neuroimaging technologies, such as Magnetoencephalography (MEG) and use subject-

specific anatomical MRIs for more precise source localization [11] [18] [16]. The development of 

clinically useful biomarkers could identify infants at risk for dyslexia, autism or ADHD at birth, for 

earlier and more effective intervention strategies [12] [19] [7] [17] [16] [14]. Researchers are also 

looking to investigate the impact of active auditory training and speech therapy directly on infant 

brain plasticity to see how well these interventions can optimize auditory development [12] [7]. 

Future work will likely incorporate multimodal approaches, such as co-registering EEG with fMRI, 

and use a wider range of naturalistic speech stimuli to better capture the complexity of auditory 

processing in real world environments [19] [7]. There is a clear call to test predictive coding models 

more rigorously to determine the role of different cortical layers in these early automatic 

discrimination computations [8]. 
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6. CONCLUSION  

In conclusion, the collective evidence from these sources shows that the infant brain is a highly 

sophisticated system for language acquisition that start to function before term birth. The human 

species is able to do phonetic discrimination by the 30th week of gestation, that is long before 

environmental exposure to speech can occur. This early sensitivity is initially promoted by an 

automatic positive-polarity Mismatch Response (MMR), even when babies are sleeping. 

The biological engine driving this development is the synchronous maturation of brain structure and 

function. The progressive myelination of white matter pathways facilitates faster neural conduction, 

which is reflected in the steady decrease of the P2 (or iP1) component. This supports a dual 

processing stream: gamma oscillations in the left auditory cortex specialize in rapid phonemic 

changes, while instead theta oscillations in the right hemisphere synchronize to the slower temporal 

envelopes of speech. 

These sources demonstrate that this biological blueprint is not fixed but is highly plastic and can be 

shaped by experience. Is important to say that even if the brain has an innate capacity for sound 

detection, active auditory engagement and attention are the necessary for establishing a mature and 

left-lateralized oscillatory hierarchy. This experience leads to the transition from a broad phonetic 

sensitivity to a specialized and native-language attunement, also known as perceptual narrowing. 

Here the immature positive MMR gradually gives is replaced by a faster and automated negative-

polarity Mismatch Negativity (MMN). 

Finally, the research establishes that these early neurobiological are powerful biomarkers for future 

neurodevelopmental outcomes. Atypical patterns in early speech discrimination, reduced left-

hemisphere gamma power or altered auditory habituation are detectable at birth or in early infancy. 

They can serve as predictors for dyslexia, language-learning impairments and autism spectrum traits 

years later. These conclusions advocate for a transition toward using these early neural markers as 

objective tools for early clinical screening, enabling interventions during the most plastic windows 

of human brain development. 
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