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Abstract

How do young children learn to organize the statistics of communicative input across milliseconds and months?
Developmental science has made progress in elucidating how infants learn patterns in language and how infant-
directed speech is engineered to ease short-timescale processing, but less is known about how children link perceptual
experiences across multiple levels of processing within an interaction (from syllables to stories) and across development.
In this article, we propose that three domains of research—statistical summary, neural processing hierarchies, and
neural coupling—will be fruitful in uncovering the dynamic exchange of information between children and adults,
both in the moment and in aggregate. In particular, we discuss how the study of brain-to-brain and brain-to-behavior
coupling between children and adults will advance the field’s understanding of how children’s neural representations

become aligned with the increasingly complex statistics of communication across timescales.
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When adults and young children communicate, they
exchange information across milliseconds, seconds, and
minutes. Statistics of these exchanges accumulate
through diverse interactions across hours, days, and
months and have long-lasting consequences for chil-
dren’s cognition. Children are tasked not only with
integrating communicative input across the set of
shorter timescales from milliseconds to minutes (e.g.,
connecting related words into meaningful sentences
and narratives), but also with aggregating experiences
across many interactions (Altmann, 2017; Gogate &
Hollich, 2010; McMurray, 2016). However, developmen-
tal experiments have often focused on relatively short-
timescale processing and learning (e.g., sounds, words,
and sentences), rather than on the integration of infor-
mation into a larger narrative context and across mul-
tiple naturalistic interactions.

In this article, we call for the merging of three com-
plementary frameworks—statistical summary, neural
processing hierarchies, and neural coupling—that will
enable exciting progress in understanding how young
children organize the statistics of their communicative
input across timescales. We primarily focus on how

recent theoretical and methodological advances in
neuroscience and psychology can provide insight into
children’s integration of complex, naturalistic input
within single interactions (i.e., across timescales of
milliseconds, seconds, and minutes). This confluence
of ideas will facilitate novel lines of scientific inquiry
into how children integrate lower-level information into
gistlike summaries (e.g., how they aggregate syllables,
words, and sentences into concepts and narratives),
how adults package information when speaking to chil-
dren in a way that facilitates this integration, and how
patterns of adult-child coupling support the develop-
ment of communication, including language processing,
improvisatory play, and collaborative problem solving.
In the final section, we propose an expansion of these
approaches to the study of long-term development,
which unfolds over timescales of days to years.
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Integrating the Statistics of
Communicative Input Across Levels
of Complexity and Across Time

To learn language from complex, multisensory input,
infants must extract statistical representations over time.
This process has been described as a form of invariance
detection (Gogate & Hollich, 2010) in which infants
pick up on relatively stable patterns in their caregivers’
input. Models of this process (Altmann, 2017) suggest
that infants accumulate knowledge by gradually trans-
forming the sensorimotor details of individual episodes
(e.g., the word “kitty” spoken with different prosodic
contours and referring to various real, stuffed, and car-
toon cats) into higher-order statistical representations.
Such models help explain widespread evidence that
infants infer novel word boundaries via transitional
probabilities between syllables (Gomez, 2002; Saffran,
2020), aggregate across multiple individually ambigu-
ous trials to learn word-referent mappings (Smith & Yu,
2008), and use the distributional statistics of speech
sounds to guide their perception (Maye et al., 2002).

These characterizations of infants’ processing and
learning dovetail nicely with the distinct but highly
related literature on statistical-summary processing in
adult perception (Whitney & Yamanashi Leib, 2018;
Zhao et al., 2011), which has primarily been studied at
very short timescales (milliseconds to seconds). For
example, adults can precisely estimate the average pitch
of a sequence of auditory tones, even when they strug-
gle to report information about individual tones (Piazza
et al., 2013). This compression of local details of input
into a more abstract, compact representation, or gist,
is thought to contribute to the efficient recognition and
retention of sounds (McDermott et al., 2013).

Unlike typical experiments on infants’ and adults’
statistical processing, everyday interactions are not
neatly divided into learning and test phases. Rich, real-
life learning requires a constant formation of summary
representations in real time and across parallel levels
of processing. To navigate the real-time dynamics of
speech comprehension and production during early
interactions with caregivers, infants and toddlers must
perform statistical computations for each of several fea-
tures (e.g., prosody, semantic meaning) and timescales
in parallel, while integrating information across these
levels (Fig. 1a). Whereas the pitch height of an indi-
vidual word might provide a cue to its momentary
salience, pitch variability across a sentence might indi-
cate a parent’s emotional tone. Similarly, the average
semantic-feature vector across a set of descriptions of
a character contributes to the character’s overall identity
by the end of a conversation or story.

A developmental understanding of this computation
and integration of statistics across multiple levels of
processing would benefit from neuroscientific investiga-
tions of the representations of summary statistics during
real-life communicative exchanges. For instance,
whereas the auditory cortex represents the local acous-
tic features of speech with relatively fine temporal detail
(e.g., pitches of individual syllables, differences between
the sounds “cat” and “kitty”), regions further down-
stream must integrate statistics over longer timescales
(e.g., the difference in overall contour between ques-
tions and sentences), and even higher-order regions
likely suppress these acoustic details in the service of
higher-level semantic representations that unfold over
longer timescales (e.g., a story arc about a lost cat sum-
marized across many local cat-related words and
phrases; Lerner et al., 2011). However, the neural
encoding of these representations at increasingly long
timescales—and how they collapse relatively fine details
in long-term memory—is underexplored. Experimental
paradigms that track children’s integration of such gist-
like summaries over multiple timescales will provide a
useful model of language processing that spans low-
level perceptual averaging and higher-level summary
representations of communicative information. Recent
models of how the adult brain hierarchically processes
the structure of communicative input across multiple
timescales, discussed in the next section, could provide
a key framework for tracking this integration of statistics
at different developmental stages.

Hierarchical Processing of
Communicative Statistics in the Brain

The auditory systems of many communicative species
are structured hierarchically, reflecting organization
of natural sounds from simple to relatively complex
(Margoliash & Fortune, 1992). In humans, these levels
likely result from parallel computations of incoming
speech at shorter timescales (e.g., sounds and syllables)
and longer timescales (sentences and entire narrative
arcs). Recent neuroscience research has echoed hierar-
chical models of language processing (e.g., McClelland
& Elman, 1986) in illuminating how the adult brain
hierarchically organizes the successive building blocks
of language and communication.

To understand how the brain processes information
at different timescales, researchers have used experi-
mental designs that disrupt meaning at one or more
timescales while preserving meaning in others. One
magnetoencephalography (MEG) study using this
approach (Ding et al., 2016) found that distinct frequen-
cies of neural activity entrain to different timescales of
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Fig. 1. Schematic diagrams of three levels of communicative processing, described in terms of (a) statistical summary and (b)
neural hierarchies. The diagrams in (a) show statistical-summary representations of the word “cat” in the context of a story about
a lost cat. At the single-word level (bottom row), “cat” is represented in terms of its acoustic features (e.g., pitch contour) and
component phonemes. At the sentence level (middle row), the word is integrated into its nearby context, including the sur-
rounding words and their pitch contour (which indicates a question in this example). At the narrative level (top row), the word
is processed in terms of the full story arc comprising four events; the gist of each event is summarized in a circle, surrounded
by the local details of that event. The diagrams in (b) illustrate neural entrainment to each of the three levels of processing in
three age groups: adults, children, and infants. Auditory regions, such as primary auditory cortex (bottom row; red) and superior
temporal gyrus (middle row; green), process fast dynamics of language (syllables, words) and might be fairly well synchronized
across these age groups. However, the higher-order default-mode network (top row; blue) integrates over longer timescales, and
the regions in this network might be synchronized across multiple adults but not across the three age groups.

meaningful linguistic information (words, phrases, sen-
tences), and coupling between these frequencies is
thought to coordinate information flow between brain
regions that process speech at different levels (Giraud
& Poeppel, 2012). Related MEG research has extended
this hierarchy to characterize the transition from acous-
tic to lexical representations (Brodbeck et al., 2018).
Experiments using functional MRI have incorporated
longer, more naturalistic stimuli and determined the
contributions of different brain regions to each time-
scale of processing. In one study (Lerner et al., 2011),
adults listened to a spoken story that had been scram-
bled at the word, sentence, or paragraph level. The
between-subjects reliability (measured using intersub-
ject temporal correlation; Hasson et al., 2004) of the

responses of each brain region revealed its processing
of specific timescales. The results showed a nested
neural hierarchy for processing these three levels of
complexity. Primary auditory cortex responded reliably
across subjects even when words were scrambled,
which indicates that it processes the local, moment-to-
moment details of speech. In contrast, regions of the
higher-order default-mode network (e.g., precuneus,
frontal cortex) responded reliably only when para-
graphs (and not words) were scrambled or when the
story was intact. This hierarchy extends to musical
structure as well (Farbood et al., 2015), which suggests
that it supports the extraction of information over win-
dows of various durations in domains beyond language.
In adults, one important feature of brain regions that
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process input at long timescales is that they represent
holistic, gistlike information, and thus respond similarly
even when the low-level details of a stimulus are
changed (e.g., when a story is translated into a bilin-
gual’s other language; Honey et al., 2012; Yeshurun
et al., 2021).

Little is known about how children accumulate com-
plex details into a narrative or concept. Expanding the
range of timescales in studies of children’s language pro-
cessing will position researchers to learn how the rich-
ness and structure of children’s representations evolve
over time (see Fig. 1b for a schematic example of infants’,
children’s, and adults’ neural entrainment to information
at the word, sentence, and narrative levels). For example,
it may be the case that the default-mode network pro-
cesses only shorter-timescale speech input early in
infancy and then gradually converges onto mature, longer-
timescale narrative-level representations.

Examining intersubject correlations between mul-
tiple children’s brain responses to stimuli whose mean-
ing is disrupted at different timescales will help show
how children progress from representing smaller to
larger units of language. Neural-decoding approaches
have the power to reveal the richness of children’s
representations of input (e.g., patterns of voxel activa-
tion reflecting the shape of a toy, its category identity,
or its overall role in a story), thereby providing insights
into the processing of information at different levels
of complexity that cannot be gained by observing chil-
dren’s behaviors. It would also be useful to examine
how neural hierarchies vary across children and across
age groups, and whether this variability is meaningfully
related to the deployment of different processing
mechanisms (e.g., prediction) in different contexts.
Behavioral paradigms may be informative regarding
how infants’ attention and memory systems become
increasingly capable of tracking hierarchically nested
information (e.g., Bauer & Mandler, 1989; Rosenberg
& Feigenson, 2013) and how parents package their
language to help children build representational
complexity (Schwab & Lew-Williams, 2016). Given
that adults must ultimately communicate information
across several representational levels to children, new
measures of the development of neural processing
hierarchies will elucidate how adults and children
Jjointly coordinate the exchange of information across
timescales.

Coupling Provides Insights Into the
Real-Time Transfer of Representations
Across Timescales

As infants and toddlers exchange information with their
caregivers in real time and across time, they somehow

progress toward mature hierarchical representation of
words, sentences, and narratives. What dynamic adjust-
ments do the two parties make in order to align their
representations of communicative content? In particular,
how do caregivers accommodate the limitations of
infant cognition? For example, when two adults see a
dark cloud, their shared understanding of weather
allows them to predict that rain is likely. Although an
adult and infant may have shared perceptual represen-
tations of a dark cloud, the infant’s brain may lack the
knowledge to predict upcoming rain, which relies on
rich semantic associations stored in long-term memory.
The adult will tend to provide scaffolds for such predic-
tive leaps for the infant (e.g., “Uh-oh! I think we need
an umbrellal”). Many related instances of such experi-
ences over time may help the infant build longer-
timescale representations (see Fig. 2).

Coupled interactions between infants and caregivers
have been investigated behaviorally for a long time,
and this work has yielded many insights about how
caregivers tailor their speech and how infants actively
contribute to multimodal communicative exchanges
(Fernald et al., 1989; Piazza et al., 2017; Schwab & Lew-
Williams, 2016; Soderstrom, 2007). Caregivers tailor
their communication in ways that are initially optimized
for shorter-timescale processing (McMurray, 2016), but
over time they increase the complexity of their words
and utterances (Schwab et al., 2018). They also change
their behavior in response to infants’ attentional focus;
for example, they provide appropriately timed labels
(Suanda et al., 2019) and try to align attention onto the
same object (Suarez-Rivera et al., 2019). Over time,
caregivers’ and infants’ behaviors become increasingly
contingent on each other both within language (Abney
et al., 2017; Hirsh-Pasek et al., 2015) and across
domains, such that their gestures, gaze directions, and
speech acts influence one another in a back-and-forth
manner (Goldstein & Schwade, 2008; Gros-Luis et al.,
20006). Thus, successful communication relies on mir-
rored behaviors and representations, as well as on
nonmirrored, contingent responses.

Whereas behavioral coupling highlights the interplay
between adults’ and children’s outward actions, neural
(brain-to-brain) coupling provides unique access to the
alignment of inner mental representations that are not
always behaviorally measurable, especially in prelin-
guistic infants. In adults, neural coupling between a
speaker and listener during storytelling predicts the
listener’s comprehension of the story, thus providing a
measure of communication success and information
transfer (Stephens et al., 2010). As in research on neural
hierarchies, neural coupling in regions that support
long-timescale processing reflects shared high-level
understanding of language and cannot be explained
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Fig. 2. Cartoon example of a communicative interaction between a mother and child during real-life play. The red and blue curves at the
bottom of each panel depict possible neural time series from one early sensory brain region (primary auditory cortex) and a network of
higher-order regions (default-mode network). As the mother and child progress through the interaction, they flow through several states of
neural coupling in each region. When they are not interacting (and there is no shared sensory input), their brains are uncoupled in both
regions. When they are hearing the same speech, or viewing the same object, shared input drives sensory coupling. Frequently, the adult
anticipates predictable content before the child does because the adult has access to richer semantic associations and narrative schemas than
the child. This happens both at relatively short timescales (e.g., a dark cloud will be followed by rain) and at longer ones (e.g., a canonical
ending to the “lost cat” schema). Sometimes the child reroutes the conversation in a surprising way (e.g., a kangaroo will help find the lost
cat), and the adult adapts to this detour. These are all examples of leader-follower dynamics, facilitated by behaviors that guide the other
person toward a joint state of understanding. Whenever the adult and child converge on that joint state (e.g., they represent rain in a related
way), there is mirrored coupling between them. By the end of the interaction, each person has dynamically adapted to the other to create
this story, so the interaction as a whole represents synergistic coupling.

simply as the processing of the same sensory input at
the same time (Honey et al., 2012; Piazza et al., 2020;
Yeshurun et al., 2017). Furthermore, it has been pro-
posed that coupling plays a mechanistic role in learning
by ensuring that the learner’s brain enters a phase of
high excitability during moments that are optimal for
encoding information (Wass et al., 2020).

Neural coupling has been measured using multiple
modalities (functional MRI, functional near-infrared
spectroscopy, electroencephalography) both between
individuals listening to the same story in different ses-
sions (e.g., Liu et al., 2017; Stephens et al., 2010) and
between members of a dyad engaging in an interactive
task during the same session (e.g., Piazza et al., 2020;
see Wass et al., 2020, for a review of adult-child studies).
Although most studies of adult-child neural coupling
have focused on mirrored synchrony (one-to-one align-
ment of the neural dynamics between two individuals),
it is not always optimal for an adult’s brain and a child’s
brain to process the same information in the same way
at the same time (e.g., the child’s creative narrative
detour in the third panel of Fig. 2). Many interactions
also involve leading and following (Piazza et al., 2020)
or synergistic, mutual adaptation between two individu-
als (Hasson & Frith, 2016); such patterns of nonmirrored
coupling are likely to support improvisational aspects
of creative play and problem solving.

The study of neural coupling will illuminate the ways
in which adults and children align to each other across
different timescales. For example, during communica-
tive interactions, infants’ relatively short-timescale
processing may support the formation of sound cat-
egories and speech segmentation, whereas adults’
broad ability to process information at longer time-
scales may facilitate sentence-level predictions and
semantic understanding of narrative arcs. If so, there
may be a pattern of progression from synchrony in
early sensory regions to nonmirrored, leader-follower
dynamics in higher-order regions (likely with moments
of weak neural alignment). The convergence of chil-
dren’s neural representations with adults’ could pro-
ceed linearly across development or could be linked

to particular milestones, such as spikes in vocabulary
acquisition, vocal production, or perspective taking.
Another ripe area for future research is the contin-
gency of infants’ neural representations on adults’
behaviors. At the neural level, how does high-quality,
temporally contingent feedback from an adult improve
the sophistication of children’s communicative output
in real time (Goldstein et al., 2003)? Does the joint
pattern of coupling within a parent-child dyad (e.g.,
leader-follower, contingency, mutual adaptation) pre-
dict communicative success or learning more effec-
tively than each individual’s brain representations?
Such investigations will require a widening of the
temporal and spatial windows of analysis of coupling,
to account for differences in the timing of adults’ and
children’s neural processes, as well as in the brain
regions performing complementary communicative
functions at different stages.

Development as a Natural Model
of Long-Timescale Integration

We have suggested that new, naturalistic experimental
paradigms will provide insights into how—within a
single interaction—adults and children share their rep-
resentations of the world, which inherently span dif-
ferent timescales of processing. The longest timescale
we have discussed thus far maps onto extraction of the
overall narrative arc of a story or conversation. How-
ever, the process of development itself provides the
ultimate model of truly long-timescale integration, as
children must actively learn to communicate over the
course of thousands of interactions. This development-
level timescale is the most challenging to study and
will benefit from the creative merging of approaches
and fields. For example, how do different brain regions
perform statistical-summary computations to integrate
over diverse instances of a word, separated in time and
space and articulated by multiple people? How do
these computations enable a child to form a rich, uni-
fied, and usable representation of a concept? How do
the types of invariance that adults emphasize—and
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children attend to—coevolve throughout childhood?
Development-level investigations will ultimately
expand the definition of the neural processing hierar-
chy beyond within-interaction timescales to include
learning and communication across hours, days, and
even years, and in doing so may reveal exciting dis-
coveries about the neural processes that support long-
term integration. This type of investigation will advance
the field’s understanding of a range of cognitive sys-
tems; the literature on the development of memory,
for example, currently lacks explanations for how sta-
tistical learning is retained over timescales longer than
an experimental session (Gémez, 2017; McMurray
et al., 2012) and how the default-mode network com-
municates with the hippocampus during long-term
learning.

Neuroimaging studies that capture fine-grained
changes in patterns of brain activity over the course of
development, rather than at a single time point in the
lab, will serve as powerful tests of well-known models
of learning. For example, dynamic systems models
(Smith & Thelen, 2003) propose that subtle, short-
timescale changes gradually move a system toward a
destination, such as the first instance of walking or the
production of a new word. The ability to “peer under
the hood” throughout these processes will help to illu-
minate how changes in children’s and adults’ neural
representations during coupled interactions contribute
to advances in children’s behavior. Finally, understand-
ing the evolution of parent-child coupling during com-
municative interactions over developmental time could
provide key insights about individual differences in
learning, as well as in critical outcomes, such as school
readiness.

Conclusion

In this article, we have called for the application and
integration of three scientific frameworks to understand
the development of children’s ability to process infor-
mation at multiple timescales. First, statistical summary
may provide one mechanism through which a child
learns to integrate experiences over time, such as by
averaging word tokens across contexts into a semantic
concept or forming the gist of a story across diverse
words and events. Second, studying the development
of neural processing hierarchies could help explain
how children build up neural representations of com-
municative information that unfolds over time, from
milliseconds to minutes. Third, interactive experiments
measuring neural and behavioral coupling between
adults and young children will illuminate how adults
share their mental representations with children in real
time, and how children contribute to their own learning

by actively guiding adults’ actions. By studying these
phenomena across the longest timescale—human
development itself—researchers will be positioned to
build an integrative model of how the statistics of adult-
infant communication give rise to children’s learning
outcomes.
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