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ARTICLE INFO ABSTRACT

Keywords: Infant-directed speech (IDS) refers to the suite of prosodic and structural modifications that adults
Infant-directed speech use when communicating with infants, as opposed to adults. A number of theories have proposed
Attention

that IDS is uniquely able to modulate infants’ attention and arousal in a way that supports real-
time communication and learning. However, prior research has mainly focused on infants’ overall
listening preference for IDS over adult-directed-speech (ADS) without providing a mechanistic
account of how IDS optimizes moment-to-moment attention and learning. Here we draw on
findings from adult neuroscience showing that sustained attention to a continuous stimulus like
speech is supported by a process called entrainment, where neural oscillations become time-
locked to key moments in an attended stimulus. Even though entrainment appears to be auto-
matic in development, it may be more likely to occur when stimuli are tailored to infants’
developing cognitive abilities. We first bring together evidence from psychology and neuroscience
showing that IDS supports speech processing by optimizing neural entrainment and thus
enhancing time-locked attention. Then, we discuss how moment-to-moment attentional modu-
lations in IDS are likely to accumulate across time in a way that impacts long-term language
development. This framework serves to redefine ‘high-quality speech’ not as a feature of speech
itself, but as a dynamic interplay between behavior, attention, and the brain. With this redefi-
nition, developmental scientists can gain traction in understanding the beginnings and high-
stakes nature of young children’s highly divergent learning trajectories.

Learning
Entrainment

Introduction

Real-time communication requires moment-to-moment processing of the unfolding dynamics of complex, multidimensional
stimuli. For infants — the newest and smallest learners — breaking into the structure of speech takes time, experience, and the devel-
opment of neural machinery. How do caregivers adapt their speech to help infants sustain attention? How does infants’ attention to
this crucial communicative signal enable them to learn? Here, we propose a new dynamic-attention framework for understanding how
infant-directed speech (IDS) supports the beginnings of human learning and communication, and how individual differences in early
learning trajectories may get their start. To do so, we unite research from three fields: (1) research from developmental science on
infant-directed speech, (2) research from adult cognitive psychology and neuroscience on rhythmic entrainment to speech across time,
and (3) research from developmental cognitive neuroscience on infants’ neural processing of speech.

Multiple theories have proposed that IDS, a mode of communication that is prosodically and structurally different from adult-
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directed speech (ADS; Fernald, 1992; Gleitman et al., 1984; Grieser & Kuhl, 1988), evolved as a response to the demands of real-time
communication (McMurray, 2016) and functions to modulate infants’ attention and arousal at key moments (Kuhl, 2007). Discussions
in developmental science about the function of IDS in capturing and sustaining infant attention based on preferential listening have
provided important theoretical intuitions (Cooper & Aslin, 1990; Fernald, 1985; Kaplan, Goldstein, Huckeby, Owren, & Cooper, 1995;
ManyBabies Consortium, 2020; Pegg, Werker, & McLeod, 1992; Werker & McLeod, 1989). However, they are often disconnected from
recent advances in understanding (1) moment-to-moment temporal attention to speech, and (2) the neural substrates of attention and
learning in development. Uniting these fields allows us to elucidate a mechanism for explaining infants’ engagement with IDS and to
form testable hypotheses about how caregiver-child interactions best support learning in the moment — all with greater temporal
precision than in prior work. Ultimately, this approach will facilitate an understanding of how caregivers contribute to the devel-
opment of neural structures and the dynamics of speech processing in infancy and early childhood.

While most research with infants has relied primarily on preferential looking techniques and summary measures of looking time to
quantify attention to a dynamic signal (Bergelson et al., 2017; Cooper & Aslin, 1990; Fernald, 1985; Kaplan et al., 1995; Pegg et al.,
1992; Werker & McLeod, 1989), research with adults has tested hypotheses about the internal and external factors that define precise
moments of heightened attention to continuous speech. Although perception feels continuous when we sustain attention on something,
increasing evidence from adult and non-human primate research suggests that in reality our brains sample information rhythmically
(Fiebelkorn & Kastner, 2019; Helfrich et al., 2018; Jones et al., 1981; Large & Jones, 1999). This occurs in synchrony with neural
oscillations — complex, large-scale, rhythmic patterns of neuronal firing — in several clusters of frequencies (known as frequency bands)
emerging from neuronal physiology, connectivity, and responses to external input. According to dynamic attention theory (Jones,
1976; Jones & Boltz, 1989), during selective attention to a continuous stimulus like speech, neural oscillations become time-locked to
the attended stimulus (see Obleser & Kayser, 2019 for a review). This process is referred to as entrainment or cortical tracking. This
type of alignment ensures that the brain receives the most important moments for processing an incoming stimulus at a time that is
optimal for perception (see Fig. 1). Consequently, stronger alignment predicts improvements in stimulus detection and processing (for
a review see Palva & Palva, 2018). Therefore, in order to optimally process stimuli from the environment, the human brain has to
detect and align to the temporal dynamics of the stimulus.

Evidence is growing, but far from complete, for the idea that infants entrain to rhythmic auditory stimuli — an ability that may
scaffold processing complex dynamic auditory signals such as speech. The ability of the brain to align its activity to the dynamics of
temporally predictable stimuli appears to develop early, with studies showing neural entrainment to auditory rhythmic stimuli in 7- to
15-month-old infants (Cirelli et al., 2016), as well as newborns (Haden et al., 2015). Newborns detect the rhythm of auditory stimuli
(Telkemeyer et al., 2011, 2019), and show a violation-of-expectation neural response to beat omission (Winkler et al., 2009). There is
some preliminary evidence that the ability to track rhythm may start to emerge in utero. Kisilevsky et al. (2004) showed that near-term
fetuses showed a heart-rate response to a change in music tempo. These findings suggest that infants, from birth or even earlier, may
automatically entrain to rhythmic stimuli in their environment, but critically, how do they entrain to the complexities of the units and
timescales of speech?

Speech consists of many moments that are key for perception, such as the onsets of syllables and words, the ups and downs of pitch,
and amplitude over the course of phrases. If these moments do not arrive at the right time for our brain to receive them, our perception
can be derailed. For example, adults are better at detecting attention probes if they coincide with the onset of words (Astheimer &
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Fig. 1. In this illustration, we have depicted mock neural activity before a stimulus is presented (gray line) and during the presentation of a
sequence of events, represented by bells (black line). The yellow line indicates the stimulus onset. Neural activity and stimulus dynamics become
aligned when important moments in a stimulus (such as the rhythmic timing of bell sounds) coincide with a configuration of neural activity that
optimizes processing. The top panel shows externally-driven alignment, where the frequency of neural activity adjusts to match that of the presented
stimulus. The middle panel shows internally-driven alignment, where optimal moments for processing already align with the rhythm of the stimulus
prior to its presentation. Both of these types of alignment result in perceptual information that reaches the brain at an optimal moment (shown in
green). We use the terms ‘entrainment’ and ‘cortical tracking’ to refer to both of these mechanisms, given that prior research has not disentangled
them. The bottom panel depicts a situation when there is no alignment. As a result, perceptual information only occasionally is received by the brain
at an optimal moment (green) and frequently is received at a time that may not support encoding (red), leading to overall worse perception. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Sanders, 2009), and there is evidence that adults can track multiple nested structures simultaneously (Ding et al., 2016; Jin et al.,
2018). However, the field is only beginning to understand which moments in speech are key for successful perception. Many of these
prosodic events in speech have been shown to follow an approximately rhythmic pattern that matches the internal neural oscillations
which coordinate activity in motor and auditory cortices (Assaneo & Poeppel, 2018; Ghazanfar & Takahashi, 2014; Shepherd et al.,
2012). For example, syllable rate corresponds to the 4-7 Hz theta rhythm in adults, and lexical and phrasal-level prosodic modulations
correspond to the < 4 Hz delta band of neural activity (Ding et al., 2016; Wilsch et al., 2018). In adults, alignment between neural
activity in these frequency bands and speech reflects selective attention to the speech stream (Ding & Simon, 2012; Horton et al., 2014;
Mesgarani & Chang, 2012).

However, it is not currently clear if selective attention necessarily drives entrainment. The most direct work linking attention and
entrainment has focused on top-down selective attention rather than bottom-up salience (Ding & Simon, 2012; Horton et al., 2014;
Mesgarani & Chang, 2012). In addition, some entrainment to speech is observed even in participants who are asleep (Makov et al.,
2017), which suggests that top-down selective attention to speech is not a prerequisite for entrainment. However, even in participants
who are asleep, entrainment likely reflects processing of short-timescale auditory information (e.g., syllables and words; Makov et al.,
2017). For example, sleeping adults showed neural tracking and detection of syllable and word boundaries in an artificial speech
stream (Batterink & Zhang, 2022). In awake participants, there is evidence that stronger entrainment facilitates perception and
segmentation of sounds and syllables (Giraud & Poeppel, 2012; Gross et al., 2013; Peelle et al., 2013) and improves comprehension and
intelligibility (Dauer, 1983; Drullman, 1995). When this form of alignment becomes disrupted, there can be impairment in speech
perception (Riecke et al., 2018; Vanthornhout et al., 2018; Zoefel et al., 2018). But, although better alignment is generally associated
with better low-level auditory perception, it is not always a marker of comprehension or ease of processing. Evidence for this comes
from studies showing stronger alignment when L2 learners are listening to their non-native as opposed to their native language
(Reetzke et al., 2021; Song & Iverson, 2018), as well as studies showing that language comprehension under noisy conditions slightly
suppresses cortical tracking of lower-level features of speech (Zou et al., 2019), and stronger entrainment in hearing-impaired and
older adults (Palana et al., 2021). This work indicates that speech perception, attention, entrainment, and comprehension are related
but not identical processes, and future research is needed to elucidate their interplay at both shorter and longer timescales in speech.

Alignment between speech and neural activity may be especially important when speech perception is made difficult by the
presence of background noise (Ding & Simon, 2013), multiple speakers (Ding & Simon, 2012; Horton et al., 2014; Mesgarani & Chang,
2012), and non-native speech (Reetzke et al., 2021; Song & Iverson, 2018). Thus, in order to effectively attend to and process speech,
listeners need to track its inherently complex rhythms at the level of sounds, syllables, words, and sentences, each of which play a role
in enabling comprehension during natural communication. We currently know little about how these processes interact and develop to
enable early language learning and, ultimately, language proficiency. While existing research has advanced knowledge of adult
attentional dynamics, minimal research has examined the first years of life when speech and attention are likely to be deeply
interwoven.

In three sections, we emphasize the importance of studying the moment-to-moment interplay between speech and entrainment in
order to harness how speech input scaffolds development and learning at multiple timescales (from milliseconds to years). The first
section combines findings from adult speech processing and neural development to discuss how IDS facilitates infants’ entrainment to
speech, as well as how caregivers position important information in moments when infants may be more likely to show successful
perception and/or attention. The second section highlights the cumulative, developmental-timescale effects of in-the-moment
attention to speech by suggesting that variation in alignment between neural activity and auditory signals may be powerful in
explaining individual differences in children’s language learning trajectories. The third and final section discusses future research
directions for exploring how the short-timescale structures of IDS support infants’ attention, communication, and learning across
longer timescales. This framework provides a mechanistic understanding of what defines “high-quality speech” to infants, which has
been emphasized in recent developmental science as key to successful learning outcomes (e.g., Hirsh-Pasek et al., 2015; Romeo et al.,
2018; Weisleder & Fernald, 2013).

How does infant-directed speech support speech processing in infancy?

Alignment between external stimuli and neural oscillations appears to be automatic in development, but it is much more likely
when stimuli are tailored to infants’ developing cognitive abilities. In this section, we show evidence that IDS optimizes alignment in
infants, and we draw on work from attention and neural development to illuminate how IDS may result in enhanced time-locked
attention.

As one of the most important sources of language input in early development, IDS has been hypothesized to capture infants’
attention and thus facilitate processing and learning (Fernald, 1992; Grieser & Kuhl, 1988). Young children prefer listening to IDS
compared to ADS (Cooper & Aslin, 1990; Fernald, 1985; Kaplan, Goldstein, Huckeby, Owren, & Cooper, 1995; ManyBabies Con-
sortium, 2020; Pegg, Werker, & McLeod, 1992; Werker & McLeod, 1989; Bergelson et al., 2017), suggesting that IDS captures and
sustains children’s attention for longer than ADS. While these studies measured overall interest in IDS, infants’ interest may result from
activity occurring at very short timescales, i.e., from heightened time-locked attention and better in-the-moment processing. This is
likely facilitated by improved neural alignment to the speech signal.

Behavioral evidence indeed suggests improved processing of IDS compared to ADS. For instance, in noisy conditions, infants detect
IDS more easily than ADS (Colombo et al., 1995; Newman, 2003). Trainor and Desjardins (2002) showed increased discrimination of
vowels in IDS vs ADS in infants, and suggested that these effects are likely due to heightened attention, rather than easier vowel
discrimination. Additionally, when stimuli are presented using IDS prosody, infants and toddlers perform better on tasks of word
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segmentation (Nelson et al., 1989; Thiessen et al., 2005), familiar word recognition (Song et al., 2010) and novel word learning (Graf
Estes & Hurley, 2013; Ma et al., 2011).

Are these improvements in processing due to better neural alignment to IDS? While the link between speech processing and neural
alignment to speech has not been directly tested in infancy, several studies with infants have observed stronger cortical tracking of IDS
compared to ADS (Kalashnikova et al., 2018a) and increased magnitude of neural response to IDS vs ADS in frontal regions (Saito et al.,
2007; Santesso et al., 2007). Similarly, toddlers showed stronger time-locked pupillary responses to a story told with IDS prosody
compared to a story told in ADS prosody (Nencheva et al., 2020). These findings collectively suggest that IDS optimizes time-locked
attention to speech. However, what features of the speech signal may be driving this?

IDS is characterized by a number of concurrent modifications relative to ADS (Fernald, 1992; Gleitman et al., 1984; Grieser & Kuhl,
1988), such as higher and more variable pitch (Fernald & Simon, 1984), slower rhythm (Leong et al., 2017; Narayan & McDermott,
2016), vowel hyperarticulation (Kuhl et al., 1997; Werker et al., 2007), enhanced and more positive emotional content (Fernald &
Kuhl, 1987; Scherer et al., 1991), shorter utterances (Martin et al., 2016), and modified timbre (Piazza et al., 2017). While each
modification may serve to facilitate communication, social bonding, and/or language learning, here we focus on how these modifi-
cations affect moment-to-moment attention to speech. Research linking specific features to in-the-moment attention is still somewhat
scarce, therefore we only cover a subset of the key features of IDS, as follows.

Rhythm

IDS is characterized by several modifications of the rhythms of prosodic stress and syllable rate compared to ADS. These rhythmic
modifications may support processing in infants in three ways. First, its more evenly-timed rhythm (Payne et al., 2015) facilitates
entrainment. Second, its slower rhythm (Narayan & McDermott, 2016) may be specifically catered to the internal neural rhythms that
are most prominent in infancy. And third, alignment of the rhythms of syllables and prosodic stress (Leong et al., 2017) may help
infants link information across different timescales of speech, such as lower-level acoustic processing with higher-level phrase
processing.

Temporal regularity

The even timing of syllables in IDS (Payne et al., 2015) may facilitate infants’ processing by providing a regular rhythm that is
easier to entrain to. In adults, it is well-established that entrainment is stronger when signals have a more regular rhythm (Haegens &
Zion-Golumbic, 2018). For example, when presented with beeps embedded in white noise, participants detect rhythmic (vs
arrhythmic) beeps at a lower threshold, and this improvement in perception results from stronger entrainment to the rhythmic
stimulus (Ten Oever et al., 2017). We know less about how temporal regularity affects infants’ entrainment to speech, but there is
evidence that it improves infants’ speech processing. Infants are better able to segment a speech stream of unfamiliar words when the
word length is kept constant, keeping the rhythm of word onsets constant (Lew-Williams & Saffran, 2012). Similarly, infants can use
stress cues, an inherently rhythmic property of speech, to segment continuous speech (Jusczyk et al., 1993; Thiessen et al., 2005;
Thiessen & Saffran, 2007) implying that infants’ entrainment to stress cues is flexible and shaped by the input. While these studies do
not directly test entrainment, infants’ enhanced processing of rhythmic speech and the tighter entrainment to rhythmic stimuli in
adults point to the possibility that entrainment to the stress rhythm of speech can support processing and learning. By providing a more
regular rhythm, IDS supports infants’ processing and learning, possibly by improving infants’ neural alignment to speech.

Slower rhythm

In addition to being more regularly timed, the rhythm of IDS is also slower. This may be optimal for the organic neural rhythms
present in the developing brain. Specifically, of the delta and theta frequency bands that are associated with speech processing in
adults, infants show relatively stronger power in the slower delta band vs the slightly faster theta band, and this difference decreases as
infants age from 2 weeks to 2 years (Sankupellay et al., 2011), up to 5 years (Marshall et al., 2002; Whitford et al., 2007) and into
adulthood (Uhlhaas et al., 2010). Moreover, coherence in the theta rhythm (corresponding to faster syllabic rate) in response to
auditory stimuli increases from 4 and 7 years of age (Rios-Lopez, 2018). The more prominent delta rhythm may also be closer in
frequency to one of the most prominent auditory rhythms in utero, maternal heart rate (1-2 Hz; Bench, 1968), which has been shown
to elicit event-related responses in utero (Porcaro et al., 2006). In addition, the frequency of the theta band may be slower in infants
(3.6-5.6 Hz) compared to children and adults (4-8 Hz; Orekhova et al., 2006).

Because infants have increased power in slower neural oscillations and a slower theta rhythm, IDS should have a slower rhythm,
otherwise infants’ attention and processing would be frequently misaligned. Indeed, Narayan & McDermott (2016) found slower
speech rate in IDS compared to ADS in Sri Lankan Tamil, Tagalog, and Korean. Similarly, Leong et al. (2017) compared the rhythmic
properties of amplitude modulation in Australian English speech directed at 7- to 19-month-old infants, as well as ADS at three
different timescales corresponding to the rate of phonemes, syllables, and prosodic stress. They found that IDS was characterized by a
slower, stress-shifted rhythm, close in frequency to the delta band of neural oscillations, compared to the faster, syllable-dominated
theta rhythm of ADS. This adaptation facilitates processing, as infants attend more to slower than to faster IDS even with prosody
held constant (Panneton et al., 2006), and they are better at recognizing familiar words embedded in slower IDS (Song et al., 2010).

Alignment across timescales of speech
In addition to adapting to neuro-developmental changes, the rhythmic structure of IDS may help infants’ brains link information
across different timescales (e.g., across syllables and phrase-level prosodic stress) by coordinating neural activity across them
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(Goswami, 2019; Peelle & Davis, 2012). That is, in addition to facilitating low-level perception, alignment between speech and neural
rhythms across different frequency ranges may coordinate processing across multiple brain regions necessary for simultaneous
comprehension at different timescales in speech (Giraud & Poeppel, 2012). This allows concurrent processing of the hierarchical
structures of speech, spanning syllables, words, phrases and sentences (Ding et al., 2016). Leong et al. (2017) found that IDS, compared
to ADS, aligned more strongly the faster rhythm of syllables with the slower rhythm of prosodic stress. This alignment resulted in more
robust and hierarchically-nested rhythms compared to ADS. Such coordination of multiple neural oscillatory rhythms, often origi-
nating from different parts of the brain, has been implicated in facilitating tasks that require distributed processing of information
(Palva et al., 2005; Palva & Palva, 2018), such as speech perception and comprehension (Ding et al., 2016). Thus, by coordinating
distributed neural activity at different frequencies, IDS may allow infants to process shorter and longer timescales of speech in parallel.

Nursery rhymes, a specific type of IDS, may be particularly optimized for such synchronization across neural rhythms by providing
even stronger coupling between the rate of syllables and prosodic stress (Leong et al., 2011). Leong et al. (2011) passed nursery rhymes
through a low-frequency filter, and found that rhythms at different frequencies were time-locked (e.g., a faster rhythm corresponding
to syllables was time-locked to a slower rhythm corresponding to stress; see also Goswami & Leong, 2013). This coordinated timing
across timescales may support optimal entrainment and help the developing brain coordinate the processing of information at different
timescales. Similarly, the heightened use of diminutives in IDS, such as “doggy” or “kitty”, may increase the temporal regularity of
stress patterns (Echols et al., 1997; Jusczyk, 1997; Kempe et al., 2005). Diminutives in English (and certain other languages) have a
consistent strong-weak pattern of stress, which may increase rhythmic regularity especially when these words are presented in
isolation. Kempe et al. (2005) found that when English speakers listened to an unfamiliar speech stream in Dutch, word segmentation
was facilitated both by this consistent stress pattern and by the consistent endings of diminutive words.

By providing rhythmic cues at the appropriate frequencies for infant perception and by scaffolding processing at multiple time-
scales, IDS may facilitate sustained attention to multiple features of the speech stream and allow optimal processing of the incoming
signal.

Pitch

IDS is characterized by a generally higher and more variable pitch compared to ADS (Fernald, 1992; Fernald & Simon, 1984;
Gleitman et al., 1984; Grieser & Kuhl, 1988). These two pitch modulations - higher frequency and increased variability - may serve
different functions (Trainor & Desjardins, 2002) and impact infants’ entrainment to speech through different routes. Even though by
itself the overall higher pitch does not affect the moment-to-moment dynamics of speech that could facilitate entrainment, it may
provide a signal that is easier for the infant brain to detect. Infants’ perception of sounds with higher pitch matures earlier than their
ability to perceive other parts of the spectrum (Schneider & Trehub, 1992). In addition, the high-pitched IDS signal may help infants
tune in by providing information about emotion, as well as by signaling that the caregiver is addressing the infant, an idea we return to
in later sections.

While higher pitch supports tuning in, the variable pitch of IDS may support entrainment, but via a different route. There is evi-
dence that pitch variability is important for successful speech processing in adults; for example, speech intelligibility under noisy
conditions is significantly reduced when pitch variability is flattened (Binns & Culling, 2007; Laures & Bunton, 2003). There is some
evidence that pitch variability may improve speech intelligibility for infants as well. For example, infants are better at discriminating
between vowels embedded in exaggerated pitch contours (Trainor & Desjardins, 2002). Even though the link between entrainment to
speech and pitch variability has not been directly tested, previous work has shown that disruptions to intelligibility are typically
associated with disruptions to entrainment (Riecke et al., 2018; Vanthornhout et al., 2018; Zoefel et al., 2018).

Rasanen et al. (2018) found that IDS has less predictable pitch, compared to ADS. They hypothesized that this unpredictability in
pitch throughout the speech stream may serve to capture and sustain infants’ attention, much as prosodic stress or emphasis do in ADS.
Thus, while a predictable temporal rhythm of amplitude modulations and syllable rate optimizes processing, unpredictable pitch
changes increase the salience of speech. Chang et al. (2016) found that when adult participants listened to a series of rhythmically
presented tones that varied in pitch, power in neural oscillations associated with pitch perception increased in response to tones with
unpredictable or surprising pitch. Similarly, participants showed stronger entrainment to music with unpredictable vs predictable
pitch (achieved by scrambling notes; Kumagai et al., 2017; Meltzer et al., 2015). Behaviorally, the unpredictability of pitch in speech
has been associated with perceptual salience (Kakouros et al., 2018; Kakouros & Rasanen, 2016). Together, these adult findings on the
increased intelligibility and salience of speech with variable pitch, as well as the stronger neural tracking of unpredictable tones,
suggest that variable pitch in IDS is very likely to strengthen infants’ entrainment and facilitate speech processing.

Formant exaggeration

In addition to providing distinctive prosodic cues, caregivers often produce formant-exaggerated speech by hyper-articulating
vowels (Eaves et al., 2016; Kuhl et al., 1997; Werker et al., 2007). This adjustment continues in early childhood and decreases with
age (Liu et al., 2009). While prior work has primarily focused on the role of formant expansion in the formation of separable vowel
categories (e.g., Vallabha et al., 2007), it may additionally serve to facilitate in-the-moment attention to speech by increasing phase-
locking between neural oscillations and speech dynamics. Evidence for this comes from a study of 6- to 12-month-old infants who
showed increased synchronization in delta and theta neural rhythms in response to formant-exaggerated syllable streams (Zhang et al.,
2011). In this study, the authors controlled for overall pitch and pitch variability, thus isolating the effects of formant exaggeration.
While it is unknown how formant-exaggeration facilitates time-locked neural responses to speech in infants, Zhang et al. (2011)
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speculate that this effect may result from increased attentional salience and phonetic distinctiveness of formant-exaggerated speech. In
addition, because intelligible speech is associated with stronger entrainment compared to unintelligible speech (Peelle et al., 2013;
Riecke et al., 2018; Vanthornhout et al., 2018; Zoefel et al., 2018), hyper-articulation may serve to simultaneously strengthen time-
locked entrainment and increase intelligibility. This idea is supported by research showing that hyper-articulated IDS helps infants
recognize familiar words (e.g., Song et al., 2010), suggesting improved intelligibility. Infants whose Mandarin-speaking mothers used
more formant expansion had better speech discrimination abilities (Liu et al., 2003). Similarly, infants (7 and 10 months) at risk for
dyslexia heard less hyperarticulated speech from their mothers and showed poorer auditory discrimination abilities, compared to
infants who were not at risk for dyslexia (Kalashnikova et al., 2018b).

Emotional content

Another key component of IDS that has been implicated in capturing and sustaining infant attention is its emotional content.
Caregivers use IDS in part to regulate infants’ emotional states (Fernald, 1989; Smith & Trainor, 2008; Spinelli & Mesman, 2018). In
particular, many researchers have pointed out the striking acoustic similarities between IDS and positively valenced (or “happy”) ADS
(Fernald, 1989, 1992). In fact, Trainor et al. (2000) argued that the prosodic differences between IDS and ADS are explained mainly by
differences in expressed emotion. For instance, IDS utterances conveying positive affect are more prevalent than those conveying
negative affect during the first year of life (Kitamura & Burnham, 2003), and the more positive tone of IDS may serve to capture and
sustain infant attention. Young infants prefer speech with comforting or approving intent over speech with directive or disapproving
intent (Kitamura & Lam, 2009; Papousek et al., 1990). Similarly, even when controlling for prosodic characteristics, infants prefer
high- vs low-affect speech (Kitamura & Burnham, 1998), and happy over neutral speech both in IDS and ADS (Panneton et al., 2006;
Singh et al., 2002). Further, infants are better at recognizing words embedded in happy vs neutral speech (Singh, 2008).

The higher emotional content of IDS is likely to promote time-locked responses to speech. Adult emotional processing points to
increases in alignment of neural rhythms during emotional processing, such as empathy (IMu et al., 2008), detection of emotion change
(Chen et al., 2012), emotional memory (Headley & Paré, 2013) and processing emotional stories (Kang & Wheatley, 2017). This effect
is not limited to adults. Infants too show increased synchronization of neural oscillations and increased power in the theta band during
emotional behaviors (Futagi et al., 1998; Maulsby, 1971; Posikera et al., 1986) and when listening to emotional speech (Orekhova
et al., 2006; Santesso et al., 2007).

IDS not only provides prosodic cues to emotion, but is often accompanied by concurrent facial and gestural cues to emotion (Brand
et al., 2002; Kosie & Lew-Williams, 2022). Such multimodal cues have been found to enhance entrainment across multiple frequency
bands (for a review see Symons et al., 2016). In fact, according to some scientists, the striking parallels in frequency between the
syllable and stress rates in speech and the rhythms of facial expressions and movements in non-human primates suggest an even deeper
evolutionary link between affective and speech cues (Ghazanfar et al., 2013; Ghazanfar & Poeppel, 2014; Ghazanfar & Takahashi,
2014; Shepherd et al., 2012). By increasing selective attention and synchronizing activity across multiple neural oscillation bands, the
emotional content of IDS supports infants’ real-time processing of speech.

Effects of familiarity and informativeness of speech

Infants may also prefer listening to IDS over ADS because of its own history of being familiar, engaging, and/or informative. Over
time, the increased familiarity and relevance of a speech register directed at them may lead infants to learn its prosodic characteristics
and selectively attend to IDS. There is evidence that early experience with a specific speaker can lead to a preference for their familiar
voice vs unfamiliar voices (Barker & Newman, 2004; DeCasper & Fifer, 1980; Friedlander, 1968). Infants show higher entrainment to
familiar vs unfamiliar speakers (Purhonen et al., 2004) and increased activation in frontal and temporal regions (Naoi et al., 2012),
suggesting that heightened attention to a stimulus that the child has experienced can increase time-locked responses to the speech
stream. Cirelli et al. (2016) directly tested the role of prior experience on entrainment by comparing infants who attended music classes
to those who did not; infants in music classes showed increased entrainment to musical stimuli. Similar effects of musical experience
have been shown in adults (Pallesen et al., 2015). The evidence that experience with a specific stimulus increases entrainment suggests
that, as infants experience IDS across time, they should entrain to it more strongly and therefore process it more effectively. Similarly,
infants who hear more IDS in their household or community environment should entrain to it more strongly. No research has directly
tested the effect of experience on preference for or learning from IDS vs ADS (e.g., by relating an infant’s preference for IDS to the
amount or features of IDS they were exposed to); however, it is likely that infants would most optimally entrain to and learn from
speech that matches the characteristics of the IDS they hear at home, akin to effects related to music and to specific speakers (Cirelli
et al., 2016; Purhonen et al., 2004). As infants become better at entraining to IDS, this signal may in turn become more informative,
further supporting their attention to its important features in a self-reinforcing manner.

Optimal placement of important information in IDS

Because of its rhythmic nature, attention fluctuates from one moment to the next during the perception of continuous stimuli
(Fiebelkorn & Kastner, 2019). Even if IDS optimizes the timing of these fluctuations, there are still, by definition, moments of stronger
vs weaker attention. Here we present evidence that caregivers not only globally facilitate infants’ sustained attention by using the IDS
register, but also strategically position important information at optimal moments in the ebb-and-flow of rhythmic changes in
attention.
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Prosodic emphasis

New or important labels in IDS often coincide with pitch and amplitude peaks, which signal prosodic emphasis (Aslin, 1993;
Fernald & Mazzie, 1991; Messer, 1981). There is evidence that prosodic emphasis of words is associated with increased salience
(Kakouros et al., 2018; Kakouros & Rasanen, 2016) and enhanced processing (Cutler & Foss, 1977; Li & Ren, 2012; Wang et al., 2011).
It is likely that such improved processing stems from increased attention at amplitude peaks due to infants’ rhythmic alignment to the
stress patterns of speech (Kalashnikova et al., 2018a), as well as phase resetting in response to unpredictable pitch changes (Chang
et al., 2016). Rasanen et al. (2018) argue that the same mechanisms guiding sustained attention to unpredictable pitch variations in
IDS also define increased attention to and memory for emphasized words. Indeed, Nencheva et al. (2020) found increased time-locked
pupillary responses and better learning of novel word labels during pitch peaks compared to other prosodic contours. Similarly,
Grassmann & Tomasello (2007) showed that toddlers are better at learning novel labels positioned in a moment with (vs without)
prosodic emphasis. This suggests that caregivers optimize children’s learning by aligning new information to moments that elicit
heightened attention.

Repetition

Even without strategically positioning labels in the most attended-to moments in an utterance, caregivers often repeat words
(Brodsky & Waterfall, 2007; Hills, 2013; Schwab et al., 2018), which increases the likelihood of a novel label being received at a
moment of heightened attention. Indeed, repetition in close succession supports learning (Schwab & Lew-Williams, 2016a). When
controlling for prosodic characteristics, McRoberts et al. (2009) found that 6-month-olds preferred listening to IDS that contains verbal
repetitions. Repetition may be especially important for young infants, whose ability to entrain to the dynamics of speech may still be
developing. Caregivers’ use of repetition decreases as children’s vocabulary grows, which allows for a greater diversity of word tokens
(Schwab et al., 2018).

Overall, this section has reviewed several mechanisms through which IDS may facilitate processing and learning. Specific features
of IDS, such as its slower and more consistent rhythm, variable pitch, formant exaggeration, and emotional content, likely drive
alignment between its dynamics and neural activity, which in turn allows infants to optimally process and learn from the speech
stream. Infants’ experience with this informative signal — both its specific features and overall — may shape a preference for selectively
attending and entraining to IDS, enabling them to optimize their learning of new information positioned at salient moments. By
facilitating infants’ in-the-moment processing of IDS across milliseconds and seconds, caregivers’ modifications may support learning
over the course of many short interactions.

Effects of entrainment on young children’s language learning

Entrainment to speech optimizes perception in the moment. In this section, we draw from research on individual differences to
showcase how the impact of entrainment on in-the-moment processing aggregates over time and affects long-term language devel-
opment. Additionally, we propose that the quality and quantity of infants’ language input iteratively shapes their internal neural
rhythms over time, which helps them become increasingly efficient in processing speech.

Stronger alignment shapes young children’s learning in the moment

Consistent with long-standing evidence that attention improves learning (Posner et al., 2004), research shows that greater
entrainment to speech — a result of increased attention — supports both learning and memory. To explore this relationship, researchers
have quantified time-locked attention as alignment between participants in neural or pupillary responses during a continuous stimulus.
For adult participants, stronger inter-subject alignment in neural activity during a story predicts better memory for story details
(Simony et al., 2016). Nencheva et al. (2020) recorded the pupil responses of 24- to 30-month-old toddlers listening to sentence-final
novel words with varied prosodic contours. Toddlers learned a novel word better if they had been closely aligned to other participants
in their pupillary responses when hearing the word in the first place. This suggests that higher time-locked attention to speech resulted
in better learning. Piazza et al. (2021) found similar results in 3- and 4-year-olds using functional near-infrared spectroscopy (fNIRS);
children who exhibited higher inter-subject neural alignment during story-book reading both learned and remembered the novel
words better. These findings suggest that time-locked attention to speech predicts young children’s learning of novel information.

Individual differences in alignment strength correlate with long-term language outcomes

Language learning occurs through learning over many moments, spread across many months and years. Therefore, optimized
alignment of attention across small moments is likely to accumulate over the course of development and have long-term effects on
language development. Regardless of the underlying processes resulting in impaired entrainment to speech, it has been hypothesized
that imperfect time-locked attention to speech may have compounding consequences for language development and, in some pop-
ulations, result in language delays. In this section, we will review the existing (but in some cases, sparse) evidence linking individual
differences in entrainment to language outcomes in typically and atypically developing populations. To date, more research has been
conducted with the latter.

While individual differences in entrainment to speech have been rarely studied in typically developing infants, there is existing
evidence that individual differences in infants’ rhythmic processing, which relies on entrainment, predict language development.
Infant’s processing of prosodic changes associated with speech rhythms predicts vocabulary development at three years of age
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(Kalashnikova et al., 2019), and rhythm processing predicts children’s grammar skills (Gordon et al., 2015). In addition, musical
training, which is associated with improved rhythmic perception, facilitates phonological processing (Tierney & Kraus, 2014), and the
ability to behaviorally and neurally follow a rhythm predicts literacy in early readers (Bonacina et al., 2018). Further, children’s
cortical tracking of speech rhythm predicts their later reading performance (Rios-Lopez et al., 2022). Young children’s ability to
entrain to external stimuli could plausibly mediate the link between rhythmic processing and language outcomes, however, further
research is needed to understand the extent to which individual differences in entrainment in typically developing populations track
with individual differences in language outcomes.

More powerful evidence for the long-term importance of successful entrainment for language development comes from the study of
atypical populations with language delay. In particular, language delay symptoms in children with dyslexia and with autism spectrum
disorder (ASD) have been linked to difficulties in entrainment to speech. The cause of impaired entrainment may differ across children
with different developmental delays and disorders, but the resulting language delays and difficulties may nonetheless present in
comparable ways.

Children with dyslexia show early and persistent deficits in entrainment to speech, measured as the alignment in neural oscillations
in the corresponding frequencies to the rate of syllables and words in natural speech (Abrams et al., 2009; Leong & Goswami, 2014;
Power et al., 2016; Soltész et al., 2013). The impairment in entrainment to speech in developmental dyslexia has been hypothesized to
result from impaired processing of subtle changes in prosody (Hamalainen et al., 2005) and rhythm (Thomson & Goswami, 2008). This
imperfect alignment to speech in children with dyslexia may lead to worse processing and segmentation of phonemes (Leong &
Goswami, 2015) and, over time, give rise to characteristic deficits such as phonological processing and reading or spelling difficulties
(Goswami, 2002, 2011). Indeed, the ability of children with dyslexia to process prosodic changes predicts later symptoms (Goswami
et al., 2013), and the extent of entrainment to speech in children with dyslexia is positively associated with literacy (Power et al.,
2016).

ASD is linked to deficits in prosodic processing (Brock et al., 2002; Simon & Wallace, 2016), auditory processing (Otto-Meyer et al.,
2018), entrainment to audiovisual streams of speech (Jochaut et al., 2015), and long-range synchronization of neural networks
(Dinstein et al., 2011). For example, one study presented an audio-visual scientific documentary to adolescents and adults with an ASD
diagnosis and measured neural activity using combined fMRI and EEG (Jochaut et al., 2015). Participants in the ASD group showed
impaired cortical tracking of speech in the theta band, as well as altered connectivity between lower-level auditory regions and other
regions involved in language processing (e.g., Broca’s area). Benitez-Burraco & Murphy (2016) propose that impaired entrainment in
ASD may be causally linked to language difficulties. Together, these findings from typical and atypical populations provide evidence
that, by optimizing in-the-moment processing, entrainment to speech facilitates language acquisition and can have long-term con-
sequences for development.

How can a dynamic attention framework guide the future of research on early communication and learning?

Exploring IDS at the sub-second scale can bring a new perspective on the types of ‘high-quality’ input that support language
learning (e.g., Hirsh-Pasek et al., 2015; Romeo et al., 2018). While short-timescale effects on attention are small and fleeting, there is
evidence that they accumulate over time and have global effects on entrainment to the speech signal, both in typical and atypical
populations. The key ideas are that (1) the efficiency of processing speech in the moment, facilitated by IDS, builds up across time,
allowing infants to optimally process new information, including new words, and (2) by supporting the neural connections necessary
for processing complex input at multiple timescales, IDS may prepare the developing brain for later processing of ADS. This dynamic-
attention framework may allow us to understand the shape of language development — and the nature of individual differences — over
increasingly broad windows of learning.

This poses two broad questions for future research: What features of natural language input and everyday caregiver-child in-
teractions support optimal in-the-moment attention and learning? And how do the effects of moment-to-moment processing shape
long-term language development? Understanding how different properties of speech affect entrainment can allow us to go beyond
categorical comparisons of learning and processing between IDS and ADS, and to make predictions about what ‘high-quality’ and/or
optimized learning moments may look like during natural communication — with higher temporal precision than has been possible in
recent decades. The field has uncovered evidence that appropriately timed labels and attention to objects and people shape what is
encoded and retained in memory (Goldstein & Schwade, 2009; Suarez-Rivera et al., 2019; Yu & Smith, 2012). As we continue to
advance our understanding of the interplay between visual and auditory attention, we will begin to uncover how short-timescale
dynamics build up across developmental time to realize the full value of caregiver-infant interactions in the real world.

To bring the field closer to this goal, we think five research directions will be important. Below we elaborate on each in turn. First,
we call for experimental studies that examine how specific features of IDS drive entrainment, and we outline different data collection
methods that could be used to accomplish this. Second, we highlight the need for experiments that test entrainment-based predictions
about which moments in speech may be optimal for learning. Third, we frame the importance of understanding the cumulative effects
of these moment-to-moment processes on long-term language development. Fourth, we call for studies that go beyond speech and
harness the dynamics of the multimodal cues of natural caregiver-child interactions to understand how auditory and visual attention
dynamically support learning. Finally, we emphasize the importance of understanding how caregivers and infants dynamically co-
create signals that support real-time communication.
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What features of IDS drive entrainment?

We have outlined what is currently known about the effects of various features of IDS on infants’ entrainment. However, there are
still many features we know little about. For example, how is entrainment affected by modifications in timbre (Piazza et al., 2017),
changes in pitch (Fernald, 1992; Gleitman et al., 1984; Grieser & Kuhl, 1988), and different combinations of isolated words and longer
utterances (Brent & Siskind, 2001; Phillips, 1973)? Because most of the work on entrainment to speech is based on adults, we know
little about the changes in entrainment and the features of speech that optimize it across different ages. There is limited work on how
specific features of IDS may be perceived differently by the developing brain at different ages, making it hard to determine what counts
as a key feature of speech for successful entrainment. There is growing evidence that the extent to which caregivers use various features
of IDS, such as prosodic exaggeration (Vosoughi & Roy, 2012), vowel and acoustic exaggeration (Lui et al., 2009), emotion and pitch
(Kitamura & Burnham, 2003), and repetition (Schwab et al., 2018) and speech rate (Narayan & McDermott, 2016), changes from
infancy through early childhood, and some evidence that children’s preference for features of IDS changes with age (ManyBabies
Consortium, 2020; Segal & Newman, 2015; Hayashi et al., 2001). However, there are still gaps in our understanding of the links
between these processes and neural development. In order to study the development of entrainment to speech, developmental sci-
entists and language scientists can use several techniques.

First, scientists can directly compare alignment between speech rhythms and frequency bands of neural activity using an electroen-
cephalogram (EEG - e.g., Kalashnikova et al., 2018a). EEG currently provides the most temporally precise measure of entrainment.
Second, researchers can measure inter-subject alignment (e.g., Nencheva et al., 2020) using less temporally granular measures of
processing (on the order of 1-2 s) such as fNIRS, functional magnetic-resonance imaging (fMRI) and pupillometry. The main meth-
odological insight in this approach is that when participants are entrained to the same stimulus, their neural activity becomes
increasingly aligned to that of other participants. This leads to a similar physiological ‘fingerprint’ of summary neural activity over
both shorter and longer intervals (provided by hemodynamic and pupillary responses). This technique is useful for studying effects of
different stimulus features on processing, even in infants, because it reduces individual-level noise and highlights the common
response driven by the unfolding dynamics of a stimulus. Third, even in the absence of direct neurophysiological measures of
entrainment, researchers may indirectly quantify evidence for stronger or weaker entrainment by exploring the intelligibility of speech in
real-world noise. This approach is based on the tight correlation between entrainment and intelligibility in noise observed in prior
research (Vanthornhout et al., 2018). Real-world speech input to infants is so often accompanied by noise (McMillan & Saffran, 2016),
and signals like IDS are more intelligible under noise compared to ADS (Colombo et al., 1995). Measuring the intelligibility of speech
with varying features under noisy conditions can be used as a proxy for the ease of entrainment to the speech signal and reveal how
these features enhance speech processing in a more naturalistic setting.

By varying the features of IDS in experimental settings, exploring their effects on alignment of neural and physiological activity
across participants, and examining speech intelligibility in natural, messy conditions, we can further uncover how IDS drives optimal
time-locked attention, especially across milliseconds and seconds.

How does entrainment to IDS shape learning?

Beyond identifying the features of IDS that drive entrainment, the next step will be to understand how entrainment at different
moments in speech shapes the ability to encode new information. What local parameters of natural speech enhance infants’ encoding
and learning? To answer this, we can design experiments that probe attention and the ability to learn at different moments in the
unfolding speech stream. This will involve drawing on natural IDS to understand the parameter space of various features of speech and
the (meaningful) moment-to-moment patterns of variation, as well as manipulating the local features of speech surrounding a novel
label in experimental conditions. These types of studies can both create new ideas about which moments are optimal for learning as
well as elucidate the mechanism for why certain caregiver behaviors are effective.

What kinds of structures in speech are key for processing at different ages and how do infants navigate incoming speech structures
at multiple timescales? One promising approach would be to understand how different kinds of prosodic cues (e.g., peaks or troughs of
intensity or pitch) interact to shape optimal moments for learning (e.g., a new word) over the course of development. For instance,
caregivers often place novel labels at the end of an utterance and this appears to facilitate retention of the label (Aslin, 1993; Aslin
et al., 1996; Fernald & Mazzie, 1991; Messer, 1981). While the positioning of labels at the end of an utterance has been argued to
support word segmentation, the role of attentional processes in children’s extraction of information is not well-understood. For
example, the accumulation of rhythmic cues during the start of the sentence may prepare infants to optimally tune into the structure of
the speech signal by the time the new label is introduced. There is evidence that entrainment to a preceding rhythm leads to better
processing (Cason & Schon, 2012), suggesting that longer exposure to a congruent rhythm preceding a target could facilitate its
perception. Since perfect alignment between neural oscillations and speech is not instantaneous, it is possible that positioning in-
formation later in a sentence would make use of better alignment achieved over the first portion of the sentence. Additionally, infants’
processing of labels in this position may be independently shaped by the patterns of pitch variation over the course of the utterance.
Rasanen et al. (2018) showed that in IDS (compared to ADS) changes in pitch are less predictable at the end of the utterance, which, as
discussed in earlier sections, may increase the salience of key words, and support their learning via entrainment processes. An
experimental study could disentangle the effects of these different prosodic features on shaping the learning of labels in an utterance-
final position by systematically varying utterance-level prosodic features with the position of the label. This is just one example of how
examining entrainment can provide a mechanistic explanation for past findings in developmental science and generate new
predictions.
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Long-term effects of language input on children’s entrainment

The ultimate goal of examining the moment-to-moment dynamics of learning from speech input is to provide a mechanistic account
of children’s long-term language-learning outcomes over many such moments, spanning years of development. Here we propose two
future directions that examine how patterns of short-timescale dynamics of early speech input can cumulatively shape children’s long-
term development.

An increasingly robust body of research has tackled the question of how variation in the quantity and quality of input children
receive from their caregivers shapes their language learning outcomes (Romeo et al., 2018; Rowe, 2008, 2012; Schwab & Lew-
Williams, 2016b; Weisleder & Fernald, 2013). Children who hear more speech on average produce more words (Rowe, 2012), but
not all speech contributes equally to children’s vocabulary growth. The amount of speech directed to the child is more predictive of
language development than overheard speech (Weisleder & Fernald, 2013). Quality of input in these studies has been examined
categorically (for example, by comparing IDS vs ADS), without much attention to the features that caregivers use within IDS or where
they position new labels within the speech stream. This is partly because examining these questions even at a very coarse temporal
granularity is time-intensive and costly. Even to study the quantity of speech, researchers need large amounts of data from the child’s
home environment and laborious manual and/or automated coding to tag IDS vs ADS; the demands of transcribing and analyzing
acoustic characteristics of speech input under the noisy and messy conditions is an added burden. But this effort will be worth it.
Moment-to-moment patterns in caregiver speech input are likely to add up to have significant long-term consequences on learning.
Even controlling for overall amount of IDS, a child whose caregiver uses features that facilitate entrainment and positions labels in
moments that are optimal for learning over time may learn more words than a child whose caregiver uses IDS in ways that are less
optimal for learning.

This is likely to be the case in cultures and communities where caregivers often speak to infants, but it may also be true in cultures
where caregivers do not usually speak directly to infants, as infants must nonetheless use ambient speech to break into the structures of
sounds, words, and sentences (e.g., Casillas et al., 2020). Further, as discussed in earlier sections, the effects of IDS features on attention
and learning may be in part due to the child’s own experience and familiarity with the signal. This idea is reflected in the finding that
infants’ preference for IDS over ADS is predicted by the quality of their caregivers’ IDS (Outters et al., 2020). Therefore, the features of
IDS that are most optimal may result from a dynamic interplay between experience with specific features of the language environment
and individual differences in neural processing. Greater understanding of this interplay at the level of individual children can push the
field to increasingly precise, individualized interventions that are sensitive to the child’s cultural environment. We hope that advances
in automatic transcription and machine learning will reduce the need for manual coding of the timing and content of utterances and
words, and thereby enable researchers to examine and define ‘high-quality’ input in ways that are both culturally specific and
temporally fine-grained.

Exposure to IDS may not only facilitate infants’ ability to process speech input in the moment, but also contribute to the devel-
opment of neural connectivity that sets the stage for processing ADS later in life. While typically developing 7-month-old infants
entrain to IDS with ease, they are not yet able to entrain to ADS (Kalashnikova et al., 2018a), and interactive auditory experience can
sharpen infants’ cortical tracking of auditory signals in the theta band (Musacchia et al., 2017). These findings point to a develop-
mental change in infants’ ability to process speech, presumably enabled by maturation of the neural structures and connections that
allow for entrainment to speech and integration across its timescales. Even though nobody has studied how the amount of IDS input
shapes entrainment, there is evidence that toddlers whose mothers provided more input are more efficient at processing speech in real-
time (Hurtado et al., 2008; Weisleder & Fernald, 2013). Further, other aspects of the quality of early caregiver speech input (e.g.,
conversational turn-taking) have been shown to shape children’s later neural responses to speech (Romeo et al., 2018). By synchro-
nizing activity across neural oscillation frequencies that track different timescales (Leong et al., 2017), it is plausible that IDS scaffolds
the requisite cross-region connections. Infants who are exposed to more and/or ‘higher-quality’ IDS may in turn be better equipped to
process the different — and longer - timescales of ADS later in life. In addition, specific types of infant-directed communication may be
especially beneficial; for instance, nursery rhymes found in most children’s books provide high synchronization between syllable rate
and prosodic stress (Leong et al., 2011). Differences in the amount of IDS (Hart & Risley, 1995; Schwab & Lew-Williams, 2016b) and
shared book reading (Bradley et al., 2001) in different households therefore may have important implications not only for the child’s
early vocabulary growth (Farrant & Zubrick, 2012; Montag et al., 2015), but also for the neural connections responsible for optimal
real-time processing of speech. This may even have a gradual snowballing effect on the child’s ability to communicate, learn, and
retain higher-level information from speech in school settings.

Co-creating input in caregiver-child interactions

In this review, we have examined how infants entrain to IDS. However, infants’ input is highly dynamic and tailored to their
changing needs (e.g., Schwab et al., 2018). We have so far overlooked the fact that infants experience IDS in the context of highly
dynamic interactions, in which they actively co-create their input with their caregivers. This occurs over the long timescale of
development but also during the short timescale of caregiver-child interactions.

Prior research has uncovered ways in which caregivers adapt their speech input to reflect young children’s developing language
skills over the first years of life (see Saint-Georges et al., 2013 for a review). For example, in Australian English and in Thai, there are
changes in the average pitch, pitch range, and affect in caregiver speech during the first year (Kitamura et al., 2001; Kitamura &
Burnham, 2003), and the most exaggerated modifications in these features peak around 6 months. Between 7 and 19 months, at least in
Australian English, there are no notable acoustic changes in child-directed speech (Kalashnikova & Burnham, 2018). Between 18 and
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24 months, Liu et al. (2009) and Han et al. (2018) showed a decrease in average pitch and pitch range of Mandarin-speaking caregivers,
and Ramirez-Esparza et al. (2017) found a decrease in caregiver use of “parentese” between 11 and 24 months. Similar patterns were
observed in a longitudinal study of Japanese children between 0 and 60 months (Amano et al., 2006). Over time, these adaptations
may serve to create a signal that is fine-tuned to the child’s developing brain. For example, caregiver speech rate increases between the
first and second year of life (Narayan & McDermott, 2016), which may parallel developmental changes in infants’ neural rhythms
during a similar span (Sankupellay et al., 2011).

At shorter timescales, caregivers adapt their speech to infants from one moment to the next during single interactions. For example,
caregivers shift their pitch contours depending on infants’ gaze being directed toward vs away from them (Stern et al., 1982) and
respond differently to different kinds of infant vocalizations (Gros-Louis et al., 2006). Relatedly, caregivers show stronger real-time
adaptations (including vowel hyper-articulation and prosodic adjustments) when they can see their child’s contingent responses
(Braarud & Stormark, 2008; Lam and Kitamura, 2012; Snow, 1972).

What processes may allow caregivers to fine-tune their input to their infants’ needs, both in the moment and across longer periods
of time? One possibility is that caregivers are attuned to their child’s increasingly sophisticated ability to communicate. This is
supported by research showing that caregivers tend to repeat words more often when their child is young, but reduce word repetition
over time to make room for more diverse words; the trajectory of this shift in word repetition is coupled to their child’s vocabulary
(Schwab et al., 2018).

A second possibility is that caregivers repeat behaviors that elicit a positive (or desired) response from infants. Such reinforcing
behavioral signals from the infant include smiles, babbles, gestures, and looks to the caregiver or to an object. Prior work shows that
infants play an active role in shaping their input by vocalizing (Gros-Louis et al., 2016), gesturing (Lucca & Wilbourn, 2018; 2019), and
directing attention (Smith et al., 2018). These behaviors may shape both short-term shifts in caregiver input as well as long-term
adaptations related to maturation or perceived language skills. One clear example of short-term adaptation comes from a study by
Smith and Trainor (2006), who showed that when signals of engagement from the infant aligned with moments of an increase in
mothers’ pitch, mothers tended to use increasingly high pitch over time (Smith & Trainor, 2008). This work suggests that infant
behaviors may work in tandem with caregiver behaviors to foster optimal attention and entrainment. There are also examples of long-
term adaptations that are correlated with infant behavior. For example, in one study, caregivers’ use of different intonation contours
over the first year of the infant’s life correlated with infants’ responsiveness to these contours at different ages. Specifically, caregivers
used more falling contours with 3- and 5-month-old Japanese learning infants, and more rising contours with 7- and 9-month-old
infants (Niwano & Sugai, 2002). This shift mirrored age-related changes in infants’ responsiveness: younger infants responded
more to falling contours and older infants responded more to rising ones. Although it is difficult to know if caregivers or infants drove
this change, it suggests bidirectional adaptation. That is, there is an iterative interplay between caregiver input and infant attention to
various communicative cues (see Van Dijk et al., 2013). These studies highlight the active role of child feedback as a ‘reward’ for
caregivers in the moment, which may accumulate over time to give rise to longer-term adaptations.

A third possible explanation for such adaptation lies in neural and behavioral synchrony, such that caregivers become aligned to the
temporal dynamics of infants’ brains and behaviors. Recent research shows that during live interactions, neural activity becomes
aligned between adults and young children (Nguyen et al., 2020; Nguyen et al., 2021; Piazza et al., 2020; Piazza et al., 2021). Both
neural and behavioral synchrony could serve to support the co-creation of optimal input for entrainment. As an example of behavioral
synchrony, it has been shown that caregivers implicitly match the pitch of infant vocalizations during live interactions (McRoberts &
Best, 1997; Shimura & Yamanoucho, 1992), which may create input at an optimal frequency for infants’ perception. According to the
logic of dynamic attention theory, by shifting their neural rhythms to match those of the infant, caregivers produce speech input that
may elicit optimal entrainment from their infants. Although the exact mechanism for this alignment is currently unknown, syn-
chronized neural activity may result in coordinated input and perception between the caregiver and the infant (Piazza et al., 2021;
Wass et al., 2020).

Uncovering how infants and caregivers co-create input for optimal entrainment is an exciting direction for future research. A
wealth of research has advanced what is known about infants and young children as active learners (e.g. Zettersten & Saffran, 2021),
but the next phase of research on this topic could examine whether or how active learning helps to create optimal input that could in
turn support neural entrainment and learning. What kinds of dyadic processes give rise to infant-directed input that is fine-tuned to the
child’s neural and cognitive development, both in the moment and across time? Exploring this question will enable new insights into
the origins of individual differences in young children’s learning trajectories.

Beyond speech: Understanding the many dimensions of early communication

In each section above, the focus was on how individual speech cues may impact infants’ readiness to process and learn from speech.
That is, each section generally stayed within the domain of speech. However, in natural interaction between caregivers and infants, a
breadth of multimodal cues come together to support communication and learning (Brand et al., 2002; Kosie & Lew-Williams, 202.2;
Suarez-Rivera et al., 2019; Yu & Smith, 2012). Eye gaze, touch, gesture, and facial expressions have been shown to shape children’s
attention across moments in time and locations in space. For example, a caregiver may smile, touch a child’s cheek, and use exag-
gerated happy prosody to say “Is that a smile?”; this simultaneously draws attention to the speech signal at a key word, highlights
emotional content, offers a physical cue about the location of the smile, and provides a visual of the caregiver smiling. At another
moment, the caregiver may use gesture or touch to highlight the rhythm of the children’s song ‘Wheels on the Bus’, while holding a toy
bus to draw attention to the target object. Last but not least, it is crucial to point out that learning occurs far beyond language. As one
minor example, a caregiver may use their prosody to guide the child through the steps of learning how to tie a shoe or place a triangle in

11



M.L. Nencheva and C. Lew-Williams Developmental Review 66 (2022) 101047

the triangle slot.

Research on attention across time, space, and communicative modality has been largely disconnected. Several prominent word
learning theories have focused on how infants match word labels to their physical referents in the world (e.g., Trueswell et al., 2013; Yu
& Smith, 2011), a process that may be facilitated by spatial attention to parts of the visual scene. Other theoretical frameworks, such as
PRIMIR (Processing Rich Information in Multidimensional Interactive Representations; Werker & Curtin, 2005), have focused on
speech processing, focusing specifically on how infants process different levels of information in the speech stream depending on their
developmental level, perceptual biases, and task demands. This framework dovetails nicely with our entrainment-based approach
given the mutual emphasis on speech as a deep, complex, and engaging source of information. However, developmental scientists have
yet to wed the dynamics of attention and processing in children’s environments in a way that encompasses visual, auditory, and tactile
sensations that unfold over time. This will be a crucial step toward expanding our understanding of links between perception,
attention, entrainment, and learning.

There is limited existing experimental evidence that multimodal cues work in tandem with the speech signal to direct attention and
enhance entrainment at specific moments in time (Peelle & Sommers, 2015). But, to our knowledge, developmental scientists have not
examined real-time attention dynamics during natural, multimodal communication. Ultimately, in order to understand how care-
givers’ multimodal cues work together to support learning in real-world interactions, researchers will need to merge findings from
different fields of attention research. Traditional experimental and statistical designs that examine one or at most two features at a time
are limited in elucidating how a multitude of interacting shapes attention. Large-scale multimodal observations of naturalistic
caregiver-child interactions will be integral for mapping out the parameter space of caregiver cues in which the child’s attention and
learning are situated. Computational approaches, such as machine learning, can identify patterns of variation in such multivariate
measures in a data-driven way and ultimately help us understand when different cues occur together or diverge. In addition to
characterizing the multimodal learning environment, researchers will need to develop robust measures of child attention that reflect
the complexity of processing information across time, space, and modalities. Prior work on child attention commonly uses the child’s
gaze direction and touch as a measure of their attention, with recent advances in head-mounted eye trackers that allow for an accurate
first-person view (Slone et al., 2018). Neural measures such as EEG and fNIRS can supplement this technique to quantify children’s
attention across other modalities and provide finer-grained estimates of attention modulations across time.

Conclusion

This review integrated research on the temporal dynamics of IDS and the neural substrates of sustained attention to better un-
derstand theoretical claims about the role of IDS in children’s learning. We first emphasized that the sub-second timescale of IDS is
crucial for understanding how this dynamic signal shapes real-time communication. Second, we used intuitions from neural research
on entrainment to explore which moments within IDS are optimal for processing new information. Third, we explored how auditory
and visual attention during real-time communication interact to support infants’ learning.

The key proposal is that infants do not simply prefer IDS over ADS, but rather they entrain particularly well to its moment-to-
moment dynamics. Entrainment, in turn, enhances communication and learning both in the moment and across much longer time-
scales and may guide the development of neural structures that process speech. We can use these insights to redefine ‘high-quality’
speech not as a feature of speech itself, but as a dynamic interplay between behavior, attention, and the brain. With this redefinition,
developmental scientists can gain traction in understanding the beginnings and high-stakes nature of young children’s highly
divergent learning trajectories.
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