CADERNOS
de_LINGUISTICA

N2

cadernos.abralin.org

3

OPEN ACCESS

The whole content of Cadernos de
Linguistica is distributed under Creative
Commons Licence CC - BY 4.0.

EDITORS
- Lilian Hibner (PUCRS)

REVIEWERS

- Rosangela Gabriel (UNISC)

- Andressa Toni (UNICAMP)

- Amanda Post da Silveira (UFJ)

Received: 02/02/2026
Accepted: 07/09/2026
Published: 09/21/2026

HOW TO CITE

RAMACCIOTTI, M. C. C. (2026). Recent
Advances in Neurobiological Domains:
Statistical Learning and Predictive
Processing for Language. Cadernos de
Linguistica,v.7,n.9, e979.

CHECK FOR
UPDATES

LITERATURE REVIEW

RECENT ADVANCES IN

NEUROBIOLOGICAL DOMAINS:
STATISTICAL LEARNING AND
PREDICTIVE PROCESSING

FOR LANGUAGE

Mirela Cunha Cardoso RAMACCIOTTI @ DA
Department of Experimental Psychology - University of Sdo Paulo (USP)
S&o Paulo, SP, Brasil

ABSTRACT

Research in language neurobiology in early childhood is key to understanding
mature language networks. Thanks to recent non-invasive neuroimaging
techniques, such as functional near-infrared spectroscopy (fNIRS), we have an
upgraded knowledge about the developing brain that allows for the identification
of early markers of language outcomes. This narrative review aims to look at
different domains to unveil experiments and techniques that pave the way for
predictive processing in language development. In the domain of statistical
learning, we need to specify patterns of change that allow for the ability to
extract environmental regularities in early development, while being aware that
the long-term storage of statistical learning in children remains poorly
understood. In relation to contextual variables, there is recent research that
bears insights into how the predictability of caregiver behavior scaffolds the
neurodevelopment of specific learning processes. Moreover, regarding
maturational and developmental constraints, we explore recent findings that
expose dissent as to whether children and adults have similar linguistic statistical
learning abilities. Henceforth, domains, variables, and constraints are crucial to
integrate research with foundational aspects of how segregation tends to
develop into integration in high cognitive domains, like memory and language. Of
note, the neurodevelopment of core learning, like linguistic abilities, relies on
infants’ experiences during key developmental windows. This validates deeper

exploration of neurobiological processes that undergird development. In the
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end, we hope to enable a more thorough appraisal of recent advances on how

statistical learning and prediction frameworks influence language outcomes.

KEYWORDS
Statistical Learning; Predictive Processing; Neurodevelopment; Maturation;

Linguistic Abilities.

RESUMO

Pesquisas em neurobiologia da linguagem na primeira infancia sdo fundamentais
para entender redes linguisticas maduras. Gragcas a técnicas recentes de
neuroimagem ndo invasiva, como espectroscopia funcional no infravermelho
proximo (fNIRS), temos um conhecimento aprimorado sobre o cérebro em
desenvolvimento que permite identificar marcadores precoces de resultados
linguisticos. Esta revisdo narrativa visa analisar diferentes dominios para revelar
experimentos e técnicas que abrem caminho para o processamento preditivo no
desenvolvimento da linguagem. No dominio da aprendizagem estatistica,
precisamos especificar padrdes de mudanga que permitam extrair regularidades
do ambiente no desenvolvimento inicial, cientes de que o armazenamento de
longo prazo da aprendizagem estatistica nas criangas ainda é pouco
compreendido. Em relagdo as varidveis contextuais, hd pesquisas recentes que
trazem insights sobre como a previsibilidade do comportamento do cuidador
estrutura o neurodesenvolvimento de processos especificos de aprendizagem.
E sobre restricdes de ordem maturacional e de desenvolvimento, exploramos
descobertas recentes que expde dulvidas, como sobre criangas e adultos
possuirem habilidades estatisticas linguisticas semelhantes. Portanto, dominios,
varidveis e restricbes sdo cruciais para integrar a pesquisa com aspectos
fundamentais de como a segregacdo tende a se desenvolver para integragdo em
dominios cognitivos complexos, como memodria e linguagem. Importante
ressaltar que o neurodesenvolvimento da aprendizagem, assim como das
habilidades linguisticas, continua dependente das experiéncias iniciais durante
janelas de desenvolvimento cruciais. Isso valida uma exploracdo mais profunda
dos processos neurobiolégicos que sustentam o desenvolvimento. No final,
esperamos oferecer uma avaliagdo mais detalhada dos avangos recentes sobre
como os conceitos de aprendizagem estatistica e processamento preditivo

influenciam os resultados linguisticos.

PALAVRAS-CHAVE
Aprendizagem Estatistica; Processamento Preditivo; Neurodesenvolvimento;

Maturacdo; Habilidades Linguisticas.
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INTRODUCTION

There is no doubt today that understanding language neurobiology in early childhood is key to how
mature language networks operate. Language is a domain of abstract cognitive function (Loo;
Pavlick; Feiman, 2026). As such, it engenders neural substrates and mechanisms that lie at the basis
of how we think and interact. Thus, it becomes crucial for human development (Scheinost et al.,
2022). For example, sound waves are the input that set patterns for speech production - a necessary
staple for interaction. Henceforth, neurobiological precursors that detect and segregate speech
streams - already present at birth (Kujala et al., 2023) and that can be turned into speech production
via implicit statistical learning (Wang; Lu; Wu, 2025) - need to be better understood. Those who cater
for how language acquisition operates in early years, like caregivers and teachers, should target such
information to avoid obstacles to interaction that may emerge across development (Ramacciotti;
Bailer; Noro, 2023).

Thanks to recent non-invasive neuroimaging techniques, such as functional near-infrared
spectroscopy (fNIRS), we have an upgraded knowledge about the developing brain that allows for
the identification of early markers of language outcomes (Gervain, 2018; Olson et al., 2025).
Importantly, techniques that are user-friendly to children in specific allow for understanding the
development of language - a unique human ability - before behavior develops, as comprehension is
better understood before production emerges (Olson et al., 2025). While techniques like EEG are
precious for time-locked analysis of acoustic and language real-time processing; wearable, non-
intrusive devices like fNIRS allow for special precision in analyzing how specific abilities unfold in the
brain (Ramacciotti et al., 2024). For example, left-dominance in hemispheric engagement for right-
handed individuals in language has received much attention. In using fNIRS with 12 full-term
newborns, Pefia et al. (2003) tested whether there was hemispheric superiority at birth by exposing
participants to normal and backward speech or silence while employing fNIRS to gauge brain
activation. Results demonstrate that, right after birth, there is sensitivity to linguistic input. Further,
it specifically engages the left hemisphere.

Neuroimaging techniques are potent in specifying neuromarkers to evaluate typical and atypical
brain development. Indeed, a groundbreaking study (Scheinost et al., 2022) used fMRI in a resting
state. They performed an analysis of functional connectivity between Broca’'s and Wernicke's areas
- primers of the language network - interhemispherically. Their participants ranged from 30 weeks
of gestation through 30 months old. They found fast-developing, strong interhemispheric functional
connectivity from the third trimester of gestation through the first postnatal month, while
intrahemispheric connectivity remained weak until 30 months of age. Promising research may come
from studies that use hyperscanning, that is, when two different techniques, like fNIRS and EEG, are
used together. This review aims at bringing selected examples of studies that employ these

techniques, singly or jointly, to shed light on mechanisms for language acquisition.
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On par with the importance of language and recent findings of neurobiological substrates, this
narrative review analyses different domains, like statistical learning (Aslin, 2017) and concepts, like
prediction (Bubic; von Cramon; Schubotz, 2010), to unveil experiments and findings that have
charted predictive processing in language development. Being sensitive to statistical properties of
the input guides learning not only in language but across other domains, like perception and emotion
(Hackel et al., 2016). Therefore, to move forward, we need to perform and acknowledge cutting-
edge research. Specifically, in the domain of statistical learning, we need to further specify patterns
of change that allow for the ability to extract environmental regularities in early development while
aware that the long-term storage of statistical learning in children remains poorly understood.
Indeed, although some have found evidence that learning linguistic stimuli did not change across
ages (Raviv; Arnon, 2018), much theoretical work has advanced the notion of a linguistic statistical
learning advantage in the early years (Moreau et al., 2022). The basis for such idea rests on “linguistic
entrenchment”, i.e., implicit learning of a novel artificial language would suffer from an adult’s
knowledge of their native language. Henceforth, children, still experimenting with their native
language, would be more nimble to contrasts and faster at adaptations required for new
representations. If that were the case, then statistical learning in language would differ from other
domains (Moreau et al., 2022).

Context shapes development. For language, input drives forward predictive processing
necessary for learning. However, across development, brain processing is driven by specialization
rather than generalization. In relation to contextual variables, there is recent research (Forest et al.,
2025; Nguyen; Zimmer; Hoehl, 2023) that bears insights into how predictability of caregiver behavior
scaffolds the neurodevelopment of specific learning processes. Importantly, as predictability
influences statistical learning, would changes in modality, like those between auditory and
vocalizations, affect this influence? And regarding maturational constraints, would we observe
differences between children and adults regarding linguistic statistical learning abilities?

Overall, these are some questions that illustrate how domains (explored in Section 1), concepts
(explored in Section 2), variables (explored in Section 3), and constraints (explored in Section 4), are
crucial to integrate research with foundational aspects of how segregation tends to develop into
integration in high cognitive domains, like memory and language. Of note, the neurodevelopment of
core learning, like linguistic abilities, remains dependent on infants’ experiences during key
developmental windows. This validates a deeper exploration of neurobiological processes that
undergird development, such as the processes that we have selected for this review. In the end, we
hope to enable a more thorough appraisal of recent advances that further how statistical learning and
prediction frameworks influence language outcomes from a neurobiologically informed perspective.

To facilitate readability, this article is organized into four sections, followed by a Conclusions
section. In section 1, assumptions about the domain of statistical learning are presented. The human

brain is set for pattern recognition and extracts regularities from the environment still in utero, a
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phenomenon that is particularly evident during the process of language acquisition. In section 2, the
concept of prediction guides the review of studies investigating top-down strategies in linguistic
processing. Section 3 addresses the contextual variables in early language development showing
how the predictability of caregiver behavior structures the neurodevelopment of specific learning
processes. Section 4 analyzes maturational and developmental constraints and explores the
hypothesis of children and adults having different statistical linguistic skills. Throughout this review,
studies referred have been selected to showcase the different methodological approaches in the
investigation of the neurobiology of language in early childhood, including recent non-invasive

neuroimaging techniques, such as fNIRS, and EEG.

1. STATISTICAL LEARNING DOMAIN

Statistical learning is regarded as a cognitive, domain-general mechanism that enables individuals to
extract patterns, of a visual or auditory nature, present in the environment (Aslin; Newport, 2012; F16
et al, 2025; Wang; Lu; Wu, 2025). Nevertheless, it has only very recently been evidenced as a
mechanism (Fl6 et al., 2025) despite the idea being not new to the area of neuroscience nor to
language development (Saffran, 2009; Saffran et al., 1999; more in Box 1).

Empirical evidence that implicit statistical learning subserves language acquisition across life
came from Conway et al. (2010). Based on simple recurrent network theories, they hypothesized that
implicit learning abilities encode the word order regularities of language and can be used to improve
speech perception. To test their hypothesis, they devised experiments that reexamined and
extended assumptions at each step. Thus, they performed three experiments: one to test whether
implicit learning is associated with long-term knowledge of word predictability in sentences; another
to test whether implicit learning is directly associated with knowledge of word order predictability;
and a third to confirm the association between implicit learning and knowledge of word predictability.
Overall, they showed that sensitivity to sequential structure is significantly correlated with the ability
to use knowledge of word predictability. That correlation underlies speech perception even when
listening conditions are not ideal. The study, performed with young adults, underscores individual
variability on acquiring long-term knowledge of word predictability with an impact on speech
perception. Of note, the study solidified the knowledge that implicit learning is very specific
regarding language processing, i.e., we learn statistically to acquire knowledge about the
predictability of items in a sequence. More recent research (Schneider et al., 2024), also with an
adult population, pinpointed the neural correlates of speech regularities in linguistic statistical
learning in the left posterior temporal gyrus. Such examples illustrate that the mechanism of

statistical learning subserves language processing across ages.
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Box 1: Stochastic Processes and Language

It has not been too long since the field of language acquisition lay the grounds for an understanding of language as a set of
complex and variable patterns that relate in a statistical (or distributional) way (Miller; Selfridge, 1950). Central to this idea -
presently moving forward by LLMs which work in tandem with models that implement Bayesian probabilistic language of
thought (Loo; Pavlick; Feinman, 2026) - were the experiments performed by Markov (1971, originally developed in 1907) which
subserved the groundbreaking works of Shannon (1948). Alexander A. Markov analyzed the distribution of vowels and
consonants in Alexander Pushkin's Eugene Onegin. In his work, he treated letters as abstract categories thus removing their
semantic content. Shannon (1948) used a Markov chain - which is a probabilistic process where the state change relies only
on the current state - to propose a statistical model of the sequences of letters in a text. In other words, the process models
a number of distinct states and the probabilities that a system would transition from one state to another. To that end, he
used a Markov model, which is a mathematical structure, to simulate the statistical structure of a piece of text. What the
Markov model provides is a way to predict each letter of the alphabet with an assigned probability (for a practical example,
see Sedgewick; Wayne, 2004). Thus, Markov and Shannon turned overt a process that was, until then, covert.

Saffran (2009) prefers to refer to statistical learning as a model-system that lays two
fundamental claims: (i) there are relevant environmental structures that can be detected statistically
or in patterns, and (ii) there are organisms that can extract such patterns. Of note, Saffran (2009)
underscores that the matching of a pattern that is informative with an individual’'s mechanism that
recognizes and capitalizes on it is not accidental.

In truth, the infant brain at birth is ready to perform statistical learning that includes (i) detecting
and learning patterns from the input, and (ii) generalizing such patterns and applying them to new
instances (Aslin; Newport, 2012; Kujala et al., 2023). These are the abilities that enable infants to
learn when instruction is not present. Statistical learning is an implicit mechanism (Conway, 2020).
Thus, infants learn to categorize sounds and detect word boundaries, recognize words, and separate
speech streams without the need for instruction (Kujala et al., 2023). By detecting and applying
patterns to the novel linguistic input they receive, infants move fast in their language acquisition
process within their first year of life.

Infants learn what is predictable or regular in their surroundings. Although the learning is implicit,
the aimis clear: to predict changes (Wang; Lu; Wu, 2025). And this is relevant because, by doing so,
infants can rely on patterns and direct precious cognitive resources to what surprises them. Notably,
throughout life, individuals achieve that by unconsciously processing sensorial information. The
noticeable feature in this sort of processing is that it enables us to distinguish between probabilities
and regularities. For example, Saffran, Aslin and Newport (1996) evidenced that infants at 8 months
of age learned to extract words from a monotone speech stream, i.e., without acoustic boundaries,
after a 2-minute-long exposure. Results evidenced statistical learning in using the transition
probabilities between syllables. This study was followed by another one, performed by the same
group of researchers (Aslin; Saffran; Newport, 1998), that went further in documenting conditional
probability in word segmentation. This time round, infants were exposed to trisyllabic nonsense
words for 3 minutes to test if they could discriminate between words and part-words. Results
indicate that, at 8 months of age, babies rely on transitional probabilities of syllable pairs to segment

continuous speech.
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Perhaps it did not come as a surprise when studies evidenced statistical learning present in
language acquisition before birth (Kujala et al., 2023; Wang; Lu; Wu, 2025). Babies in utero are able
to detect the melodic cadence of their mothers’ language, denoting a ‘prenatal prosodic
bootstrapping’ that subserves acquisition (Gervain, 2018). Before birth, sensitivity to mother’s voice
and speech undergo neural encoding (Kisilevsky et al., 2009). The auditory apparatus that subserves
this sensitivity needs reckoning.

Webb et al. (2015) performed a study that showed experience-dependent plasticity in the
auditory cortex. They did that by examining 40 infants born prematurely (between weeks 25 and 32
in utero) during their first month of life. Their experiment consisted of exposing the infants to audio
recordings of maternal sounds (voice and heartbeat) versus exposure to routine hospital
environmental noise (control condition). Cranial Ultrasound measures were used. Their results
showed that infants exposed to maternal sounds had a larger auditory cortex bilaterally compared
with controls. Further, they found that bilateral auditory cortex thickness correlated with gestational
age. Their study evidenced infants’ brain experience-dependent plasticity in the womb.

Notably, precursors to infants’ abilities to detect phonemes, words and phrases, and segregate
speech streams (from other sounds) underlie their evolving abilities to parse speech units and
construct speech hierarchy, all the while dealing with the variability present in natural speech (Kujala
et al., 2023; Ramacciotti; Bailer; Noro, 2023). For example, sensitivity to rhythm is a precursor to

speech segmentation and morphosyntactic acquisition (Gasparini et al., 2021; Goswami, 2022).

2. THE CONCEPT OF PREDICTION

Regarding language processing, incoming sounds are the input that drives forward predictive
processing (see Box 2) in the infant brain. When infants detect sound regularities, they encode such
patterns in internal models that assign probabilities to stimuli they may encounter. That is how they
generate models based on reqularities and are able to make inferences about what constitutes
speech. For example, a study with newborns (Haden et al., 2015) aimed to investigate predictive
processing in their auditory cortex. Based on the premises of predictive coding (see Box 2),
researchers used EEG to record neural responses to pitch tones. Their assumption was that if trains
of tones were processed in a predictive manner, deviant pitch would generate a mismatch response,
that is, a prediction error (see Box 2). More specifically, they tested whether newborns’ brains were
sensitive to the probability of ascending vs. descending pitch. Their results suggest that, at birth,
infants already encode pitch trends within sound sequences predictively. Importantly, their study
evidenced that infants display adult-like capabilities when processing non-repetitive sound patterns.

The question of predictive coding supporting language acquisition was tackled in a

groundbreaking fNIRS study (Emberson; Richards; Aslin, 2015). They asked whether expectation-
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based feedback is already present in the sensory cortex of the infant brain. They discovered that the
basic neural architecture for sensory feedback is already in place in infancy. Specifically, they
evidenced that the infant occipital cortex responds to a prediction error between visual expectation
and current sensory input.

Another study that aimed at the role of experience in predictive processing regarding acoustic
representations also used fNIRS (Emberson et al., 2019). Their aim was two-fold: (i) to gauge the
infant brain’s sensitivity to statistical learning, and (ii) to check if the neural responses to repetition
and variability vary as a function of their probabilistic nature. Their study used auditory repetition
suppression to probe whether the infant brain would be sensitive to top-down mechanisms. They
employed two experimental conditions conditioned on variability (variable and uniform blocks) with
6-month-old infants. Results showed that when sensory input matches expectations, the infant brain
exhibits an attenuated response. To sum, they evidenced that prediction can modulate responses to

sensory input at 6 months of age.

Box 2: Predictive Processing

Our brains are attuned to our survival. To that end, they use up energy to guarantee our adaptation. Thus, being able to
predict future scenarios becomes a necessity. Predictive Processing is a pervasive designation of a probabilistic processing
performed by the brain. In this framework, neural networks carry out an inferencing process based on a distribution of
probabilities. Resting on a Bayesian approach, the brain weighs probabilities to make inferences about the causes of certain
phenomena. Predictions are probabilities generated a posteriori to infer the possible causes of new input or information. The
process accounts for the constant updating of one’s internal model of their environment (generative model). Neural
responses encode what is predictable and what is not. This mismatch accounts for prediction errors that update the internal
model. By making top-down predictions and using bottom-up prediction errors, the overall aim of predictive processing is to
make sensory data less surprising, thus minimizing the amount of energy spent, i.e., of free energy. Surprise accounts for the
degree of improbability of an input. Entropy is the average of surprise overtime denoting how much energy is dispersed
(Friston; Kiebel, 2009; Ramacciotti, 2026).

Brains resort to specialization to perform actions and better support adaptive behaviors (see
Box 2). This is not different in language processing. Predictive processing as a principled framework
that enables perception and cognition makes viable and actionable findings that open up our
understanding of specific language processing. Case in point, the more extensive a child’s repertoire,
the better they get at learning. Once studies on predictive processing show how word recognition
and acquisition get faster with prediction, the more options the environment may offer to boost
children’s inferencing process. For example, Ylinen et al. (2017) examined EEG responses to
syllables from infants at 12 and 24 months of age. Their goal was to test prediction of word-
expectancy. They hypothesized that familiarity with a preceding word context would generate more
efficiency in predicting the word ending. They found evidence for predictive processing at both ages
and of prediction errors for unfamiliar words that correlated with younger infants’ vocabulary scores.

In sum, predictive coding seems to work as an accelerator of word learning.
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3. CONTEXTUAL VARIABLES: CAREGIVER BEHAVIOR

Development is not linear nor equally achieved. This means that there are contextual influences that
may upend universal communication structures, like turn-taking, happening very early on between
caregiver and infant. In this section, we review two relevant studies that delved into such structures
to reveal intriguing findings.

Nguyen, Zimmer and Hoehl (2023) investigated turn-taking in dyads of caregivers and infants
at 4-6 months old with a neuroimaging hyperscanning design. They wanted to understand the
mechanism of early turn-taking and evaluate possible links between that structure and
developmental outcomes. Specifically to the objectives of the present review, they brought findings
on interhemispheric connectivity and vocabulary size. As predicted, their results showed that,
especially early on in the interaction, more turn-taking yielded more neural synchrony - a neural
signature for social cognition. Interestingly, the higher the number of infants’ turns, the higher the
interhemispheric connectivity in medial prefrontal regions. This means that more frequent
interactions between mother and baby matter for brain maturation. In relation to vocabulary size, the
total number of turns between mother and baby when they were 4 to 6 months old, especially infants’
turns, predicted a larger vocabulary size at 2 years of age.

Resting on the premise of greater brain malleability during infancy, Forest et al. (2025) proposed
alongitudinal experimental study with infants to test the hypotheses that early linguistic experiences
with primary caregivers shape the operation of core learning processes. They investigated whether
a more predictable early environmental input develops infants’ learning predictability. Their means
to investigate this idea was to record interactions between primary caregivers and their infants. The
study was carried out with a South African population of babies between 2 and 6 months of age and
their caregivers. To test, they recorded dyadic interactions between primary caregivers and infants
(n=103, 46 females, 57 males) in a first visit. Their metrics followed caregiver vocalizations while
their measure of unpredictability was caregiver entropic behavior. Entropy (see Box 2) was measured
via annotated caregiver behavior in recordings of naturalistic interactions between caregiver and
infant. The hand-made annotations, carried out separately, were based on a protocol (Davis et al.,
2017) that captured sensory-based behaviors (vocalizing as a measure of auditory signal, holding
and touching the baby for tactile signals, holding and pointing to an object in the room as visual
signals). Additionally, they annotated attentional behavior via eye-gazing, included as a covariate.
Their Cohen'’s Kappa of 0.75 was extracted to demonstrate high inter-rater reliability.

To model the entropy of caregiver behavior, Forest et al. (2025) used Markov models (see Box
1) that accounted for transitions between different behavioral states and enabled quantifications of
consistency (or predictability) of transitions. After applying a formula (Shannon Conditional
Entropy) that models uncertainty based on overall frequency and in-between transitions (a Bayesian

approach), researchers were able to obtain the “conditional entropy”. This denotes the
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unpredictability of a caregiver’s future behavior based on their current state, i.e., the higher the
result, the lower the predictability of that behavior. Researchers included two entropy measures: for
the overall entropy of caregiver behavior and conditioned on caregiver vocalizing. Their aim was to
capture transitions between behavioral states.

After five months, during a second visit, Forest et al. (2025) tested the same participants with
an auditory statistical learning task and took EEG measures. EEG recordings were specifically used
to detect differences in predictability regarding tones via their neural responses. In the described
study, EEG data represented infants’ measure of learning of a tone stream structure. Their results
were based on a comparison of neural responses obtained from auditory information presented
during the task with predictable and unpredictable items.

EEG responses are registered in event-related potentials (ERP), a technique that allows the
detection of electrical brain responses time-locked to events of a sensory, cognitive, or motor
nature. Such potentials, depicted as waveforms, are registered in peaks and troughs as negative (N)
or positive (P) respectively. Their voltage is plotted in reverse, that is, with negative waves going up
(Woodman, 2010). In Forest et al.'s study, a difference in latency of N1 and amplitude of P2 brain
oscillations was analyzed following previous results that detected a difference denoting
predictability (Pierce; Tague; Nelson Ill, 2021). N1 was targeted because it translated the detection
and discrimination of auditory stimuli while P2 registered learning (Forest et al., 2025). By targeting
both responses, the study afforded a verifiable way to test predictability of early linguistic input
based on statistical learning.

Overall, Forest et al.'s study could answer their hypotheses, of early linguistic experience with
high predictable input shaping future learning, by targeting a central relationship; that between
entropy (from visit one) and predictability (from visit two). To that end, they secured that enough
variability (for entropy) and sensitivity to statistical structure (for predictability) were present.
Interestingly, they were also able to (i) detect whether attention, via eye gazing, would influence the
targeted relationship and (ii) discriminate between amount of exposure versus structural
predictability as an influence on statistical learning by rating frequency of caregiver vocalizations.

Forest et al. (2025) found that entropy among caregivers varies greatly and provided evidence
of a change in learning. Of note, they found that babies’ statistical learning is related to caregiver
entropy. Caregivers who were highly predictable (displayed low entropy) in their vocalizations during
the naturalistic interactions with their infants accounted for greater, positive learning changes. Also,
the more the infant gazed at their caregiver, the better the learning, with a detected effect of
caregiver vocalizations on auditory learning. In sum, sensory modality is relevant to how predictability

influences statistical learning.
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4. MATURATIONAL AND DEVELOPMENTAL CONSTRAINTS

It has been acknowledged, for quite some time, that every language has phonotactic constraints.
This means that there are particular restrictions on which sequences of sounds are permissible and
which are not in the words of a certain language. To illustrate, three studies developed in the early
90s are described, followed by more recent findings.

Kuhl et al. (1992) tested a group of American and Swedish infants. They were exposed to two
sets of vowel stimuli that contained the American English /i/ and Swedish /y/. To make their case
clear, researchers included an ideal instance of the vowel - termed the prototype meant to serve as
a perceptual magnet - and added 32 variants separated so as to form four rings of eight stimuli each
around the prototype. They found that 6-month-olds showed an altered phonetic perception. The
reason pointed to exposure to the regularities of their specific language. Jusczyk et al. (1993)
illustrated how English differs from Dutch in not allowing words to begin with consonant sequences
such as /zw/ or /vl/. What those researchers underscored then was that at 9 months, babies would
favor only words that began with permissible sound sequences. Jusczyk and Aslin (1995)
demonstrated that at 7.5 months of age, infants did listen longer to familiarized word targets as
opposed to unfamiliarized ones. In tandem, these early findings, among others, paved the field's
perception of temporal constraints on infants’ sensibility. Also, they highlighted a maturational
constraint; age matters to how statistical learning evolves over time and allows infants to detect
distributional regularities within sequential streams, as attested by Wang, Lu, and Wu (2025). More
recent research places phonotactic learning at around 5 months of age (Sundara; Breiss, 2020),
while at 9 months, infants already access low-frequency phonotactic combinations (Archer;
Czarnecki; Curtin, 2021).

Prior research established that expectations about input modulate statistical learning for adults
(Dal Ben; Souza; Hay, 2021). However, there remained in the field questions about whether children
processed new input -statistically pre-defined - using their knowledge about the probability of
syllable transitions, much like their older counterparts do. Stark, Kidd and Frost (2022) asked that
question in a study with a sample of German children (aged between 7 and 9 years). Their findings
confirmed their hypothesis that children who had acquired the patterns in their natural language used
them to process new linguistic input, much like adults do. Additionally, they confirmed prior research
showing that children are fast at acquiring new words when exposed to input regularities. Interestingly,
upon observing that children’s recall across tasks remained stable, they concluded that, in relation to
repetitive learning tasks, their results vouched for adoption of the notion of a critical period for
language learning, when children learn faster and better in comparison to adults (Newport, 1990).

Additionally, in relation to age, there is a constraint regarding rhythm. From birth, it has been
long acknowledged that infants can discriminate between languages by time-locked classes, i.e.,

they differentiate stress from syllable and mora rhythms (Mehler et al., 1988). A meta-analysis
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carried out to quantify language discrimination skill changes over the first year of life found that age
is crucial for preference of non-native languages similar in rhythm to infants’ native language
(Gasparini et al., 2021).

Differences in the abilities that allow for semantic and phonological processing in children and
adults have engaged recent research efforts. Developmental constraints under the predictive
processing framework inspired a recent study (Angulo-Chavira; Castellon-Flores; Arias-Trejo,
2025). Researchers examined the emerging predictions in meaning and sound with 98 Mexican
infants equally distributed by age groups (18, 24, and 30 months old). Their testing paradigm was
based on preferential looking tasks spanning three experiments. The task consisted of constrained
and neutral sentences paired with two images (a target and a distractor). In the first experiment,
researchers tested word prediction accuracy using predictable sentences (e.g., “The hen lays eggs”)
and unpredictable sentences (e.g., "My mom bought eggs”) paired with two images: a target image
(e.g., eggs) and a distractor. In the second experiment 2, they tested semantic prediction with a
semantic competitor (e.g., egg-jelly). In the third experiment, they tested phonological prediction
with a phonological competitor (e.g.[egg]-[bone]) . Results showed developmental constraints.
Specifically, prediction in preferential looking emerged at 18 months. By 24 months, prediction for
semantic cues emerged. At 30 months of age, infants showed phonological prediction. The study
suggests a developmental pattern in the emergence of relationships; semantic predictions would lay
the basis for phonological predictions.

Another study used EEG to search for differences in statistical learning between children and
adults (Moreau et al., 2022). They found that developmental changes not related to language per
se, like those in the attentional domain or auditory habituation, may explain differences in neural
entrainment at word- and syllable-levels. Specifically, adults’ neural response at the word level
relative to syllable level increases in relation to children’s. Conversely, at the syllable level, children’s
neural entrainment remains stable while adults’ decreases. Regardless, the convergence of their
findings for neural entrainment at word and syllable levels show robustness across ages with
noticeable increases at word-level due to language exposure. Differences, then, seem indeed
attributable to development. Of note, their groundbreaking research counteracts the notion that
statistical learning improves throughout childhood. They conclude that, given the robustness of
statistical learning across the life course, children’s advantage for language learning may not be

attributed to a linguistic advantage in this domain (see Figure 1).
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5. CONCLUSIONS

Learning regularities that subserve abstract domains, like language, seem to rely on predictive
processing. Based on patterns, human brains still in in utero extract probabilities via unconscious,
implicit mechanisms. Statistical learning underlies tone, speech and language acquisition processes
that develop rapidly in the early years. Of note, individual variability underlies the neuromarkers
attesting the emergence of distributional mechanisms in the succession of maturational and
developmental stages and constraints (see Figure 1).

Making use of a largely researched framework, that of Predictive Processing, seems relevant for
present and future research endeavors in neurobiologically-informed language acquisition.
Literature is rife with examples of how predictability enhances efficiency. This is important because
it offloads cognition, allowing for a more efficient language acquisition. From a very early age, infants
employ top-down mechanisms that seek adaptation to their experience in developing language.

Along with a need to refine understanding of prediction in language processing, developmental
constraints lay bare the dynamic nature of prediction. As infants get exposed to and experiment with
language, top-down predictions are used to refine bottom-up representations of much-needed
linguistic input to update generative models of language. Importantly, the exponential increase in
linguistic abilities that are observable in typical developmental trajectories (Figure 1) seem to be
linked to the amount and quality of exposure, especially to caregiver vocalizations. That confers a
heightened attention to individual characteristics. As noticed by Stark, Kidd and Frost (2022),
children differ in their ability to learn statistically according to their language proficiency. Thus,
experience with linguistic input matters to how infants nurture the neurobiologically mechanism of

statistical learning that subserves language acquisition.
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